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Abstract. Diabetes mellitus (DM)‑induced high blood sugar 
severely damages vascular endothelial cells (VECs), which 
are in direct contact with the blood. Diabetic complica-
tions cause difficulties in skin wound healing and VECs are 
important for this process. Previous studies demonstrated that 
high blood sugar delayed the repair of wounded VECs, but 
the underlying mechanism has remained elusive. To explore 
the effects of diabetic conditions on VEC damage, cells were 
incubated in a medium with high glucose and then subjected 
to RNA‑sequencing based transcriptome analysis. The results 
revealed that numerous biological processes were altered by 
HG stress, including extracellular matrix‑receptor interaction, 
NOD‑like receptor signaling and the nuclear factor (NF)‑κB 
pathway. HG treatment increased the levels of phosphory-
lated inhibitor of NF‑κB (IκB‑α), the key NF‑κB signaling 
regulator as well as the transcripts of plasminogen activator 
inhibitor‑1 and interleukin‑8, two inflammatory response 
markers. Treatment with extracellular signal‑regulated kinase 
(ERK)‑ and c‑Jun N‑terminal kinase (JNK)‑specific inhibi-
tors U0126 and sp600125, respectively, led to the activation 
of IκB‑α; however, the inhibitor of IκBα phosphorylation 
Bay11‑7082 did not affect ERK and JNK activity, suggesting 
that ERK/JNK signaling occurs upstream of NF‑κB in VECs. 
The present study provided useful information regarding the 
effects of diabetes on VECs, which may provide approaches 

for therapies of diabetes‑associated complications in the 
future.

Introduction

With exponential increases in the number of individuals 
affected by diabetes mellitus (DM), this disease represents a 
great medical and socioeconomic challenge worldwide. Despite 
various treatment strategies adopted, vascular complications 
represent a major problem causing morbidity and mortality of 
diabetic patients. Early in the course of diabetes, intracellular 
hyperglycemia causes endothelial dysfunction and endocrine 
disorders (1‑3). The overall result is tissue dysfunction, which 
results in the formation of non‑healing ulcers.

Skin wound repair involves a series of coordinated 
processes such as cell proliferation and migration, collagen 
deposition and remodeling, wound contraction and angiogen-
esis. These mechanisms involve various cell types, mostly 
including fibroblasts/myofibroblasts, keratinocytes and endo-
thelial cells (4,5). Due to their incapacity to regulate glucose 
influx, vascular endothelial cells (VEC) represent an impor-
tant target for DM‑induced damage. The hyperglycemia in 
diabetic patients has resulted in difficulties in wound healing, 
particularly altered angiogenesis and extracellular matrix 
remodeling (6), while the nature of the linkage has remained 
elusive. Extensive studies have described alterations in cell 
migration associated with diabetic conditions. For instance, 
Lerman et al (7) demonstrated that fibroblasts from diabetic 
mice migrated 75% less than those from normoglycemic mice 
and displayed a constant response to hypoxia, a condition 
commonly present in chronic wounds. Recently, an inhibition 
phenomenon similar to that in mice was observed in keratino-
cytes cultured in a high‑glucose (HG) environment (8), which 
suggested that HG has a significant role in delaying wound 
repair. Mitogen‑associated protein kinases (MAPKs) were 
identified to be involved in reactive oxygen species (ROS) 
production upon HG stress (9). However, these studies failed to 
address the detailed cellular regulatory mechanisms involved 
in this phenomenon.
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The present study analyzed the effects of HG on transcrip-
tome changes in VECs via RNA‑sequencing (seq) analysis. 
In addition, the association between NF‑κB and two MAPK 
members, extracellular signal‑regulated kinase (ERK) and 
c‑Jun N‑terminal kinase (JNK), were analyzed using pharma-
cological inhibitors. RNAs differentially expressed by VEGs 
under HG conditions and their associated biological processes 
were identified, and the association between NF‑κB and 
MAPK pathways under diabetic conditions was analyzed.

Materials and methods

VEC culture. The EA.hy926 human endothelial cell line was 
obtained from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). These cells were immediately 
expanded and frozen so that the cell line could be restarted 
every 3 months. Cells were cultured in low‑glucose (LG) 
Dulbecco's modified Eagle's medium (GE Healthcare Life 
Sciences, Little Chalfont, UK) supplemented with 10% fetal 
bovine serum (GE Healthcare Life Sciences), 100 µg/ml strep-
tomycin and 100 U/ml penicillin. The cultures were maintained 
at 37˚C in a humidified chamber with 5% CO2 and 95% air, 
and the medium was replaced every 2 days. The cultured 
cells were digested and passaged with 0.25% trypsin (Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) after the 
cells reached ~90% confluency. The cells were then seeded 
at 2.5x104 cells/well on 6‑well plates or at 1x104 cells/well on 
48‑well plates and cultured for 24 h. The EA.hy926 cells in 
the LG or HG group were treated with 5.5 or 35 mM glucose, 
respectively, for 3 days. The cells were cultured in 6 well 
plates, and treated with 1 µM Bay117082 (cat. no. 19542‑67‑7; 
Sigma‑Aldrich; Merck KGaA, Darmstadt; Germany), U0126 
(cat.  no, 109511‑58‑2; Sigma‑Aldrich; Merck KGaA), and 
sp600125 (cat. no. 129‑56‑6; Sigma‑Aldrich; Merck KGaA) 
for 1 h before harvesting the cells.

RNA sequencing. Total RNA was extracted from VECs from 
the two groups for the RNA‑seq experiments. RNA‑seq 
experiments and data analysis were performed by Novel 
Bioinformatics Co., Ltd. (Shanghai, China). All of the infor-
mation of altered genes was stored on a personal hard disk and 
is available on request.

Analysis of the pathway. Pathway analysis was performed to 
determine the significant pathways enriched by differentially 
expressed genes under HG according to the Kyoto Encyclopedia 
of Genes and Genomes (KEGG; http://www.genome.jp/kegg/), 
Biocarta (https://cgap.nci.nih.gov/Pathways/BioCarta_
Pathways) and Reactome (http://www.reactome.org/) 
databases. Fisher's exact test was performed followed by 
Benjamini‑Hochberg multiple testing correction for isolating 
significantly changed pathways, and the threshold of signifi-
cance was defined by the P‑value (P<0.05) and false‑discovery 
rate (10).

Total RNA extraction, complementary DNA synthesis and 
polymerase chain reaction (PCR). Total RNA was extracted 
from the VECs of the HG and LG groups. The cell monolayer 
was rinsed with ice‑cold PBS. The cells then lysed by adding 
1 ml TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 

per each 3.5‑cm diameter 6‑well dish, and 0.2 ml chloroform 
was added. Total RNA (1 µg) was reverse‑transcribed by using 
a GoScript Reverse Transcription kit (A5003; Promega Corp., 
Madison, WI, USA) following the manufacturer's instructions. 
The kit included Buffer, dNTP, Oligo (dT), RNase inhibitor 
and reverse transcriptase. The reverse transcription reaction 
was subjected to the following conditions: 65˚C for 5 min, 42˚C 
for 15 min, 75˚C for 15 min. The SYBR‑Green kit (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA) was used for quantitative 
PCR assay according to the manufacturer's instructions (5 µl of 
2X SYBR‑Green buffer, 1 µl of each 5 µM primer and 3 µl of 
H2O to total volume of 10 µl for each PCR reaction). qPCR was 
performed with the following thermocycling conditions: 95˚C 
for 3 min; 40 cycles for 95˚C for 30 sec, 58˚C for 30 sec, 72˚C for 
30 sec; and 72˚C for 10 min; followed by a holding temperature 
of 8˚C. The transcript levels were normalized against those of 
GAPDH using the 2‑ΔΔCt method (11). The sequences of primers 
used for PCR are listed in Table I.

Western blot analysis. For extraction of total protein, the cells 
were lysed in an ice‑cold lysis solution (7 M urea, 2 M thiourea, 
2% CHAPS detergent, 40 mM Trizma base, 40 mM dithioth-
reitol, 1% protease inhibitor) and the lysates were centrifuged 
for 15 min at 15,000 x g at 4˚C. All reagents were sourced from 
Sigma‑Aldrich. The protein concentration was measured via 
Nanodrop 100 (Thermo Fisher Scientific Inc.). A total of 20 µg 
protein from each sample was separated by 10% SDS‑PAGE 
and then electrotransferred onto Immobilon‑P Transfer 
Membranes (Millipore, Tokyo, Japan). The membranes were 
incubated in 1X Tris‑buffered saline containing 5% skimmed 
milk and 0.05% Tween‑20 for 1 h at room temperature (25˚C) 
and blotted with primary antibodies at overnight. For the 
primary antibodies, anti‑phosphorylated inhibitor of NF‑κB 
(p‑IκB‑α) antibody (1:2,000 dilution; cat. no. 39A1431; Abcam, 
Cambridge, MA, USA), anti‑IκB‑α antibody (1:2,000 dilu-
tion; cat. no. ab7217; Abcam), anti‑p‑stress‑activated protein 
kinase (SAPK)/JNK (Thr183/Tyr185) antibody (1:1,000 dilu-
tion; cat. no. 4668; Cell Signaling Technology, Inc., Danvers, 
MA, US), anti‑SAPK/JNK (1:1,000; cat. no.  9252; Cell 
Signaling Technology, Inc.), anti‑p‑p44/42 MAPK (ERK1/2) 

Table I. Primer sequences used for polymerase chain reaction.

Primer	 Sequence (5'‑3')

PAI‑1 F	 GAGACTGAAGTCGACCTCAG
PAI‑1 R	 CTGTCCATGATGATCTCCTC
GAPDH F	 GACCTGCCGTCTAGAAAAAC
GAPDH R	 CTGTAGCCAAATTCGTTGTC
IL‑8 F	 GGTGCAGTTTTGCCAAGGAG
IL‑8 R	 TTCCTTGGGGTCCAGACAGA
Caspase‑3 F	 TGATGATGACATGGCGTGTC
Caspase‑3 R	 GTTGCCACCTTTCGGTTAAC
CCL13 F	 CGTCCCATCTACTTGCTGCT
CCL13 R	 TCAAGTCTTCAGGGTGTGAGC

F, forward; R, reverse; IL, interleukin; CCL, chemokine ligand 13; 
PAI‑1, plasminogen activator inhibitor‑1.
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(Thr202/Tyr204) (1:1;000 dilution; cat. no. 9101; Cell Signaling 
Technology, Inc.), anti‑p44/42 MAPK (ERK1/2) (1:1,000 
dilution; cat. no. 9102; Cell Signaling Technology, Inc.) and 
anti‑GAPDH antibody (1:2,000 dilution; cat. no.  ab8245; 
Abcam) were used. The membranes were incubated for 1 h 
at room temperature (25˚C) with an anti‑mouse or anti‑rabbit 
horseradish peroxidase‑linked secondary antibody (1:2,000 
dilution; cat. no.  7074; Cell Signaling Technology, Inc.). 
Reaction products were visualized by detection of chemilumi-
nescence using the ECL Western Blotting Detection System 
(GE Healthcare Life Sciences). The images were captured on 
the X‑ray films (Kodak; Rochester, NY, USA).

Statistical analysis. Statistical calculations were performed by 
using GraphPad Prism 5 software (GraphPad, Inc., La Jolla, 
CA, USA). All values are expressed as the mean ± standard 
error. Significant differences between groups were analyzed 
by using the Student's t‑test.

Results

Identification of HG‑associated transcriptome in fibro‑
blasts. To identify genes and pathways upregulated under 
HG, RNA‑seq experiments were performed by using human 
VECs incubated under LG (5.5 mM) and HG (35 mM) condi-
tions for 3 h. The RNA‑seq results revealed that 721 genes 
were differentially expressed (>1.5 fold‑change; P<0.05) in 
the HG‑treated VECs compared with those incubated under 
LG conditions (Fig. 1A). To verify the RNA‑seq data, the 
HG‑induced expression of inflammatory and apoptotic marker 
genes (IL‑8, PAI‑1, CCL13 and Caspase‑3) were further 
monitored by reverse‑transcription quantitative PCR. Three 

inflammation‑associated genes (IL‑8, PAI‑1 and CCL13) and 
an apoptosis‑associated gene (Caspase‑3) were induced by 
HG stimulation (Fig. 1B), which was similar to the RNA‑seq 
results. Furthermore, the 721 genes altered by HG stress were 
subjected to pathway analysis. The results demonstrated that 
these genes were enriched various canonical pathways, the 
top 15 of which are listed in Fig. 2 according to their rank-
ings, including alcoholism as well as NF‑κB and extracellular 
matrix (ECM)‑receptor interaction signaling pathways. 
NOD‑like receptor signaling was identified in VEC cell with 
HG stress, which was previously identified as a target pathway 
in HG‑stressed fibroblast cells (12). These data indicated that 
HG regulates a large number of genes involved in different 
biological processes.

Association between NF‑κB and ERK/JNK signaling in VECs. 
ERK and JNK are well‑known MAPKs, which are involved 
in diverse aspect of biology, including HG‑mediated damage 
of VECs (9). In fibroblasts, NF‑κB signaling was identified 
to function upstream of JNK (13). To address the association 
between ERK/JNK and NF‑κB signaling, pharmacological 
and biochemical tests were utilized. As a key regulator, 
IκBα activity was analyzed after HG stress by analyzing the 
levels p‑IκBα and total IκBα. Western blot analysis indicated 
HG‑induced p‑IκBα levels, particularly after 1 h of HG treat-
ment, while total IκBα levels were not affected (Fig. 3A). In 
addition, the VECs were treated with the inhibitor of IκBα 
phosphorylation Bay117082 and the p‑ERK, ERK, p‑JNK and 
JNK levels were monitored by western blot analysis. The results 
indicated that Bay117082 did not change ERK and JNK activi-
ties (Fig. 3B). In a different experiment, U0126 and sp600125, 
respective inhibitors of ERK and JNK, were applied and the 

Figure 1. HG altered the transcriptome profile in VECs. (A) Heat map diagram of the genes whose expression levels in VECs were altered after HG 
(35 mM) treatment for 3 h. Gene expression is indicated by a pseudocolor scale with red denoting higher and green denoting lower gene expression levels. 
(B) Reverse‑transcription quantitative polymerase chain reaction analysis was performed to verify the expression levels of IL‑8, PAI‑1, CCL13 and Caspase‑3. 
GAPDH was used as an internal control. *P<0.05 vs. Low Glc. Low Glc/Con, low glucose (5.5 mM); High Glc/HG, high glucose (35 mM); VECs, vascular 
endothelial cells; IL, interleukin; CCL, chemokine ligand 13; PAI‑1, plasminogen activator inhibitor‑1.
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levels of p‑IκBα and total IκBα were examined. U0126 and 
sp600125 treatment induced changes in p‑IκBα, while IκBα 
levels were maintained (Fig. 3C). These results suggested 
that NF‑κB signaling functioned downstream of ERK and 
JNK, and that ERK and JNK negatively regulated the NF‑κB 
pathway.

Discussion

VECs are the layer of blood vessels that is in direct contact 
with the blood, and is important for maintaining vascular 
tone and function, in part by the synthesis and release of 
certain substances in the vasculature, such as nitric oxide. 
VEC dysfunction contributes to the pathogenesis of vascular 
diseases in diabetics. While the mechanisms of VEC dysfunc-
tion in diabetes mellitus have remained to be clarified, one 
possibility is increased inactivation of endothelium‑derived 
nitric oxide by ROS acting as signaling intermediates (14,15). 
In vitro, the high ambient glucose was observed to affect 
endothelial and other vascular cells at the cellular level (16), 
delay VEC replication (17) and cause excessive cell death (18). 
However, the molecular mechanisms of HG‑induced damage 
in VECs require further investigation.

Figure 3. Association between IκB‑α and JNK/ERK. (A)  Western blot 
analysis was performed to analyze the effect of HG on the levels IκB‑α 
and p‑IκB‑α. (B) Effect of inhibitor of IκBα phosphorylation Bay117082 
on ERK/JNK and p‑ERK/p‑JNK levels, and (C) effects of ERK inhibitor 
U0126 and JNK inhibitor sp600125 on IκB‑α and p‑IκB‑α levels. IκB‑α, 
inhibitor of NF‑κB; NF, nuclear factor; p‑ERK, phosphorylated extracellular 
signal‑regulated kinase; JNK, c‑Jun N‑terminal kinase; HG, high glucose; 
Con, control.

Figure 2. Top‑ranking canonical pathways altered in vascular endothelial cells by high glucose stimulation. The top ranking canonical Kyoto Encyclopedia 
of Genes and Genomes pathways identified are listed according to P‑values. The 15 pathways listed were significantly enriched (P<0.05), which included 
ECM‑receptor interaction, NF‑κB signaling, and NOD‑like receptor signaling pathways. P‑value, probability that the association between the more than 
1.5‑fold changed genes and the canonical pathway can be accounted for by chance only. NF, nuclear factor; ECM, extracellular matrix; NOD, nucleotide‑binding 
oligomerization domain; HTLV, human T‑lymphotropic virus.
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By detecting changes in the transcriptome in VECs induced 
by HG, 721 differentially expressed genes were uncovered and 
a possible association between the NF‑κB pathway and HG 
treatment in VECs was identified. Inflammatory target genes 
(CCL13, PAI‑1 and IL‑8) associated with the activation of the 
NF‑κB pathway were upregulated by HG, indicating that HG 
stress activates NF‑κB target genes. In addition, at the protein 
level, an effect of HG on the activation of IκBα, which is the 
most characterized and studied NF‑κB regulator, was observed. 
In other words, HG activated NF‑κB target genes and the activa-
tion of the NF‑κB regulator‑IκBα to promote the inflammatory 
response in VECs. PAI‑1, a pro‑inflammatory cytokine located 
downstream of NF‑κB (19), was found to be activated by HG.

It is thought that elevated levels of pro‑inflammatory 
cytokines and proteases are present in chronic wounds due 
to abnormal immune responses (20). NF‑κB is considered to 
be a regulator of the inflammatory response, which controls 
numerous disease states through regulating exaggerated inflam-
matory responses associated with certain diseases, including 
pulmonary diseases such as acute lung injury and acute respi-
ratory distress syndrome (21). In Drosophila, the duration of 
JNK activation by lipopolysaccharide is directly controlled by 
the NF‑κB protein Relish (22). The results of the present study 
contribute to the understanding of the molecular mechanisms 
regarding the interaction of NF‑κB and ERK/JNK signaling 
in VECs under diabetic conditions. The JNK and ERK inhibi-
tors activated IκBα as HG did. However, supplementation with 
NF‑κB inhibitor Bay117082 did not affect ERK and JNK activi-
ties, implying that ERK/JNK may function upstream of NF‑κB 
signaling in VECs. In addition, NOD‑like receptor signaling 
was altered upon HG stress in VECs. Decreased NOD‑like 
signaling in human fibroblast cells with HG stress were 
also observed in a previous study (12). Furthermore, genetic 
variation of NOD1 and NOD2 has been associated with type II 
DM (23), suggesting the importance of NOD‑like signaling in 
DM‑mediated stress. Previous results have suggested that ECM 
remodeling is important for wound repair, which is in agreement 
with previous findings (24). EMC receptor interaction changes 
induced by HG stress identified in transcriptome analysis imply 
that HG‑mediated inhibition of wound repair in VECs may be 
caused by ECM and receptor interaction, subsequently resulting 
in signaling inhibition. The present study provided useful 
information for understanding the mechanisms of HG stress on 
VECs and the results will be important for the further study of 
diabetes‑associated complications.
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