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Protein tyrosine phosphatase 1B inhibition improves
endoplasmic reticulum stress-impaired endothelial cell
angiogenic response: A critical role for cell survival
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Abstract. Endoplasmic reticulum (ER) stress contributes to
endothelial dysfunction, which is the initial step in athero-
genesis. Blockade of protein tyrosine phosphatase (PTP)1B, a
negative regulator of insulin receptors that is critically located
on the surface of ER membrane, has been found to improve
endothelial dysfunction. However, the role of ER stress and its
related apoptotic sub-pathways in PTP1B-mediated endothelial
dysfunction, particularly its angiogenic capacity, have not yet
been fully elucidated. Thus, the present study aimed to investi-
gate the impact of PTP1B suppression on ER stress-mediated
impaired angiogenesis and examined the contribution of apop-
totic signals in this process. Endothelial cells were exposed
to pharmacological ER stressors, including thapsigargin (TG)
or 1,4-dithiothreitol (DTT), in the presence or absence of a
PTPI1B inhibitor or small interfering (si)RNA duplexes. Then,
ER stress, angiogenic capacity, cell cycle, apoptosis and the
activation of key apoptotic signals were assessed. It was identi-
fied that the inhibition of PTP1B prevented ER stress caused
by DTT and TG. Moreover, ER stress induction impaired the
activation of endothelial nitric oxide synthase (eNOS) and
the angiogenic capacity of endothelial cells, while PTP1B
inhibition exerted a protective effect. The results demon-
strated that blockade or knockdown of PTP1B prevented ER
stress-induced apoptosis and cell cycle arrest. This effect
was associated with reduced expression levels of caspase-12
and poly (ADP-Ribose) polymerase 1. PTP1B blockade also
suppressed autophagy activated by TG. The current data
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support the critical role of PTP1B in ER stress-mediated
endothelial dysfunction, characterized by reduced angiogenic
capacity, with an underlying mechanism involving reduced
eNOS activation and cell survival. These findings provide
evidence of the therapeutic potential of targeting PTP1B in
cardiovascular ischemic conditions.

Introduction

Endothelial dysfunction is a state in which the endothelial layer
of vessels undergoes structural changes and functional impair-
ment, which is characterized by reduced nitric oxide (NO)
synthesis, impairment of endothelial-mediated vasodilation
and dysregulated angiogenesis (1). Endothelial dysfunction is
considered as an independent predictor of perturbations in the
cardiovascular system and is the initial step in the progression
of cardiovascular diseases. This is due to its central role in the
commencement of atherosclerotic events and the progression of
clinical cardiovascular complications associated with several
conditions, such as diabetes and hypertension (2). Several
factors affect endothelial function, including insulin due to its
ability to enhance the bioavailability of endothelium-derived
NO via its interaction with vascular endothelial cell insulin
receptors (3). Binding of insulin results in the auto-phosphor-
ylation of the receptor and subsequent downstream activation
of the PI3K/Akt signaling pathway, thereby activating the key
enzyme responsible for NO synthesis, endothelial NO synthase
(eNOS) (4.5). It has been shown that conditions characterized
by insulin resistance, such as diabetes and obesity, are closely
associated with endothelial dysfunction (3).

Protein tyrosine phosphatase (PTP) 1B is a soluble
non-transmembrane and cytosolic tyrosine-specific
phosphatase that has been implicated in several pathological
conditions, including diabetes and obesity (6,7). Due to its
tyrosine phosphatase activity, PTP1B negatively regulates
the insulin receptor, thus serving a critical role in insulin
resistance (8). Accumulating evidence has suggested that
PTPI1B attenuates insulin signaling, and hence, may impair
the vascular effects mediated by insulin (9). PTP1B has also
been shown to contribute to endothelial dysfunction and
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cardiovascular disorders (9). Several models of PTP1B genetic
deletion and pharmacological inhibition have been used to
assess this role of PTPIB. The inhibition of PTP1B has been
reported to be beneficial in restoring endothelial function and
NO-mediated vasodilation in a mouse model chronic heart
failure (CHF) (10). Furthermore, deletion of PTP1B was found
to protect the mice against CHF-induced (11) and high fat
diet-induced endothelial dysfunction (12). In these models,
endothelial function was preserved, and was accompanied
by an increase in eNOS phosphorylation. In adult mice, the
selective deletion of PTP1B in endothelial cells resulted in an
improvement in mouse survival, cardiac function and cardiac
hypertrophy (13). Moreover, endothelial PTP1B-deficient mice
exhibited an improvement in vascular angiogenic capacity,
increased VEGFR phosphorylation, upregulation of eNOS
expression and a substantial decline in the development of
cardiac fibrosis (13). Although the deletion and inhibition of
PTPIB has been proven to be beneficial for both whole-body
glucose homeostasis and endothelial function, the molecular
mechanisms via which PTP1B negatively alters endothelial
functions are not yet fully understood.

PTPI1B has been reported to serve a role in the activation of
the endoplasmic reticulum (ER) stress response (14,15), which
is an inflammatory pathway that has emerged as a strong
molecular link between insulin resistance and endothelial
dysfunction (1,16,17). The ER stress response is triggered in
obesity and can cause insulin resistance and lipid accumula-
tion (18-20), as well as serve a crucial role in cardiovascular
dysfunction (21,22). The ER is the site for protein synthesis and
folding, and the synthesis of lipids and steroids, as well as being
a large store for intracellular calcium (17). The ER ensures
that proteins are properly folded and prevents their aggrega-
tion (23,24). Physiological and pathological disturbances
can overwhelm the ER due to the surge in protein demand,
resulting in the build-up of misfolded proteins within the lumen
of the ER. This activates an adaptive mechanism known as the
unfolded protein response (UPR), which aims to restore ER
homeostasis and increase ER folding capacity (17,23,25-28).
The UPR mediates its actions via three major ER trans-
membrane sensors: Inositol requiring enzyme-la., activating
transcription factor (ATF)-6 and protein kinase-like ER
kinase, which become activated upon dissociating from the
ER resident chaperone immunoglobulin binding protein (BiP),
also known as heat shock protein family A (Hsp70) member 5
(HSPAS), in response to the accumulation of unfolded proteins
within the ER (17,23,25-28). However, the sustained activation
of the UPR due to continued stress results in a switch from the
adaptive UPR to the pro-apoptotic and pro-inflammatory ER
stress response, causing cell inflammation, dysfunction and
ultimately cell death (17,23,25-28).

Previous studies have shown that ER stress activation
is responsible for endothelial cell apoptosis and decreased
eNOS expression (1,17,29). Moreover, in mice treated with
angiotensin-1I, endothelial function was found to be preserved
when ER stress was inhibited, as evidenced by an enhancement
in eNOS activity and phosphorylation levels, as well as the
amelioration of endothelial-mediated vasodilation (21). The
pharmacological induction of ER stress has been observed to
reduce angiogenic capacity via a mechanism involving reac-
tive oxygen species and cell death in human umbilical vein

endothelial cells (HUVECsS) (30). Activation of ER stress can
increase endothelial cell apoptosis via the elevated expression
level of the pro-apoptotic factor CHOP and enhanced JNK
phosphorylation (31).

PTPI1B has been shown play a role in activating the ER
stress response in a complex interaction with insulin resistance
in mouse models of obesity, due to its critical location at the
surface of ER membrane. For instance, it has been demon-
strated that liver-PTP1B deletion from birth or induced in
adult mice can decrease obesity-stimulated ER stress in mouse
livers (14,15). By inducing the ER stress response, PTP1B
overactivation may lead to endothelial cell death, promotion
of a prothrombotic state and endothelial dysfunction (32).
However, to the best of our knowledge, the role of ER stress
and its related key apoptotic signals in PTP1B-mediated endo-
thelial dysfunction, particularly in relation to its angiogenic
capacity, have not yet been investigated. Therefore, the aim
of the present study was to examine the impact of PTP1B
suppression on ER stress-mediated endothelial cell dysfunc-
tion and impaired angiogenic response, and to assess the
contribution of ER stress-induced apoptosis and activation of
underlying apoptotic pathways in this process.

Materials and methods

Cell culture. EA .hy926 [ATCC® CRL-2922™; American Type
Culture Collection (ATCC)] endothelial cells were cultured in
DMEM containing high glucose and 10% FBS, supplemented
with 1% penicillin/streptomycin (P/S), sodium pyruvate
(1%) and L-glutamine (1%) (all from Gibco; Thermo Fisher
Scientific, Inc.). Cells were incubated at 37°C with 5% CO, and
95% humidity. Cells were only cultured up to passage 20 in
these experiments.

To culture primary HUVECs (ATCC® PCS-100-010™;
ATCC), cells were maintained in medium 200 containing low
serum growth supplement (2%) and supplemented with P/S
(1%) (all from Gibco; Thermo Fisher Scientific, Inc.). Cells
were placed inside an incubator at 37°C with 5% CO, and
95% humidity. HUVECs used in experiments were between
passage 1 and 6. Based on the regulations of the Ministry of
Public Health in Qatar, the Institutional Review Board (IRB)
of Qatar University (Doha, Qatar) has categorized the use of
these commercially sourced and de-identified HUVECs as
non-human subject research and hence exempted the study
from IRB ethics review (QU-IRB 008-NR/21).

Cell treatments. For all treatments, 6-well plates were seeded
with endothelial cells (200,000 cells/well) prior to treatment
and cultured for 24 h to allow the cells to adhere. ER stress was
pharmacologically induced by incubating EA.hy926 cells and
HUVECs with 2 mM 1 4-dithiothreitol (DTT; Sigma-Aldrich;
Merck KGaA) for 24 h, or 300 nM thapsigargin (TG; Thermo
Fisher Scientific, Inc.) for 5 h at 37°C, respectively. DTT is a
strong ER stress inducer that inhibits disulfide bond forma-
tion, which results in the improper folding of proteins (33).
The unfolded proteins then accumulate within the ER lumen,
thereby activating the UPR and ER stress response (17). On
the other hand, TG induces ER stress via the inhibition of the
Ca*™-ATPase pump, which results in Ca*™ depletion from the
ER stores (34). To determine the role of PTP1B in ER stress
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activation, cells were treated with or without a PTP1B inhibitor
(BML-267; Abcam), which was administered at 20 M for 1 h
at 37°C prior to treatment with DTT or TG (35).

In another set of experiments, HUVECs were stimulated
with 20 uM bradykinin (Sigma-Aldrich; Merck KGaA) for
45 min at 37°C (36), following the treatment of cells with TG
(300 nM; 5 h). Then, protein expression and phosphorylation
of eNOS was assessed via western blotting. HUVECs were
also exposed or not to TG with or without PTP1B inhibitor,
and then stimulated with insulin (Sigma-Aldrich; Merck
KGaA) (20 nM; 5 min at 37°C). Then, protein expression and
phosphorylation of Akt was assessed via western blotting.

PTPIB (cat. no. hs.Ri.PTPNI1.13.3) (https://eu.idtdna.com/
site/order/designtool/index/DSIRNA_PREDESIGN) and
control (cat. no. 51-01-19-08) (https://eu.idtdna.com/site/order/
stock/index/trifecta) small interfering (si) RNA duplexes were
designed and synthesized by Integrated DNA Technologies,
Inc., and were used for all PTP1B gene silencing experi-
ments. Briefly, 50,000 HUVECs/well were seeded into 6-well
plates, followed by a 24-h incubation to allow the cells to
adhere. According to the manufacturer's protocol, cells were
transfected the following day with either control or PTP1B
siRNA duplexes (15 nM) using INTERFERin® transfection
reagent (Polyplus-transfection SA). Negative control cells
were left untreated. Cells were incubated for 24 h, after which
the medium was replaced with fresh complete medium. Cells
were treated for a total duration of 48 h, prior to treatment
with 300 nM TG for 5 h. Western blot analysis showed that
protein expression level of PTP1B was not affected when
cells were treated with scrambled control siRNA duplexes
(data not shown), and therefore, the remainder of experiments
were conducted using ‘untreated cells’ as negative controls.

Western blot analysis. Following cell treatments, the medium
was aspirated and discarded, and then cells were washed with
ice-cold PBS (Thermo Fisher Scientific, Inc.). Next, EA.hy926
cells or HUVECs were lysed in cold RIPA lysis buffer (Tris
(0.5 M, pH 6.8) and SDS (20%); Thermo Fisher Scientific,
Inc.) supplemented with a cocktail of protease and phospha-
tase inhibitors (Thermo Fisher Scientific, Inc.). The protein
concentration was determined using a BCA assay (Thermo
Fisher Scientific, Inc.). Equal quantities of proteins (10-20 ug)
were separated using SDS-PAGE gels (8-12%, according to the
molecular weights of targets). Proteins were then transferred
to PVDF membranes (Thermo Fisher Scientific, Inc.), which
were blocked for 1 h at room temperature in TBS containing
0.1% Tween-20 (TBST; Sigma-Aldrich; Merck KGaA) and
either 5% BSA (Thermo Fisher Scientific, Inc.) (phosphory-
lated targets) or dry milk. Membranes were then washed with
TBST and incubated with the following primary antibodies
overnight at 4°C: BiP (cat. no. 3183S), CHOP (cat. no. 2895S),
phosphorylated (p)-eNOS (Ser1177; cat. no. 9571S), eNOS
(cat. no. 5880S), p-Akt (Serd73; cat. no. 4060L), Akt
(cat. no. 4691L), cleaved caspase-9 (cat. no. 95055S), cleaved
poly (ADP-ribose) polymerase (PARP-1; cat. no. 5625S),
p-ERK 1/2 MAPK (Thr202/204; cat. no. 9106S), ERK 1/2
MAPK (cat. no. 9102S), LC-3 I/II (cat. no. 12741S), and
PTPIB (cat. no. 53118; all 1:1,000; Cell Signaling Technology,
Inc.), caspase-12 (cat. no. ab18766; 1:1,000; Abcam) and
mouse anti-f-actin (cat. no. sc-47778; 1:5,000; Santa Cruz
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Biotechnology, Inc.). Membranes were then washed again
with TBST and incubated for 1 h at room temperature with the
corresponding HRP-conjugated anti-rabbit (cat. no. 7074S) or
anti-mouse (cat. no. 7076S) secondary antibodies (1:10,000;
Cell Signaling Technology, Inc.). To visualize the chemilumi-
nescence signal, membranes were incubated with SignalFire™
Elite ECL reagent (Cell Signaling Technology, Inc.) and
images were captured using FluorChem™ M imaging system
(ProteinSimple). Densitometry was conducted using Scion
image software 4.0 (Scion Corporation) to assess protein band
intensity.

Total RNA isolation and gene expression analysis using
reverse transcription-quantitative (RT-g)PCR. After treat-
ments, EA.hy926 cells or HUVECs were washed, trypsinized
and collected. The innuPREP RNA Mini kit (Analytik Jena
AG) was used to extract total RNA as per the manufacturer's
protocol. A NanoDrop 2000 system (Thermo Fisher Scientific,
Inc.) was used to determine the concentration and quality
of RNA. For reverse transcription, a RevertAid Reverse
Transcription kit (Thermo Fisher Scientific, Inc.) and an oligo
(dT) 12-18 primer were used to synthesize cDNA from a total
of 500 ng RNA, following the manufacturer's instructions. A
mixture of cDNA, human primers for target genes (primer
pair sequences are summarized in Table I) and GoTaq® gPCR
Master mix (Promega Corporation) were amplified in an
Applied Biosystems 7500 Fast Real-Time PCR system (Thermo
Fisher Scientific, Inc.) (33). The thermocycling conditions were
as follows: holding at 95°C for 10 min, cycling stage (40 cycles;
95°C for 15 sec, 60°C for 60 sec, 72°C for 40 sec), and holding
stage at 95°C for 60 s, followed by melting curve analysis.
Experiments were conducted with six independent biological
repeats. To assess relative gene expression, the comparative
2-44% method (37) was used to analyze data. mRNA expression
was normalized against the housekeeping gene S-actin and
reported as fold-change after normalization to control group.
Sourcing of the human primers pairs was conducted using
the PrimerBank (https://pga.mgh.harvard.edu/primerbank/),
followed by their synthesis by Sigma-Aldrich (Merck KGaA).

Endothelial cell tube-like structures formation assay.
The angiogenic capacity of endothelial cells was assessed
in vitro using a Geltrex™ Matrigel matrix (Thermo Fisher
Scientific, Inc.). HUVECs were seeded into 6-well plates
(200,000 cells/well) and left for 24 h to adhere. The following
day, cells were treated with 300 nM TG for 5 h with or
without 20 xM PTPI1B inhibitor at 1 h prior to treatment with
TG. Control cells were left untreated. Geltrex™ was stored
overnight in the refrigerator (4°C) for thawing prior to the
experiment. On the experiment day, Geltrex™ (100 ul) was
loaded onto 24-well plates and the gel was spread uniformly.
The gel was allowed to solidify by placing the gel-coated wells
in the incubator (37°C) for 30 min. During the gel incubation
time, treated cells were collected and counted. Then, a cell
suspension containing 50,000 cells (100 ul) was added onto
each well. The plates were placed back inside the incubator.
Tube formation was visualized, and images were captured
after 4 h of incubation using a phase contrast inverted
microscope at x40 magnification (OPTIKA Srl). Web-based
WimTube software from Wimasis Image Analysis (Onimagin
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Table I. List of human primer pairs used in the present study.
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Target gene Forward primer (5'—3") Reverse primer (5'—3')
ATF-4 CCCTTCACCTTCTTACAACCTC TGCCCAGCTCTAAACTAAAGGA
p-actin CATGTACGTTCGTATCCAGGC CTCCTTAATGTCACGCACGAT
BiP CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG
CHOP GAACGGCTCAAGCAGGAAATC TTCACCATTCGGTCAATCAGAG
FGF-1 ACACCGACGGGCTTTTATACG CCCATTCTTCTTGAGGCCAAC
FGF-2 AGAAGAGCGACCCTCACATCA CGGTTAGCACACACTCCTTTG
GRP94 GCTGACGATGAAGTTGATGTGG CATCCGTCCTTGATCCTTCTCTA
ICAM-1 ATGCCCAGACATCTGTGTCC GGGGTCTCTATGCCCAACAA
IL-6 AAATTCGGTACATCCTCGACGG GGAAGGTTCAGGTTGTTTTCTGC
IL-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC
MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT
PTPIB GCAGATCGACAAGTCCGGG GCCACTCTACATGGGAAGTCAC
VEGF-A AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA

ATF-4, activating transcription factor 4; BiP, endoplasmic reticulum resident chaperone immunoglobulin binding protein; FGF, fibroblast
growth factor; GRP94, 94 kDa glucose-regulated protein; ICAM-1, intracellular molecular adhesion-1; MCP-1, monocyte chemoattractant

protein-1; PTP1B, protein tyrosine phosphatase 1B.

Technologies SCA) was used to semi-quantitatively analyze
the images. The comparison across the experimental groups
was performed by averaging the counted total tube lengths per
condition, from five random blind fields.

Tali-based assay for apoptosis and cell cycle analysis. A
Tali™ Apoptosis kit (Thermo Fisher Scientific, Inc.) was
used, according to the manufacturer's instructions, to assess
apoptosis in HUVECs challenged with TG (300 nM; 5 h)
with or without PTP1B inhibitor (20 xM) or PTP1B siRNA
(15 nM, 48 h). Untreated cells were used as controls. After
treatments, cells were collected, washed, and then pelleted
via centrifugation at 1,500 x g (5 min; 4°C). Then, 100 pl
1X Annexin Binding Buffer (ABB) was used to resuspend the
pellet. Next, each sample was admixed with 5 yl Annexin V
solution and incubated at room temperature for 20 min in
the dark. Following the incubation period, samples were
centrifuged at 1,500 x g (5 min; 4°C), and the pellets were
resuspended in fresh 1X ABB (100 ul). Finally, samples were
mixed with 1 yl PI (100 pg/ml), and the mixture was incubated
for 10 min in the dark. Stained cells (25 pul) were loaded into
the Tali Cellular Analysis Slides (Thermo Fisher Scientific,
Inc.) and imaged using Tali Image-Based Cytometer (Thermo
Fisher Scientific, Inc.), following the manufacturer's instruc-
tions. The percentages of live, dead and apoptotic cells in each
cell preparation were included in the analysis. Representative
fluorescence images are presented to indicate apoptotic cells
in green color, dead cells in red and green (appear yellow), and
live cells with little or no fluorescence.

For cell cycle analysis, cells were harvested following treat-
ments, washed, and then centrifuged at 1,500 x g (5 min; 4°C).
According to the manufacturer's protocol, PI solution (Thermo
Fisher Scientific, Inc.) was used to stain the cells. After incuba-
tion in the dark for 30 min at 37°C, stained cells (25 ul) were
loaded into the Tali Cellular Analysis Slides (Thermo Fisher

Scientific, Inc.) and then imaged using Tali Image-Based
Cytometer (Thermo Fisher Scientific, Inc.), according to
the manufacturer's instructions. The percentages of cells
in each phase of the cell cycle were determined as follows:
Sub-G;, (apoptotic cells), G,/G,, S and G,/M. Representative
fluorescence images of cell cycle phases are shown: Red
(Sub-G,), orange (G,/G,), blue (S) and green (G,/M).

Statistical analysis. The data are presented as the mean + SEM,
and ‘n’ represents the number of biological repeats. The
normality of data was tested each time using a Shapiro-Wilk
normality test. GraphPad Prism 7.0le software for Mac
(GraphPad Software, Inc.) was used to perform the statistical
analyses. One-way ANOVA followed by Tukey's multiple
comparison post hoc test (for data with Gaussian distribution)
or the non-parametric Kruskal-Wallis test followed by Dunn's
multiple comparison post hoc test (data with non-Gaussian
distribution) were used to analyze the data. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effect of PTPIB inhibition on ER stress in endothelial cells.
The pharmacological induction of ER stress in EA.hy926 cells
was achieved by treating cells with DTT (2 mM) for 24 h. Then,
the mRNA and protein expression levels of several markers of
ER stress were assessed using qPCR and western blot analysis,
respectively (Fig. 1). To determine the role of PTPIB in the
ER stress response, a group of cells were pre-incubated with
a PTPIB inhibitor (20 M) prior to DTT treatment. It was
found that ER stress was significantly induced by DTT, as
shown by the significant upregulation in the mRNA expres-
sion levels of key ER stress markers, CHOP (Fig. 1A), BiP
(Fig. 1B), 94 kDa glucose-regulated protein (GRP94) (Fig. 1C)
and ATF-4 (Fig. 1D). A significant reduction in CHOP and
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Figure 1. Impact of PTP1B inhibition on pharmacologically-induced endoplasmic reticulum stress in EA.hy926 cells. Reverse transcription-quantitative
PCR analysis to assess mRNA expression of (A) CHOP, (B) BiP, (C) GRP94 and (D) ATF-4 and western blot analysis to assess protein expression levels of
(E) CHOP and BiP in EA.hy926 endothelial cells exposed to DTT (2 mM, 24 h) with or without PTP1Bi (BML, 20 M, added 1 h prior to treatment. (A-D)
mRNA expression was normalized against the housekeeping gene f-actin (n=6 in each group). (E) Bars represent the pooled densitometry data of protein
expression of CHOP (left panel) and BiP (right panel) normalized to loading control $-actin and expressed as percentage (%) of untreated group (CTL) (n=4
in each group). All data are presented as the mean + SEM. "P<0.05, “P<0.01, ""P<0.001 vs. CTL group; “P<0.01, “*P<0.001 vs. PTP1Bi group; *P<0.05,
$P<0.01 vs. DTT group. PTP1B, protein tyrosine phosphatase 1B; BiP, endoplasmic reticulum resident chaperone immunoglobulin binding protein; GRP94,
94 kDa glucose-regulated protein; ATF-4, activating transcription factor 4; DTT, 1,4-dithiothreitol; CTL, control; PTP1Bi, PTP1B inhibitor.

GRP94 gene expression was observed after PTP1B inhibition
(Fig. 1A and C). Similarly, EA.hy926 cells treated with DTT
exhibited an increase in protein expression levels of CHOP
and BiP (Fig. 1E). Moreover, PTP1B inhibition caused a
significant decrease in protein expression level of CHOP, while
the protein expression of BiP was not affected (Fig. 1E left and
right panels).

To further validate these results, HUVECs (primary
endothelial cells model), were treated with TG (300 nM) for
24 h with or without PTPIB inhibitor. TG treatment resulted
in a significant increase in mRNA expression levels of CHOP
(Fig. 2A), BiP (Fig. 2B), GRP94 (Fig. 2C) and ATF-4 (Fig. 2D).
Furthermore, inhibition of PTPIB significantly prevented the
TG-induced effects on all the markers (Fig. 2A-D). Similar
to the effects observed with gene expression, after treatment
with TG, HUVECs showed a significant enhancement in
protein expression levels of CHOP (Fig. 2E, left panel) and
BiP (Fig. 2E, right panel). Similarly to EA.hy926 cells, PTP1B
inhibition significantly reduced CHOP protein expression,
while it had no impact on the protein expression of BiP
(Fig. 2E).

Effect of PTPIB inhibition on eNOS and Akt activation in
HUVECs subjected to ER stress. The activity of eNOS is a
hallmark of endothelial cell function (9,17). To investigate
the impact of PTP1B on endothelial function, it is important
to assess the effects of PTP1B on the NO signaling pathway.
As PTPIB inhibition exerted no changes in the expression
level of phosphorylated eNOS (Serl1177) at the basal levels

(data not shown), HUVECs were stimulated with bradykinin
following the treatment of cells with TG. Bradykinin-treated
cells showed a significant increase in eNOS phosphorylation
at its activator site (Serl177) compared to controls (Fig. 3A).
However, in cells treated with TG, bradykinin failed to enhance
eNOS phosphorylation, and eNOS phosphorylation levels were
reduced compared with the untreated control group (Fig. 3A).
Of note, the pretreatment of cells with the PTP1B inhibitor
significantly prevented the TG-induced effects.

Asinsulin signaling serves a critical role in the maintenance
of endothelial cell function (9), the impact of PTP1B inhibition
on the insulin response was assessed. As shown in Fig. 3B,
induction of ER stress by TG did not alter insulin-mediated
Akt phosphorylation. However, the inhibition of PTPIB
enhanced the insulin response, as shown by increased p-Akt
expression following insulin treatment (Fig. 3B).

Effect of PTPIB inhibition on the mRNA expression levels
of pro-inflammatory genes in endothelial cells subjected to
ER stress. ER stress and endothelial dysfunction are closely
associated with cellular inflammation (17). Endothelial
dysfunction precedes and imitates inflammatory response,
where, at their surface, dysfunctional endothelial cells expose
various adhesion molecules, such as intracellular molecular
adhesion (ICAM)-1, together with the release of multiple
pro-inflammatory cytokines and chemokines, including IL-6,
IL-8, and monocyte chemoattractant protein (MCP)-1. In this
context, PTP1B is involved in the regulation of inflammatory
responses (9,38). Therefore, the impact of PTP1B inhibition on
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Figure 2. Impact of PTP1B inhibition on pharmacologically-induced endoplasmic reticulum stress in HUVECs. Reverse transcription-quantitative PCR

analysis to assess mRNA expression of (A) CHOP, (B) BiP, (C) GRP94 and

(D) ATF-4 and western blot analysis to assess protein expression levels of

(E) CHOP and BiP in HUVECs exposed to TG (TG; 300 nM, 5 h) with or without PTP1Bi (BML, 20 uM, added 1 h prior to treatment). (A-D) mRNA expres-
sion was normalized against the housekeeping gene f-actin (n=6 in each group). (E) Bars represent the pooled densitometry data of protein expression of
CHOP (left panel) and BiP (right panel) normalized to loading control 3-actin and expressed as percentage (%) of untreated group (CTL) (n=4 in each group).
All data are presented as the mean + SEM. "P<0.05, “P<0.01, ““P<0.001 vs. CTL group; “P<0.05, “P<0.01, *"P<0.001 vs. PTP1Bi group; P<0.05, **P<0.01
and %P<0.001 vs. TG group. PTP1B, protein tyrosine phosphatase 1B; HUVECSs, human umbilical vein endothelial cells; BiP, endoplasmic reticulum resident
chaperone immunoglobulin binding protein; GRP94, 94 kDa glucose-regulated protein; ATF-4, activating transcription factor 4; TG, thapsigargin; CTL,

control; PTP1Bi, PTP1B inhibitor.

the mRNA expression levels of key inflammatory molecules
was assessed in endothelial cells exposed to ER stressors. It
was identified that the exposure of HUVECs to TG (300 nM,;
5 h) caused a significant increase in the mRNA expression
levels of IL-6 (Fig. 4A), IL-8 (Fig. 4B), ICAM-1 (Fig. 4C)
and MCP-1 (Fig. 4D). In addition, PTP1B inhibition partially
prevented this increase for all these molecules except MCP-1
(Fig. 4A-D), showing a significant effect. Consistent with these
observations, the treatment of EA .hy926 endothelial cells with
DTT (2 mM; 24 h) also increased the mRNA expression levels
of IL-6 (Fig. 4E) and IL-8 (Fig. 4F), which were both partially
prevented in the presence of PTP1B inhibitor. These data
demonstrated the protective effect of PTP1B inhibition against
the ER stress-mediated increased in the mRNA expression
levels of pro-inflammatory factors in endothelial cells.

Effect of PTPIB inhibition on the angiogenic capacity of
endothelial cells subjected to ER stress. Another hallmark of
endothelial function is the angiogenic capacity of endothelial
cells, which is the capacity of endothelial cells to re-arrange
themselves to create a tube-like structure on a 3-diemnsional
matrix. This capacity is mainly regulated under the effects of
VEGF-A activity (30). To study the impact of PTP1B inhibi-
tion on the angiogenic capacity of endothelial cells, HUVECs
treated with TG with or without a PTP1B inhibitor were
collected and seeded on top of a Matrigel matrix layer, then
incubated for a further 4-6 h, allowing them time to form
tube-like structures. It was demonstrated that TG significantly

impaired the ability of the HUVECS to form tube-like struc-
tures (Fig. 5A), as evidenced by the reduction in the average
length of tubes formed (Fig. 5B), indicating impairment
in angiogenic capacity. The pre-treatment of cells with the
PTPIB inhibitor prevented the deleterious effects of TG on
tube-like structure formation (Fig. 5SA and B).

Subsequently, the mRNA expression levels of various
pro-angiogenic molecules were assessed. As presented in
Fig. 5C, the treatment of cells with TG induced an upregula-
tion in VEGF-A mRNA expression, while the pre-treatment of
cells with a PTP1B inhibitor significantly reduced this effect.
On the other hand, PTP1B inhibition did not affect the mRNA
expression levels of fibroblast growth factor (FGF)-1 (Fig. 5D)
and moderately increased those of FGF-2 (Fig. SE). Although
the treatment of HUVECs with TG alone did not affect mRNA
expression of FGF-1 (Fig. 5D) and FGF-2 (Fig. 5E) compared
with the control group, the pre-treatment of cells with a PTP1B
inhibitor enhanced the mRNA expression levels of both FGF-1
and FGF-2 in the presence of TG (Fig. 5D and E) compared
with all other groups.

Effect of PTPIB inhibition and silencing on ER stress-medi-
ated apoptosis. ER stress-induced apoptosis is a major
contributor to the loss of endothelial cells, which predisposes
individuals to strokes and cardiovascular complications (39).
Therefore, the current study assessed the impact of PTP1B
suppression on the survival of HUVECs exposed to pharma-
cological ER stress. As shown in Fig. 6A, cell cycle analysis
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Figure 3. Impact of PTP1B inhibition on eNOS and Akt phosphorylation in HUVECS subjected to endoplasmic reticulum stress. Western blot analysis to
assess protein expression levels of (A) p-eNOS (Ser1177) and total eNOS, and (B) p-Akt (Ser473) and total Akt in HUVECS treated with TG (300 nM for 5 h)
in the presence or absence of PTP1Bi (BML, 20 M, added 1 h prior to treatment), followed by the incubation of cells with either (A) BK (20 M, 45 min)
or (B) insulin (20 nM, 5 min). Left bars represent the pooled densitometry data of p-proteins normalized to respective total protein (eNOS or Akt) and to
loading control B-actin. Right bars show pooled densitometry data of total proteins (eNOS or Akt) normalized to loading control -actin. Data are expressed as
percentage (%) of untreated group (CTL) (n=4 in each group). All data are presented as the mean + SEM. "P<0.05, “P<0.01 vs. CTL group; “"P<0.001 vs. CTL
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revealed that TG-mediated ER stress induction resulted in cell
cycle progression disruption, as evidenced by the increase in
the percentage of cells in sub-G, phase (apoptotic cells) and
a reduction in the proportion of cells in G,/G, phase, in addi-
tion to the increase in the percentage of cells in G,/M phase
of the cycle, compared with both untreated cells and those

pre-treated with PTP1B inhibitor alone. Of note, PTP1B inhi-
bition prevented all the effects of ER stress activation on cell
cycle progression (Fig. 6A).

Subsequently, the impact of PTP1B inhibition on the
number of apoptotic cells following exposure to TG was
investigated. The results demonstrated that TG caused a


https://www.spandidos-publications.com/10.3892/mmr.2021.12304

8 ABDELSALAM et al: PTP1B AND ER STRESS IN ENDOTHELIAL DYSFUNCTION

A IL-6 B IL-8 Cs ICAM-1
—_ f~ - D 5
°g’> 1.5- qg” 20 #ﬁ#f# = 5 sy
5] ISt S 4- *xk
: o g o3
s §88 2. < 3-
e i = 107 £
£ c 24
S 0.5- o 5 3
i g 5 a
< <=3 - 14
@ D =
= 0.0 = 0- < 0-
CTL PTP1Bi TG TG+ CTL PTPI1BI TG TG+ Q CTL PTP1BI TG TG+
PTP1Bi PTP1Bi PTP1Bi
. IL-6 IL-8
D 3 MCP-1 g E - F -
2107 #H# S 4 sy 2°7 #it
S 8 = g, s g
2 2 o 3 44
S 6 i 2 2 §88
= S 24 - < o
I g B 21 T
g. P - 1+ % é—
. S ®
S o- = o 20
= CTL PTP1Bi TG TG+ CTL PTPiBi DTT DTT+ CTL PTPiBi DTT DTT+
PTP1Bi PTP1Bi PTP1Bi
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Figure 5. Impact of PTP1B inhibition on the angiogenic capacity of HUVECs subjected to pharmacological endoplasmic reticulum stress. (A) Matrigel-based
tube formation assay of HUVECs treated with TG (TG; 300 nM, 5 h) with or without PTP1Bi (BML, 20 #M, added 1 h prior to treatment). Images are
representative of three independent experiments. (B) Bars represent pooled data of the quantification of angiogenic capacity, expressed as the average length
of tubes formed that were counted in five random fields for each well using WimTube software (n=3 per group). Relative mRNA expression of (C) VEGF-A,
(D) FGF-1 and (E) FGF-2, normalized against housekeeping gene B-actin (n=6 per group). All data are presented as the mean + SEM. "P<0.05, “P<0.01,
“"P<0.001 vs. CTL group; "P<0.05, "P<0.01, "*P<0.001 vs. PTP1Bi group; *P<0.05, ¥P<0.01,*P<0.001 vs. TG group. PTP1B, protein tyrosine phosphatase
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significant reduction in the number of live HUVECs, while  in a marked decrease in the number of apoptotic cells, thus
at the same time increasing the number of dead and apoptotic ~ reducing the pro-apoptotic actions of TG (Fig. 6B). This finding
cells (Fig. 6B). Moreover, the inhibition of PTP1B resulted indicated the beneficial role of PTP1B inhibition in reducing
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Figure 6. Impact of PTP1B inhibition on cell survival of HUVECsS subjected to pharmacological endoplasmic reticulum stress. (A) Tali image-based cytometer
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in HUVECS treated with TG (300 nM, 5 h) treated with or without PTP1Bi (BML, 20 M, added 1 h prior to treatment) (n=4 in each group). Bars represent
the percentages of live, apoptotic and dead cells. Representative fluorescence images are shown to indicate apoptotic cells in green color, dead cells in red
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thapsigargin; PTP1Bi, PTPIB inhibitor; CTL, control.

ER stress-mediated apoptosis. To further examine the role
of PTPIB in this mechanism, instead of pharmacologically
inhibiting PTP1B, its protein expression was knocked down
using specific siRNA duplexes. As shown in Fig. 7A, the treat-
ment of HUVECs with PTP1B siRNA duplexes significantly
reduced PTP1B mRNA expression compared with untreated
cells and those incubated with scrambled siRNA. HUVECs
were incubated with or without PTP1B siRNA for 48 h to
knockdown PTP1B protein expression, followed by incubation
with or without TG. As presented in Fig. 7B, TG-induced ER
stress caused a slight, but statistically significant, increase in
PTPI1B protein expression compared with the control group,
which was not observed in the PTP1B knockdown groups.
The exposure of HUVECs to TG caused the number of live
cells to decrease significantly, while increasing the propor-
tion of apoptotic cells (Fig. 7C), which was similar to what
was observed with PTP1B inhibitor as depicted in Fig. 6B.
This pro-apoptotic effect caused by TG was partially, but
significantly prevented in endothelial cells subjected to PTP1B
knockdown (Fig. 7C).

To investigate the role PTP1B serves in ER stress-medi-
ated cell death, the protein expression levels of several
apoptotic effectors were determined in HUVECs subjected

to pharmacological ER stress with or without PTP1B
inhibitor. While no changes in the protein expression levels
of cleaved caspase-9 (Fig. 8A) and caspase-12 (Fig. 8B)
were caused by TG, the pre-treatment of cells with a PTP1B
inhibitor significantly reduced the expression level of
caspase-12 (Fig. 8B) compared with the control or TG alone
groups. Moreover, TG increased the protein expression level
of cleaved PARP-1, while PTP1B inhibition prevented this
effect (Fig. 8C).

As PTPI1B inhibition was beneficial in reducing ER
stress-mediated apoptosis, and hence, in promoting endo-
thelial cell survival, the effect of PTP1B inhibition on ER
stress-mediated autophagy, which serves a central role
in cell survival (40), was also assessed. HUVECs were
treated with TG with or without a PTP1B inhibitor, and
then the protein expression levels of the autophagy marker
LC3-II were determined. It was identified that TG signifi-
cantly increased the expression level of LC3-II (Fig. 8D),
indicating enhanced autophagy as a result of ER stress
induction. Furthermore, PTP1B inhibition prevented this
increased expression of the autophagy marker caused by
TG (Fig. 8D), which may serve a key role in the improved
survival of endothelial cells.
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To further evaluate the implication of PTP1B in ER
stress-mediated cell death, the impact of PTP1B inhibition
on a major pro-proliferative signal, namely ERK1/2, was
assessed. The results demonstrated that TG-induced ER
stress impaired the phosphorylation of ERK1/2 (Fig. 8E),
which may contribute to cell cycle arrest and apoptosis
observed with TG administration. Surprisingly, the inhibition
of PTPIB failed to correct this molecular alteration caused
by TG (Fig. 8E).

Discussion

The present study aimed to investigate the molecular mecha-
nisms underlying PTP1B-mediated endothelial dysfunction,
by assessing the role of the crosstalk between PTP1B and
ER stress in the development of endothelial dysfunction. The
current study examined the benefits and impact of PTP1B
silencing or inhibition on providing protection to endothe-
lial cells against ER stress-mediated impairment of eNOS
activation, insulin response, angiogenic capacity and, most
importantly, ER stress-induced apoptosis, as well as deter-
mined the underlying pathways.

To the best of our knowledge, the present study reported
for the first time that PTP1B inhibition protected HUVECs
from ER stress-mediated impaired angiogenic capacity of
endothelial cells. It was found that TG-induced ER stress abol-
ished the ability of HUVECS to form capillary-like structures
when incubated on a 3-dimentional extracellular Matrigel
matrix. Moreover, PTP1B inhibition prevented the impairment
caused by TG-induced ER stress and restored the angiogenic
capacity of HUVECs. To obtain an improved understanding
of the crosstalk between PTP1B and ER stress in the impair-
ment of endothelial function, the current study investigated the
impact of PTP1B blockade on the NO signaling pathway by
determining at the levels of p-eNOS and p-Akt in HUVECs
challenged with TG and stimulated with bradykinin and
insulin, respectively. While ER stress induction by TG
reduced bradykinin-stimulated phosphorylation of eNOS at
the activator site (Serl177), it did not affect the response of
endothelial cells to insulin, as evident by the phosphoryla-
tion of Akt (Ser473). However, PTP1B inhibition partially
restored the bradykinin-stimulated phosphorylation of eNOS
at Ser1177 and enhanced insulin-stimulated Akt phosphory-
lation. In addition, PTP1B inhibition and deletion protected
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HUVEC:s against the pro-apoptotic effects of TG-induced ER
stress, as demonstrated by the reduced number of apoptotic
cells and blunted increase in the expression levels of key
apoptotic effectors. Furthermore, one of the most important
findings was that PTP1B inhibition protected endothelial cells
against ER stress-induced autophagy without affecting other
pro-apoptotic or proliferative signaling responses.

ER stress is implicated in a wide range of pathologies, such
as diabetes, neurodegenerative disorders and, of particular
interest, endothelial dysfunction. ER stress induction was
confirmed by determining the expression levels of several ER
stress markers. The present study observed asignificantincrease
in the expression levels of CHOP, BiP, ATF-4 and GRP9%4.
These results were in line with those of Thiebaut ef al (41) who
reported an increase in the expression levels of p-eukaryotic
initiation factor-2a, HSPAS5 and ATF-6. However, in contrast
to the current study, these authors reported no change in the
expression of pro-apoptotic molecule CHOP. This discrepancy
may be due to the use of different ER stress inducers (tunica-
mycin vs. DTT and TG in the present study). With regards
to cell models used in this study, EA.hy926 are an immortal-
ized cell line derived from HUVECs, while HUVECsS, are
primary endothelial cells and thus are more physiologically
relevant. Initially, the present study determined the impact of
PTPI1B inhibition on ER stress response caused by both DTT
and TG in immortalized (EA.hy926) and primary HUVECs
cells. It was observed that PTP1B blockade reduced mRNA

overexpression of pro-inflammatory molecules and ER stress
markers caused by both DTT and TG. Therefore, for the rest of
the study, TG was used as the ER stress inducer due to its strong
response compared with DTT, and primary HUVECs were
used as the cell model for functional experiments as they had
higher physiological relevance compared with EA.hy926 cells.

ER stress activation is closely associated with cellular
inflammation. Endothelial dysfunction precedes and imitates
inflammatory response, where, at their surface, dysfunctional
endothelial cells expose various adhesion molecules, such as
ICAM-1, together with the release of multiple pro-inflam-
matory cytokines and chemokines, including IL-6, IL-8 and
MCP-1 (42). The present study demonstrated that exposure of
endothelial cells to TG enhanced the mRNA expression levels
of IL-6, IL-8, MCP-1, and ICAM-1, while pre-treatment of
cells with a PTP1B inhibitor significantly reduced the effects
of TG on the mRNA expression levels of /L-6, IL-8 and
ICAM-1. The expression levels of adhesion molecules and the
secretion of pro-inflammatory cytokines by activated endo-
thelial cells can attract and facilitate the passage of monocytes
through the vascular wall and promote a pro-inflammatory
environment (43). In this context, PTP1B has been shown to
be involved in the regulation of inflammatory responses (9,38).
Moreover, specific deletion of PTP1B in mouse microphages
has been revealed to protect animals from both obesity and
lipopolysaccharide-mediated inflammatory response, where
microphages collected from myeloid-PTP1B deficient mice
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had lower levels of TNF-a and a higher expression of IL-10, an
anti-inflammatory cytokine (44). It has also been reported that
mice deficient for PTP1B specifically in microphages and defi-
cient for apolipoprotein E (ApoE) in the whole body exhibited
smaller atherosclerotic plaque size and higher plasma levels of
IL-10 and prostaglandin E2, compared with ApoE-deficient
mice only (45). In the current study, no animal studies were
performed, which might be perceived as a limitation; however,
the present findings are in line with our previous observations
using PTPIB tissue-specific knockout animals (14,44).

A recent study investigated the ER stress-mediated endo-
thelial dysfunction (46); however, this previous study only
examined endothelium-dependent relaxation in response to
acetylcholine, without assessing the impact on NO signaling or
endothelial angiogenic capacity. NO is an important mediator
and reflector of endothelial function (17). To study the impact
of PTPIB inhibition on ER stress-mediated endothelial
dysfunction, the present study assessed the impact of PTP1B
deletion on NO signaling. Moreover, the phosphorylation
levels eNOS and Akt in response to bradykinin and insulin,
respectively, were evaluated in TG-challenged HUVECs.
It was found that TG-induced ER stress resulted in reduced
bradykinin-stimulated eNOS phosphorylation at Serl177,
while it did not affect the phosphorylation of Akt. Furthermore,
PTPI1B inhibition partially restored bradykinin-stimulated
eNOS phosphorylation and enhanced the phosphorylation of
Akt, showing a significant effect. The present results are in
line with the effects observed in human aortic endothelial cells
challenged with palmitate, a saturated free fatty acid known
to induce ER stress, which resulted in a reduction in eNOS
and Akt phosphorylation, which were restored by taurourso-
deoxycholic acid, a chemical chaperone known to alleviate
the ER stress response (47). However, in disagreement with
the current study, in this previous study ER stress induction
reduced Akt phosphorylation in response to insulin (47). One
possible reason for this difference is the different cell line
used, human aortic endothelial cells compared with HUVECs
in the current report. Another reason for discrepancy could
be the use of different ER stress inducers, palmitate-induced
Toll-like receptor 4 in the study by Kim et al (47) compared
with the use of TG in the present study. While the current data
suggested that eNOS may be targeted by PTP1B, with our
current experimental setting, it is difficult to assess the exact
relationship between them. On the one hand, eNOS has been
shown to be phosphorylated at tyrosine residues (48), which
makes it a plausible target for dephosphorylation by PTP1B;
however, answering this may require additional investigation,
such as a phospho-proteomic approach, since the targeting of
tyrosine residues is yet to be fully elucidated. Furthermore,
eNOS has a complex role in endothelial dysfunction as its
expression and phosphorylation are not the only regulators of
its function since eNOS can also be uncoupled and instead
of producing NO, it can start producing superoxide radicals
under certain stress conditions (49).

The current study also assessed the angiogenic capacity
of endothelial cells, where it was found that TG-induced ER
stress markedly impaired the angiogenic ability of HUVECs.
This was in accordance with other studies that revealed that
ER stress induction impairs angiogenesis (1,30,50). A previous
study revealed that the isolated aorta from rats exposed to TG

displayed a significant inhibition in micro-vessel formation
compared with controls. In the same study, the proliferation
and migration of HUVECs were also impaired by TG-induced
ER stress (50). Our previous study reported that exposure of
HUVECs to TG impaired angiogenic capacity viaa mechanism
involving oxidative stress, and that this effect was prevented by
4-Phenylbutyric (PBA), a chemical chaperone that improves
ER homeostasis (24). Moreover, the present study identified
that PTP1B inhibition in HUVECs prevented the impair-
ment of angiogenic capacity caused by TG and restored the
tube-like formation ability of endothelial cells. This finding
was in accordance with a study by Zhang er al (51), who
showed that the treatment of human microvascular endothe-
lial cells with high glucose (30 mM) for 12 h, followed by
overlaying the cells on a Matrigel-coated dish, resulted in
an impairment in tube formation capacity. Furthermore, this
effect was largely prevented by PTP1B inhibition (51). The
present study examined the mRNA expression levels of the
pro-angiogenic factors VEGF-A, FGF-1 and FGF-2, and
it was observed that TG treatment caused a decrease in the
expression level of VEGF-A, while PTP1B blockade prevented
this. In addition, an increase in the mRNA expression levels of
FGF-1 and FGF-2 was observed in cells challenged with TG
in the presence of a PTPIB inhibitor, compared with control
cells. The increase in VEGF-A mRNA expression in the TG
group may be a compensatory mechanism to the impaired
angiogenic response. PTP1B has been shown to negatively
regulate VEGFR rather than affecting the expression level
of VEGF (52). Overexpression of PTP1B was reported to
decrease the phosphorylation of both VEGFR2 and Akt in
bovine aortic endothelial cells following exposure to VEGF;
however, the silencing of PTP1B enhanced the phosphoryla-
tion of these targets (52). Furthermore, the genetic deficiency
of PTP1B was found to improve the angiogenic response in
hearts from a mouse model of myocardial infarction via a
mechanism involving improved VEGFR?2 signaling (53).

The UPR response initially aims at restoring ER homeo-
stasis and alleviating cellular stress; however, the sustained
activation of UPR leads to ER stress and shifts the response
from survival to apoptosis and cell death (1,17). Thus, the
present study examined the impact of PTP1B inhibition and
silencing on preventing ER stress-mediated endothelial cell
death. As expected, HUVECs treated with TG displayed a
significantly high percentage of apoptotic cells. This was in
line with our previous observations in HUVECs exposed to
TG (30) and findings by Huang ef al (31), which revealed that
vascular endothelial cells exposed to TG had an increased
rate of cell apoptosis (31). The present study also demon-
strated that both PTP1B deletion and inhibition reduced the
proportion of apoptotic cells, thereby protecting the cells
from the pro-apoptotic effects of TG. Similarly to the current
observations, PTP1B inhibition was reported to protect
cells against apoptosis in a human neuroblastoma cell line
exposed to tunicamycin (54). In addition, mouse embryonic
fibroblasts isolated from whole-body PTP1B deficient mice
were observed to be resistant to tunicamycin-induced ER
stress-mediated apoptosis (55). To further determine the
apoptotic sub-pathways involved in this process, the current
study assessed protein expression levels of several apoptotic
effectors, including cleaved caspase-9, caspase-12 (specific



to ER stress) and PARP-1. An increasing trend in the expres-
sion levels of these effectors was observed in response to
TG-induced ER stress. Similar results have been obtained in
vascular endothelial cells treated with TG, where an increase in
the expression levels of cleaved caspase-9 and -12 and PARP-1
was observed (31). Furthermore, we have previously observed
that treatment of HUVECs with TG caused an increase in the
expression of cleaved PARP-1, and executioner caspase-3 and
caspase-7, which was prevented in cells pretreated with ER
stress inhibitor, the chemical chaperone PBA (30). A similar
pattern was observed in cells treated with high glucose, which
also enhanced the enzymatic activity of caspase-3 and -7 (30).

There is a complex, tightly controlled and two-way rela-
tionship between MAPK and ER stress response (56,57). The
present study demonstrated that TG reduced the activation of
ERK 1/2. In general, the activation of the ERK 1/2 pathway
is considered to encourage cell survival (56,57). Therefore,
the reduction in the activation of ERK 1/2 caused by TG
may contribute to cell growth arrest and reduced survival of
endothelial cells. In the present study, the molecular altera-
tions observed in the phosphorylation of ERK 1/2 were not
prevented in the presence of the PTP1B inhibitor. This may
suggest that the protective effects of PTP1B inhibition against
ER stress-mediated apoptosis may be mediated via other
signaling pathways, such as enhanced eNOS activity and the
PI3K/Akt pro-survival pathway, a reduced autophagic response
and a reduced expression of pro-inflammatory molecules, in
addition to a possible enhancement in the insulin response in
endothelial cells.

Autophagy is a crucial physiological process aiming to
maintain a healthy cellular environment and homeostasis.
However, excessive activation of autophagy results in cell
death and has been associated with the pathogenesis of several
cardiovascular diseases (40). The present study demonstrated
that PTP1B inhibition protected endothelial cells from ER
stress-mediated autophagy, as evidenced by reduced expres-
sion of its marker (LC3-II). The current study identified the
excessive activation of autophagy in response to ER stress
induction by TG and found that PTP1B inhibition completely
prevented the activation of autophagy. These results are in line
with those of Wang et al (58), who revealed that induction of
ER stress in vivo via an injection of tunicamycin into mice
resulted in the upregulation of LC3-II expression, which was
significantly attenuated by genetic PTP1B deletion (58).

In conclusion, the present study provided evidence on
the critical role of PTPIB in ER stress-mediated endothelial
dysfunction, which was characterized by reduced angiogenic
capacity via a mechanism involving reduced eNOS activation
and cell survival. These findings demonstrated the therapeutic
potential of targeting PTP1B in cardiovascular ischemic
conditions.
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