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Abstract. Endothelial dysfunction is one of the most common 
complications associated with diabetes and may lead to 
atherosclerosis. Conflicting reports indicate that NADPH 
oxidase 4 (NOX4) induces hydrogen peroxide production 
and cytotoxicity, but also has a protective effect on endo-
thelial dysfunction. The present study aimed to identify the 
transcription factor responsible for NOX4 expression using 
a transcription factor activation profiling plate array and 
chromatin immunoprecipitation. Data from these analyses 
indicated that GATA‑binding protein 4 (GATA4) was able to 
mediate NOX4 transcription and is downregulated in human 
umbilical vein endothelial cells (HUVECs) that were exposed 
to hyperglycemic conditions as well as in the endothelial cells 
of a mouse diabetes model. Overexpression of GATA4 was 
demonstrated to lead to increased expression of NOX4 mRNA 
and protein. Furthermore, GATA4 overexpression resulted in 
increased nitric oxide (NO) production through the upregula-
tion of endothelial NO synthase phosphorylation. Treatment 
with simvastatin, a drug known to preserve endothelial func-
tion through an unknown mechanism, improved endothelial 
cell function by upregulating GATA4 expression in HUVECs 
exposed to hyperglycemia. Results from these experiments 
demonstrated that GATA4 may inhibit diabetes‑induced 
endothelial dysfunction by acting as a transcription factor 
for NOX4 expression and increasing NO production. Thus, 
the present study revealed a novel molecular mechanism 
underlying endothelial dysfunction in diabetes and identified 
GATA4 as a potential therapeutic target.

Introduction

Cardiovascular complications are among the most common 
complications associated with diabetes mellitus and are 
a major cause of hospital admission and mortality among 
patients with diabetes (1,2). Atherosclerosis is a cardiovascular 
condition experienced by many patients with diabetes and 
can lead to severe consequences, such as myocardial infarc-
tion, ischemic stroke and ischemia of peripheral tissues (3,4). 
Endothelial dysfunction, which results in the disruption of the 
balance between vasodilation and vasoconstriction, is an initi-
ating factor in the development of atherosclerosis (5,6). Thus, 
a therapeutic strategy for restoring endothelial function would 
be valuable in preventing serious cardiovascular complications 
in patients with diabetes.

Previous studies on NADPH oxidase 4 (NOX4), an 
isoform of the NOX family of enzyme complexes, reported 
conflicting harmful and beneficial results. The main function 
of NOX4 results in the production of hydrogen peroxide (7), 
which indicated that overactivation and induction of NOX4 
expression may lead to the development of vascular diseases. 
Indeed, several studies have demonstrated that NOX4 activity 
can be harmful; for example, one study investigated the 
effects of NOX4 knockout in a mouse model of stroke and 
revealed that NOX4‑knockout mice exhibited less oxidative 
stress, blood‑brain barrier leakage and neuronal apoptosis 
compared with control mice  (8). Another study reported 
that cardiac‑specific deletion of NOX4 inhibited cardiac 
hypertrophy, fibrosis and apoptosis in response to pressure 
overload (9). By contrast, several studies have demonstrated 
that NOX4 activity is beneficial in cardiovascular diseases. For 
example, overexpression of NOX4 was reported to enhance 
vasodilatation and reduce blood pressure (10). In addition, 
NOX4 expression was revealed to inhibit the development of 
endothelial dysfunction and atherosclerosis in mice deficient 
in low‑density lipoprotein receptor  (7). These inconsistent 
results regarding the role of NOX4 in cardiovascular disease 
indicated that a more comprehensive understanding of NOX4 
signaling is required for the development of treatments to 
correct endothelial dysfunction through the regulation of 
NOX4 activity.

In the present study, a promoter‑binding transcription factor 
activation profiling plate array and chromatin immunopre-
cipitation (ChIP) were used to identify GATA‑binding protein 
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4 (GATA4) as the transcription factor that may be responsible 
for regulating NOX4 expression in human umbilical vein 
endothelial cells (HUVECs). Subsequently, the expression 
levels of GATA4 and NOX4 in response to hyperglycemia 
were investigated, as well as the effects of GATA4 overexpres-
sion in HUVECs. Finally, whether simvastatin treatment was 
able to improve endothelial function by upregulating GATA4 
was examined. The results of the present study may provide a 
novel mechanism of NOX4 regulation as well as a new target 
for treating endothelial dysfunction in patients with diabetes.

Materials and methods

Cell culture. HUVECs were purchased from ScienCell 
Research Laboratories, Inc. (San Diego, CA, USA) and 
grown in Endothelial Cell Medium (ECM; 5.5 mM glucose; 
ScienCell) at 37˚C. Hyperglycemia was induced by growing 
cells in DMEM (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) at 37˚C for 12  h (serum starvation), followed 
by exposure to 33 mM glucose for 72 h. Control cells were 
cultured in normal ECM containing 5.5 mM glucose.

Mouse diabetes model. Male C57BL/6 mice were purchased 
from the Shanghai Laboratory Animal Center of the Chinese 
Academy of Sciences (Shanghai, China). All mice were 
8 weeks old and weighed 25‑30 g. Mice were housed in the 
animal facility, which was maintained at 20‑25˚C with 55% 
relative humidity and an automatic 12  h light/dark cycle. 
All mice received a standard laboratory diet and tap water 
ad libitum, and were acclimated for 1 week prior to experimen-
tation. A total of 40 mice were used in this experiment; 20 in 
the control group and 20 in the diabetes group. Mice received 
an intraperitoneal injection of 110  mg/kg streptozotocin 
(STZ; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) to 
induce the diabetes model. Blood glucose concentration was 
measured at 72 h following STZ injection. Mice with a glucose 
level ≥16.7 mmol/l were considered diabetic. The mice in the 
control group received an intraperitoneal injection of saline. 
This study was approved by the Ethics Committee of The First 
Affiliated Hospital, College of Medicine, Zhejiang University 
(Hangzhou, Chin).

Promoter‑binding transcription factor profiling plate array. 
The promoter‑binding Transcription Factor Profiling Plate 
Array (Signosis, Inc., Santa Clara, CA, USA) was performed 
according to the manufacturer's protocol. Briefly, nuclear 
proteins were extracted using the nuclear protein extraction 
kit provided with the array, according to the manufacturer's 
instructions. Biotin‑labeled transcription factor probes 
(Signosis, Inc.) were mixed with 10 µl nuclear extract with 
or without NOX4 promoter (1.15 µg), and the complex was 
incubated at 25˚C for 30 min. Subsequently, transcription 
factor‑DNA complexes were separated from unbound probes 
using the isolation columns provided in the kit. The bound 
probes were eluted from the columns with elution buffer, 
and hybridization of the eluted probes was performed with 
the hybridization plates. Finally, the bound probes were 
detected by streptavidin‑horseradish peroxidase conjugation 
using a microplate fluorometer. In this assay, if the promoter 
sequence contains a transcription factor‑binding site, it will 

compete with the biotin‑labeled probe, leading to detection of 
a lower signal. The promoter sequence was kindly provided 
by Professor Adrian Manea (Institute of Cellular Biology 
and Pathology ʻNicolae Simionescu ,̓ Bucharest, Romania) 
as described previously (11,12). The promoter sequence was 
as follows: 5'‑ATA​TC​CT​ATG​GCC​TGT​GTT​GTA​AGA​TTT​
TTT​ATT​TTA​AGA​GTT​TAA​AAG​CCA​TTC​GAT​TAA​GCA​
ACT​AGT​AGT​AAA​CTT​TTC​TGT​CTC​TCA​TTA​GTT​GTT​
AAA​TCT​AGA​AAA​GTT​ATT​GGT​TTA​AC​AA​ACC​TTT​ATT​
GGA​TAT​CTA​TTT​TGC​ATC​AGA​TTT​TTT​TCT​ACA​TGA​
ATG​ACA​TTT​TT​TTC​TCTC​TCT​TTT​CTA​ATA​CTG​ATT​
TGT​TGC​AGT​GTG​ATTG​AGA​GGA​TTC​CTA​TTA​CTT​ACA​
AAC​AGA​CTA​GGT​ATT​AAA​ACA​AAA​AGA​TTC​CCG​AAT​
AGA​GTG​AAC​CTA​ACC​TAG​AGC​CCC​TAA​GAAT​TAC​ATC​
AGC​TTTA​ACC​ATT​AAT​TCC​CTG​GGT​TCT​TCT​TAT​TCA​
GTA​ATG​TCT​TAA​AAC​CTT​TTT​ATC​AGT​ATG​GGA​TGG​
GCG​GGC​AAG​GGG​ATA​AAG​AAA​CTG​GCG​GCT​GGT​
GGG​AAG​CCT​TAG​GTA​AGG​CTG​TCA​GGG​GGG​CTT​
TAG​TTT​GGG​AGT​GGG​ATA​ATT​TGC​TGA​GGA​AGG​GTG​
GGA​GAA​ACG​TGA​ACT​AGC​ACA​CAA​AAG​GCT​GTT​TCC​
GGC​TCA​AAT​TTC​GTT​ACC​AAG​GCT​CTT​TGA​GAT​GAA​
CTT​TTT​TGG​GGG​AAA​ACA​ATC​AGT​CTA​AAA​GAG​CTG​
TGT​CTT​CTT​GTG​TGT​GTG​TG​TGT​GTG​TGT​GTG​TGT​
GTG​TGT​GTG​TGT​ACA​AGG​GGG​CG​GCGA​GGG​TCC​CCA​
CTT​TTA​GTA​TGA​GTA​GCA​TTG​TTC​ACA​TGT​TTG​CCA​
GTA​TTT​TGG​AGC​CTG​GCA​GGC​CTG​GGT​AGA​GGCT​
GCG​GGG​GAC​GCC​TCC​AAG​TTC​CCA​CCC​GGG​ACA​TCC​
TGA​ACA​GCA​GCA​GCC​ACA​ACA​ACA​GGC​TCG​CCCC​
TAG​ACA​AAG​GG​GCC​GGC​GCG​GCG​GAG​CAG​ACT​GGT​
GCA​GCC​TGG​GCC​GCG​CGC​TCA​GAG​CGC​TGG​GCG​TCT​
GGG​CAG​CTG​AGT​GGG​CAG​AGC​TGA​CCC​GGTG​CGG​
GTG​GGA​GTC​AGG​GCG​CCC​GGA​AAA​CCC​GGC​TCT​
GGG​TAG​CAG​ACC​CCG​CCC​GGG​CTG​GCT​CGG​CGC​CG​
GGC​CTT​CGG​GCT​TCC​ACT​CAG​TCT​TTG​ACC​CTC​GGT​
CCT​CGC​TCA​GCG​GCC​CGG​CAG​GCC​GCA​CAA​CTG​TAA​
CCG​CTG​CCC​CGG​CCG​CCG​CCC​GCT​CCT​TCT​CGG​TCC​
GGC​GGG​CAC​AGA​GCG​CAG​CGC​GGC​GGG​GCC​GGCG​
GCAT​GGCT​GTGT​CCTGG​AGG​AGC​TGG​CTC​GCC​AAC​
GAA​GGG​GTT​AAA​CAC​CT‑3'.

ChIP. ChIP was performed using the SimpleChIP kit from 
Cell Signaling Technology, Inc. (Danvers, MA, USA), 
according to the manufacturer's protocol. Briefly, owing to 
the lack of a ChIP‑grade GATA4 antibody, HUVECs were 
cultured in 6‑well plates until they reached 60‑80% conflu-
ence and transfected with GATA4‑Flag (2 µg) or Flag‑only 
overexpression plasmid (2  µg; Vigene Biosciences, Inc., 
Rockville, MD, USA). Transfection was performed using 
jetPEI‑HUVEC transfection reagent (Polyplus‑Transfection 
SA, Illkirch, France) according to the manufacturer's 
protocol. Cells were transfected for 4 h at 37˚C, after which 
the transfection medium was replaced with growth medium 
containing 30% fetal bovine serum (Sigma‑Aldrich; Merck 
KGaA) and antibiotics. Following transfection, HUVECs 
were fixed in 1% formaldehyde in PBS at 37˚C for 10 min. 
Chromatin was digested with the addition of 5 µl nuclease 
at 37˚C for 20 min, and DNA fragments of 200‑800 bp were 
obtained. Protein A/G agarose was used for preclearing 
at 4˚C for 1 h prior to incubation with 10 µg of anti‑Flag 
(Abcam, Cambridge, MA, USA) or the immunoglobulin G 
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(included in kit) antibody at 4˚C overnight with rotation. 
The resultant complex was incubated in 5  M NaCl and 
20 mg/ml proteinase K solution (Cell Signaling Technology, 
Inc.) at 65˚C for 2 h for the reversal of crosslinking. Finally, 
the DNA was purified using spin columns and subjected to 
real‑time polymerase chain reaction (PCR) analyses using 
SYBRPremix Ex TaqII (Tli RNase H Plus) from Takara 
Biotechnology Co., Ltd. (Dalian, China). The primers were 
as follows: forward TAA​AAG​CCA​TTC​GAT​TAA, reverse 
GTC​TGT​TTG​TAA​GTA​ATA​GGA​A. The thermocycling 
conditions involved an initial denaturation at 95˚C for 30 sec, 
followed by 34 cycles of 95˚C for 5 sec and 60˚C for 30 sec. 
PCR products were separated by 1% gel electrophoresis using 
agarose gels prestained with ethidium bromide. Bands were 
analyzed using Image J1.5.1 (National Institutes of Health, 
Bethesda, MD, USA).

Western blotting. Western blotting was performed as previously 
described (13). Briefly, protein was extracted from 1.5x106 cells, 
and the following antibodies were used: Anti‑endothelial nitric 
oxide synthase (eNOS; ab76198; 1:1,000; Abcam), anti‑phos-
phorylated (p)‑eNOS (ab76199; 1:1,000; Abcam), anti‑GATA4 
(ab84593; 1:1,000; Abcam), anti‑NOX4 (ab133303; 1:1,000; 
Abcam) and anti‑GAPDH (ab8345; 1:1,000; Abcam) primary 
antibodies, and HRP‑conjugated secondary antibodies 
[goat anti‑rabbit (ab6721; 1:2,000; Abcam), goat anti‑mouse 
(ab6789; 1:2,000; Abcam;)]. Image J version 1.5.1 (National 
Institutes of Health, Bethesda, MD, USA) was used to perform 
densitometric analysis.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis 
of NOX4 expression. RT‑qPCR was conducted as previously 
described (13). Briefly, RNA was extracted from 1.5x106 cells 
using a total RNA purification kit (Beyotime Institute of 
Biotechnology, Haimen, China) and reverse transcription was 
performed using a PrimeScript 1st Strand cDNA Synthesis kit 
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's instructions. The primers used were as follows: β‑actin, 
forward ATTGGCAATGAGCGGTTC, reverse GGATGC 
CACAGGACTCCAT; NOX4, forward CAGATGTTGGG 
GCTAGGATTG, reverse GAGTGTTCGGCACATGGGTA; 
GATA1, forward CTGTCCCCAATAGTGCTTATGG, reverse 
GAATAGGCTGCTGAATTGAGGG; GATA2, forward GCA 
ACCCCTACTATGCCAACC, reverse CAGTGGCGTCTT 
GGAGAAG; GATA3, forward GCCCCTCATTAAGCC 
CAAG, reverse TTGTGGTGGTCTGACAGTTCG; GATA4, 
forward CGACACCCCAATCTCGATATG, reverse GTT 
GCACAGATAGTGACCCGT; GATA5, forward CTTCGT 
GTCCGACTTCTTGGA, reverse CCGAGGCATTCCTTG 
TGGA; GATA6, forward CTCAGTTCCTACGCTTCGCAT, 
reverse GTCGAGGTCAGTGAACAGCA.

Immunohistochemistry. Immunohistochemical staining 
for GATA4 expression was performed as previously 
described  (13,14), using a primary antibody against 
GATA4 (ab84593; 1:100; Abcam). The endothelial layer of 
the thoracic aorta was sliced into 6‑8 µm thick sections. 
Primary antibodies were detected using a HRP conjugated 
goat anti‑rabbit secondary antibody was from (ab6721; 
1:2,000; Abcam). Positive expression was assessed by 

determining the % of positive GATA4 staining in the entire 
visual field.

Nitric oxide (NO) measurement. NO levels in the superna-
tant of HUVEC cultures were measured using a NO Assay 
kit (Beyotime Institute of Biotechnology) as previously 
described (15). Briefly, the supernatant of endothelial cell 
medium was collected with a pipette. A standard curve was 
prepared from standard solutions of 2‑50 µmol/l nitrite in 
ECM. Samples of standard solutions or cell supernatants were 
reacted with nitrate reductase in a 96‑well plate for 40 min 
prior to the addition of Griess Reagents I and II. Samples were 
incubated at room temperature for 10 min, and the absorbance 
in each well was measured at 540 nm, using a microplate 
reader, to determine the nitrite concentrations.

Simvastatin treatment. HUVECs were incubated with 5.5 mM 
(control) or 33 mM (high) glucose with or without 1 µmol/l 
simvastatin (Sigma‑Aldrich; Merck KGaA) for 72 h at 37˚C.

GATA4 knockdown. HUVECs were cultured in 6‑well plates 
until they reached 60‑80% confluence. Cells were transfected 
with GATA4 small interfering (si)RNA (sc‑35455) or nega-
tive control (sc‑37007) siRNA (Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) using Lipofectamine® RNAiMAX 
Transfection Reagent (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. The cells were incu-
bated at 37˚C for 2 days. Experiments were performed 48 h 
following transfection.

Migration assay. The migration assay was performed in a 
Transwell chamber that was fitted with an 8 µm pore size 
membrane filter (Corning Inc., Corning, NY, USA). Cells (2x104) 
were plated in the upper chamber in DMEM without FBS 
and incubated at 37˚C for 24 h. The lower chamber contained 
DMEM with 10% FBS. Following incubation, cells on the 
bottom surface of the filter were fixed and stained with Hoechst 
33258 (Beyotime Institute of Biotechnology). The number of 
migrating cells was quantified by counting the total number of 
cells in 10 fields per chamber using a fluorescence microscope.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. All in vitro cellular preparations, experiments and 
measurements were repeated at least three times. Data from 
in vivo experiments represent the averages of at least eight 
measurements. Significant differences between groups were 
evaluated with an unpaired Student's t‑test after the homo-
geneity of variance was confirmed with an F‑test or one‑way 
analysis of variance for more than two groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GATA4 is a transcript ion factor for NOX4. The 
promoter‑binding transcription factor profiling plate array was 
used to identify the transcription factor that may be respon-
sible for controlling NOX4 expression. The relative light units 
(RLU) for the GATA probe were increased for both the control 
HUVECs/(control HUVECs + NOX4 promoter) and hypergly-
cemia HUVECs/(hyperglycemia HUVECs + NOX4 promoter) 
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treatments (Fig. 1A and B, respectively), indicating that GATA 
protein can bind with the NOX4 promoter. Furthermore, the 
RLUs for the GATA probe were greater in HUVECs cultured 
in normal glucose medium compared with that in HUVECs 
cultured in high‑glucose medium, indicating that GATA 
activity was inhibited by hyperglycemia treatment (Fig. 1C). 

As this assay is not able to differentiate between the GATA 
proteins, the mRNA expression levels of GATA1‑6 were 
measured in control or hyperglycemia‑stimulated HUVECs.

As shown in Fig. 2A, hyperglycemia inhibited GATA4 
transcription, whereas the mRNA expression of other 
GATA genes remained unchanged. Therefore, it was 

Figure 1. GATA is a transcription factor for NOX4 expression. A transcription factor binding screening assay was performed to identify the transcription 
factor of NOX4. (A) Comparison of GATA expression (in relative light units) in HUVECs cultured in normal glucose medium with or without NOX4 promoter. 
(B) Comparison of GATA expression in HUVECs cultured in high‑glucose medium with or without NOX4 promoter. (C) Comparison of GATA expression 
in HUVECs cultured in control or high‑glucose medium. GATA, GATA‑binding protein; HUVEC, human umbilical vein endothelial cells; NOX4, NADPH 
oxidase 4.
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concluded that GATA4 may be a transcription factor for 
NOX4.

These results were further confirmed by ChIP analysis 
(Fig. 2B). The ChIP band for the anti‑Flag group exhibited 
increased intensity compared with the control group, confirming 

that GATA4 may be able to induce transcription of NOX4. In 
addition, the anti‑Flag ChIP band corresponding to HUVECs 
exposed to hyperglycemia exhibited a lower intensity compared 
with the control group, indicating that hyperglycemia inhibited 
the binding of GATA4 to the NOX4 promoter.

Figure 2. GATA4 mediates NOX4 expression. (A) GATA1‑6 mRNA expression in HUVECs exposed to control or hyperglycemic conditions; ***P<0.001, 
hyperglycemia vs. control group. (B) Chromatin immunoprecipitation results for binding of GATA4 to the NOX4 promoter under normoglycemic control 
conditions and hyperglycemic conditions; %%%P<0.001, control anti‑Flag vs. control anti‑IgG group; ##P<0.01, hyperglycemia anti‑Flag vs. control anti‑Flag 
group. (C) NOX4 mRNA expression upon GATA4 overexpression; ***P<0.001, GATA4 overexpression group vs. control. (D) NOX4 and p‑eNOS protein 
expression in HUVECs overexpressing GATA4 were measured by western blot analysis; **P<0.01, GATA4 overexpression group vs. control; &&&P<0.001, 
GATA4 overexpression group vs. control. eNOS, endothelial nitric oxide synthase; GATA, GATA‑binding protein; IgG, immunoglobulin G; NOX4, NADPH 
oxidase 4; p, phosphorylated.
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NOX4 mRNA and protein expression levels were 
also analyzed in HUVECs that overexpressed GATA4 
(Fig. 2C and D, respectively). GATA4 overexpression induced 
an increase in NOX4 mRNA and protein expression under 
normal glucose condition compared with the control cells. 
These experimental results confirmed that GATA4 is a tran-
scription factor for NOX4.

GATA4 expression is downregulated in HUVECs exposed to 
hyperglycemic conditions. The expression of GATA4 protein 
in HUVECs cultured in control vs. high‑glucose medium was 
measured by western blot. Hyperglycemia resulted in a decrease 
in GATA4 expression in HUVECs compared with untreated 
control cells (Fig. 3A). This finding was further confirmed 
in vivo using a mouse diabetes model, which exhibited lower 

expression of GATA4 in the endothelium of the thoracic aorta 
compared with healthy control mice (Fig. 3B).

GATA4 overexpression improves endothelial function by 
increasing NO levels. The role of GATA4 in endothelial func-
tion under hyperglycemic conditions was also investigated using 
HUVECs that overexpressed GATA4. GATA4overexpression 
resulted in an increase in the level of NO (Fig. 4A) as well 
as an increase in p‑eNOS protein expression (Fig. 2D) in 
HUVECs stimulated with high‑glucose medium, which indi-
cated that GATA4 expression improved endothelial function 
under hyperglycemia.

GATA4 contributes to the protection against endothelial 
dysfunction achieved by simvastatin. A previous study has 

Figure 3. GATA4 protein expression is downregulated under hyperglycemic conditions. (A) Western blot analysis of GATA4 protein expression in HUVECs 
exposed to high‑glucose medium with or without simvastatin treatment; **P<0.01, hyperglycemia vs. control group; ##P<0.01, hyperglycemia + simvastatin 
vs. hyperglycemia group. (B) Immunohistochemical staining for GATA4 protein expression in endothelial cells (arrows) from a mouse diabetes model; 
%%P<0.01, diabetes vs. control group.
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demonstrated that simvastatin treatment functions to protect 
endothelial function in diabetes  (16). Therefore, whether 

this effect was achieved through GATA4 expression was 
investigated in HUVECs. Cells treated with simvastatin 
exhibited increased protein expression levels of GATA4 
(Fig. 3A) and NOX4 (Fig. 4B), as well as increased levels NO 
(Fig. 4C) in hyperglycemia‑stimulated HUVECs. Conversely, 
GATA4‑siRNA treatment decreased the protective effects of 
simvastatin by inhibiting NO production (Fig. 4C).

To further confirm the protective role of GATA4 
in endothelial dysfunction, a migration assay was 
performed. Simvastatin treatment resulted in increased 
cell migration in hyperglycemia‑stimulated HUVECs, 
whereas GATA4 knockdown abolished this effect (Fig. 4D). 
These findings demonstrated the role of GATA4 in 
protecting endothelial function in hyperglycemia and indi-
cated that the effects of simvastatin may be achieved through 
GATA4.

Discussion

The results of the present study indicated that GATA4 was able 
to regulate the transcription of NOX4. This result is supported 
by previous studies that demonstrated an association between 
GATA4 and NOX4. For example, Murray et al observed that 
activation of GATA4 transcription was dependent on NOX4 
activation  (17). The present results indicated that GATA4 
was able to induce transcription of NOX4, which indicated 
that positive feedback occurs between GATA4 and NOX4. 
Another study reported that CCAAT enhancer‑binding protein 
(C/EBP) induces transcription of NOX4 (11), whereas other 
studies demonstrated an interaction between GATA4 and 
C/EBP (18,19), which indicated that GATA4 may serve a role 
in the regulation of NOX4 expression.

The present study demonstrated GATA4 had a protective 
effect against endothelial dysfunction induced by hypergly-
cemia. First, GATA4 expression was inhibited in HUVECs 
exposed to high‑glucose treatment. This result was consis-
tent with the results of previous reports that demonstrated 
that cardiac GATA expression is downregulated in diabetic 
mice (20,21). The decreased GATA4 expression observed in 
the present study further indicates that GATA4 may be associ-
ated with the molecular mechanisms underlying diabetes. In 
addition, genetics studies have reported that GATA4 mutations 
may cause neonatal and childhood‑onset diabetes (22), and that 
GATA4 polymorphism is associated with diabetes in adults (23). 
Second, as NOX4 was revealed to protect against endothelial 
dysfunction in diabetes, GATA4 presumably should have a 
similar effect given that GATA4 induces NOX4 transcription. 
Third, GATA4 has previously been reported to have the ability 
to inhibit apoptosis (24,25). As endothelial cell apoptosis is a 
cause of endothelial dysfunction (26), the present study proposed 
that the protective effect of GATA4 overexpression may be due 
to the inhibition of endothelial cell apoptosis stimulated by 
hyperglycemia. Fourth, in the presence of diabetes, GATA4 has 
been revealed to serve a protective role in many other cardio-
vascular diseases. For example, GATA4 overexpression was 
reported to support cardiac adaptive responses and survival, 
whereas GATA4 ablation induced cardiomyocyte apoptosis 
and heart dysfunction (27). In addition, GATA4 was demon-
strated to protect cardiomyocytes from doxorubicin‑induced 
cell death (28).

Figure 4. GATA4 improves endothelial function and is involved in 
protection of endothelial function by simvastatin. (A)  NO levels in 
HUVECs with and without GATA4 overexpression. %P<0.05 control 
vs. hyperglycemia; *P<0.01 hyperglycaemia vs. hyperglycaemia + GATA4 
overexpression. (B)  Western blotting results demonstrating that NOX4 
expression in HUVECs exposed to normoglycemic conditions as well as 
hyperglycemic conditions with or without simvastatin treatment; **P<0.01, 
hyperglycemia vs.  control group; ##P<0.01, hyperglycemia +  simvastatin 
vs. hyperglycemia group. (C)  NO levels in the supernatant of HUVECs 
exposed to control culture, hyperglycemia, hyperglycemia +  simvastatin 
a n d  h y p e r g l y c e m i a   +   s i m v a s t a t i n   +   G ATA 4 ‑ s i R N A . 
( D)   M ig ra t ion  a na lys i s  i n  H U V ECs exp ose d  to  cont rol 
cu lt u re,  hyperg lycem ia,  hyperg lycem ia  +  simvast a t i n  a nd 
hyperglycemia + simvastatin + GATA4‑siRNA. (C and D) %P<0.05, hyperglycemia 
vs. control group; #P<0.05, hyperglycemia + simvastatin vs. hyperglycemia group; 
!P>0.05 hyperglycemia + simvastatin vs. hyperglycemia + simvastatin + control 
siRNA; $P<0.05 hyperglycemia  +  simvastatin + control siRNA 
vs.  hyperglycemia +  simvastat in  +  GATA4‑siRNA; &P<0.05, 
hyperglycemia + simvastatin + GATA4‑siRNA vs. hyperglycemia + simvastatin 
group. GATA4, GATA‑binding protein 4; HUVECs, human umbilical vein 
endothelial cells; NO, nitric oxide; NOX4, NADPH oxidase 4; siRNA, small 
interfering RNA.

https://www.spandidos-publications.com/10.3892/mmr.2017.8062
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The present study had several limitations. First, the 
co‑factors required for GATA4‑induced NOX4 transcrip-
tion have yet to be identified. Second, although GATA4 
protected HUVECs against hyperglycemia‑induced endo-
thelial dysfunction by enhancing NO secretion, this effect 
requires confirmation through in vivo experiments aimed at 
determining whether GATA4 overexpression leads to vascular 
relaxation.

In conclusion, the results of the present study indicated 
that GATA4 may be a transcription factor that induces NOX4 
expression, which results in increased production of NO. 
Additionally, GATA4 inhibited hyperglycemia‑induced endo-
thelial dysfunction in both HUVECs and a mouse model of 
diabetes. This protective effect of GATA4 was experimentally 
linked to increased production of NO and p‑eNOS. Finally, 
the protection of endothelial function by simvastatin treatment 
was demonstrated to be achieved through GATA4 expres-
sion. Overall, the present findings revealed a novel molecular 
mechanism in endothelial dysfunction and identified GATA4 
as a potential therapeutic target for preventing endothelial 
dysfunction in diabetes patients.
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