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Reduced intracellular chloride concentration impairs

angiogenesis by inhibiting oxidative stress-mediated
VEGFR2 activation

Kai Li?, Ying-ying Liu?, Xiao-fei Lv?, Zhuo-miao Lin? Ting-ting Zhang?, Fei-ran Zhang?, Jia-wei Guo?, Yu Hong? Xiu Liu?, Xiao-chun Lin?,
Jia-guo Zhou'***>8, Qian-gian Wu’??, Sijjia Liang'? and Jin-yan Shang'?

Chloride (CI”) homeostasis is of great significance in cardiovascular system. Serum Cl™ level is inversely associated with the
mortality of patients with heart failure. Considering the importance of angiogenesis in the progress of heart failure, this study aims
to investigate whether and how reduced intracellular CI~ concentration ([Cl™])) affects angiogenesis. Human umbilical endothelial
cells (HUVECs) were treated with normal CI™ medium or low CI~ medium. We showed that reduction of [CI"]; (from 33.2 to 16.18
mM) inhibited HUVEC proliferation, migration, cytoskeleton reorganization, tube formation, and subsequently suppressed
angiogenesis under basal condition, and VEGF stimulation or hypoxia treatment. Moreover, VEGF-induced NADPH-mediated
reactive oxygen species (ROS) generation and VEGFR2 axis activation were markedly attenuated in low CI~ medium. We revealed
that lowering [CI™]; inhibited the expression of the membrane-bound catalytic subunits of NADPH, i.e., p22phox and Nox2, and
blunted the translocation of cytosolic regulatory subunits p47phox and p67phox, thereby restricting NADPH oxidase complex
formation and activation. Furthermore, reduced [Cl™]; enhanced ROS-associated protein tyrosine phosphatase 1B (PTP1B) activity
and increased the interaction of VEGFR2 and PTP1B. Pharmacological inhibition of PTP1B reversed the effect of lowering [CI"]; on
VEGFR2 phosphorylation and angiogenesis. In mouse hind limb ischemia model, blockade of CI™ efflux using CI~ channel inhibitors
DIDS or DCPIB (10 mg/kg, i.m., every other day for 2 weeks) significantly enhanced blood flow recovery and new capillaries
formation. In conclusion, decrease of [CI™]; suppresses angiogenesis via inhibiting oxidase stress-mediated VEGFR2 signaling
activation by preventing NADPH oxidase complex formation and promoting VEGFR2/PTP1B association, suggesting that
modulation of [CI”]; may be a novel therapeutic avenue for the treatment of angiogenic dysfunction-associated diseases.
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INTRODUCTION

Angiogenesis is characterized by new capillary formation from
preexisting vessels and plays an important role in regulating various
diseases, such as myocardial infarction, stroke, wound healing,
diabetic retinopathy, neurodegenerative disorders, and tumors [1-3].
The sprouting of new blood vessels is triggered by dissolution of the
vascular basal membrane and degradation of the extracellular matrix
followed by endothelial cell migration, invasion, proliferation, and
tube formation [4]. A low level of reactive oxygen species (ROS) was
shown to be essential for cellular homeostasis [5]. Regarding vascular
endothelial cells, physiological angiogenesis is paralleled by a low
level of oxidative stress [6]. In response to multiple stress factors,
such as growth factors, tissue ischemia/hypoxia, and ischemic

preconditioning, ROS function as important signaling molecules,
for example, by regulating phospho-tyrosine phosphatases (PTPs)
activity, which is associated with vascular endothelial growth factor
receptor 2 (VEGFR2), to mediate endothelial cell proliferation and
migration during angiogenesis [7].

Vascular endothelial growth factors (VEGFs) have been pro-
posed to be crucial regulators of angiogenesis that influence
vascular development and vasculature growth [8]. The VEGF
family comprises seven members: VEGF (or VEGF-A), VEGF-B,
VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placental growth factor [9].
VEGF-A has become a major research focus because of its specific
and prominent angiogenic function among all members [1, 10]. In
intact endothelial cells, the function of VEGF-A is primarily

'Program of Kidney and Cardiovascular Disease, The Fifth Affiliated Hospital, Sun Yat-Sen University, Zhuhai 519000, China; “Department of Pharmacology, Cardiac and Cerebral
Vascular Research Center, Zhongshan School of Medicine, Sun Yat-Sen University, Guangzhou 510080, China; *Guangdong Province Key Laboratory of Brain Function and
Disease, Zhongshan School of Medicine, Sun Yat-Sen University, Guangzhou 510080, China; “Department of Cardiology, Sun Yat-sen Memorial Hospital, Sun Yat-Sen University,
Guangzhou 510080, China; *Department of Physiology, Key Laboratory of Cardiovascular disease, School of Basic Medical Sciences, Guangzhou Medical University, Guangzhou
511436, China; °Guangzhou Institute of Cardiovascular Disease, The Second Affiliated Hospital, Guangzhou Medical University, Guangzhou 511436, China; “Key Laboratory of
Metabolic Cardiovascular Diseases Research of National Health Commission, Ningxia Medical University, Yinchuan 750004, China; ®Ningxia Key Laboratory of Vascular Injury and
Repair Research, Ningxia Medical University, Yinchuan 750004, China and °School of Basic Medical Sciences, Ningxia Medical University, Yinchuan 750004, China
Correspondence: Jin-yan Shang (shangjy5@mail.sysu.edu.cn) or Si-jia Liang (liangsj5@mail.sysu.edu.cn)

These authors contributed equally: Kai Li, Ying-ying Liu, Xiao-fei Lv

Received: 10 November 2019 Accepted: 7 June 2020
Published online: 21 July 2020

SPRINGER NATURE © CPS and SIMM 2020


http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0458-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0458-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0458-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-0458-7&domain=pdf
www.nature.com/aps

mediated by binding to VEGFR2, leading to VEGFR2 dimerization
and strong ligand-dependent tyrosine phosphorylation [11]. Upon
VEGF/VEGFR2 activation, downstream signaling pathways, such as
the PI3K, AKT, PLCyl, p38, and ERK1/2 pathways, result in
angiogenic signal transduction and subsequent endothelial cell
chemotaxis and proliferation [1, 12].

Chloride (CI7) is the primary anion in extracellular fluid. CI™
movement across the cell plasma membrane plays a key role in
regulating cell volume, proliferation, apoptosis, neuron excitability,
and synaptic transmission [13, 14]. Previous work from our
laboratory and others has shown an obvious change in the
intracellular CI~ concentration ([CI"]) of T cells undergoing
apoptosis, of hippocampal neurons during development, and of
macrophages from patients with hypercholesterolemia or athero-
sclerotic ApoE’/’ mice [15-18]. Moreover, we showed that a
decrease in [CI7]; could potentiate endothelial cell inflammation,
vascular smooth muscle cell proliferation, and macrophage foam
cell formation [14, 18, 19]. These findings suggest that [CI"]; plays
an essential role in maintaining cardiovascular homeostasis.
Importantly, recent studies have reported that a decrease in
serum CI™ concentration is associated with an increased risk of
mortality in patients with hypertension, myocardial infarction, or
heart failure, indicating that serum CI™ concentration is an
independent predictor of the outcome of patients with cardio-
vascular diseases [2, 20, 21]. Notably, heart failure is frequently
associated with collagen breakdown and reduced angiogenesis
[22]. Targeting angiogenesis has emerged as an attractive
therapeutic option for the treatment of heart failure [3, 23]. Thus,
reduced [Cl™]; may impair angiogenesis in ischemic diseases, such
as heart failure.

The present study aims to investigate the effect of lowering
[CI7]; on angiogenesis in endothelial cells using low CI™ medium.
Our results demonstrated that reduction of [ClI"]; suppresses
NADPH oxidase-mediated ROS generation and consequently
increases protein tyrosine phosphatase 1B (PTP1B) activity, thus
inhibiting VEGFR2 activation and angiogenesis. Inhibition of CI™
efflux with volume-regulated anion channel (VRAC) blockers
facilitated revascularization of the ischemic hind limb in mice.

MATERIALS AND METHODS

Antibodies and reagents

Antibodies against VEGFR2 (#2479), phospho-VEGFR2 (Tyr951)
(#4991), phospho-VEGFR2 (Tyr1059) (#3817), phospho-VEGFR2
(Tyr1175) (#3770), PLCy1 (#5690), phospho-PLCy1 (Tyr783)
(#2821), ERK1/2 (#4695), phospho-ERK (Thr202/Tyr204) (#4370),
AKT (#9272), phospho-AKT (S473) (#4060), PI3K (#4292), phospho-
PI3K (Tyr458) (#4228), Src (#2109), phospho-Src (Tyr416) (#2101),
FAK (#3285), phospho-FAK (Tyr397) (#3283), p38 (#9212),
phospho-p38 (Thr180/Tyr182) (#4631), and PTP1B (#5311) were
obtained from Cell Signaling Technology (Beverly, MA, USA).
Phospho-VEGFR2 (Tyr1214) (TA311979) was purchased from
Origene (Rockville, MD, USA). Paxillin (10029-1-lg), vinculin
(66305-1-lg) and GAPDH (60004-1-g) antibodies were obtained
from Proteintech Group (Rosemont, IL, USA). Antibodies against
p22phox (sc-271262), p47phox (sc-17845), p67phox (sc-374510),
Rac1 (sc-217), and Na*-K*-ATPase (sc-71638), Protein G beads and
IgG were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). Phospho-p47phox (ab111855) antibody was purchased from
Abcam (Cambridge, MA, USA). Recombinant human VEGF, DAPI
dye, rhodamine-phalloidin, 4,4’-diisothiocyanatostilbene-2,2’-dis-
ulfonic acid disodium salt hydrate (DIDS), 2’,7’-dichlorofluorescin
diacetate (H,DCF-DA), dihydroethidium (DHE), lucigenin, NADPH,
p-nitrophenyl phosphate (pNPP), and 4-[(2-butyl-6,7-dichloro-2-
cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxylbutanoic ~ acid
(DCPIB) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
PTP1B inhibitor Il was obtained from MedChem Express (Mon-
mouth Junction, NJ, USA).
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Aortic ring assay

C57/BL6 mice (weighing ~20g and aged 8-10 weeks) were
obtained from the Animal Center of Sun Yat-sen University
(Guangzhou, Guangdong, China). All animal study protocols
conformed to the ‘Guide for the Care and Use of Laboratory
Animals’ of the National Institute of Health in China and were
approved by the Animal Ethical and Welfare Committee of Sun
Yat-sen University. The aortic ring assay was performed as
described previously with some modifications [24]. Briefly, 48-
well plates were covered with 100 uL of Matrigel (BD Biosciences,
San Diego, CA, USA) and incubated at 37°C and 5% CO, for
30 min. Mice were anesthetized with 2% pentobarbital sodium,
and the aortas were dissected. After the periadventitial fat and
connective tissues were carefully cleaned, the aortas were cut into
~1-1.5-mm-long rings and placed on Matrigel-covered wells. The
aortic rings were cultured in serum-free medium for 24 h, and
then, the medium was replaced with normal CI~ medium or low
ClI™ medium in the absence or presence of VEGF (50 ng/mL). The
medium was changed every 2 days with the exact composition as
mentioned above. After 4 days, microvessel growth was observed
using an inverted microscope (TH4-200, Olympus, Tokyo, Japan).
The outgrowth area was delineated and quantified with Image-Pro
Plus software (Version 6.0, Meyer Instruments, Houston, TX, USA).

Cell isolation and culture

Human umbilical endothelial cells (HUVECs) were isolated as
previously described [19, 25]. HUVECs were cultured in medium
199 (M199) containing penicillin (100 U/mL)-streptomycin (100 U/
mL), 20% heat-inactivated fetal bovine serum (FBS), L-glutamine
(2 mmol/L), heparin (25 U/mL), and basic fibroblast growth factor
(5ng/mL) (all from Invitrogen, Carlsbad, CA, USA). Cultures were
maintained in a humidified chamber at 37 °C containing 95% O,
plus a 5% CO, atmosphere. Culture experiments were performed
at 37 °C with 5% CO, under normoxic (21% O,) or hypoxic (1% O,)
conditions.

Preparation of low CI™ medium

The low CI~ medium was prepared as previously described
[18, 19]. Briefly, the M199 cell culture medium lacking KCl and
NaCl, which accounted for 99.5% of the total CI~ content, was
initially obtained from Invitrogen. The normal chloride medium
was prepared by addition of 5 mmol/L KCl and 105 mmol/L NaCl.
The low CI” medium was prepared by addition of 5mmol/L
potassium gluconate and 105 mmol/L sodium gluconate. The
osmolarities of the solutions ranged between 303.4 and 310.2
mosmol/kg-H,O and were measured by a freezing point depres-
sion osmometer (Osmomat 030, Germany).

Cell viability assay

The viability of HUVECs was determined by CCK-8 assays (Dojindo
Laboratories, Kumamoto, Japan). In brief, HUVECs were seeded in
96-well plates at a density of 5x 10* cells/well. Twenty-four hours
later, the cells were treated with normal CI~ or low CI~ medium
containing VEGF (50 ng/mL) for 48h. Then, the cells were
incubated with 10 uL of CCK-8 reagent for 4h at 37 °C and 5%
CO,. The absorbance was determined at 540nm using a
microplate reader (Bio-Tek, VY, USA).

Migration assay

Cell migration was assessed by Transwell analysis using a modified
Boyden chamber with 8-um pore size polycarbonate filters
(Millipore, Beverly, MA, USA) as described previously [24]. Normal
ClI™ or low CI™ medium containing 0.5% FBS was added to the lower
well in the absence or presence of VEGF (50 ng/mL). HUVECs (5 x
10* cells/well) were seeded in the upper chambers and incubated at
37°Cin a 95% O, and 5% CO, atmosphere. Twenty-four hours later,
the unmigrated cells were removed using cotton swabs. The
migrated cells were fixed with 4% paraformaldehyde for 20 min and
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stained with 0.2% crystal violet in 10% ethanol. The stained cells
were observed and counted using a microscope (IX71, Olympus).

Tube formation assay

Ninety-six-well plates were coated with 60 pL of Matrigel at 37 °C
for 30min. HUVECs (5x10% cells/well) were harvested and
suspended in normal CI™ or low CI~ medium with or without
VEGF (50 ng/mL), plated on the polymerized Matrigel and cultured
at 37°C for 48 h. Tube-like structures were photographed using
microscopy. The number of tubes was counted in eight random
microscope fields, and the lengths of the enclosed tube network
were measured by Image-Pro Plus software (Media Cybernetics,
Inc., Rockville, MD, USA).

Detection of intracellular ROS generation

Intracellular ROS generation was assessed by H,DCFDA and DHE
staining. Briefly, HUVECs in normal ClI= or low ClI™ culture
medium were treated with or without VEGF (50 ng/mL) for 48 h.
Cells were washed with warm PBS and then incubated at 37 °C
with H,DCFDA (10 umol/L) or DHE (10 umol/L) in the dark for
30 min in phenol-red free M199. Cells were photographed under
a fluorescent microscope (IX71, Olympus, Hamburg, Germany) at
485-nm excitation and 535-nm emission wavelengths for
dichlorofluorescein (DCF) and at 535-nm excitation and 610-
nm emission wavelengths for DHE. The fluorescence intensity
was quantified with Image) software (Version 1.41, NIH,
Bethesda, MD, USA).

Subcellular fraction isolation

Subcellular fractions as membrane and cytosolic proteins were
obtained using a Qproteome Cell Compartment Kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol. In brief,
the cell suspension was rinsed with PBS and then lysed with ice-
cold extraction buffer CE1 for the cytoplasm and ice-cold
extraction buffer CE2 for the membrane.

NADPH oxidase activity assay

The NADPH oxidase activity of the cell membrane was measured
using a lucigenin-enhanced chemiluminescence assay according
to the manufacturer’s protocol. After stimulation, the cells were
lysed in phosphate buffer (50 mmol/L KH,PO,4, 1 mmol/L EGTA,
150 mmol/L sucrose and protease inhibitor cocktail, pH 7.0),
sonicated for 6 s on ice and centrifuged at 28,000 x g for 15 min
at 4°C. The membrane precipitate was resuspended and
incubated with lucigenin (5 umol/L) and NADPH (100 umol/L)
at 37°C for 15 min. The light emission was recorded every 15s
for 20 min in a luminometer (MGM Instruments, Hamden, CT,
USA). Background counts determined in cell-free preparations
were subtracted from the total count. The NADPH oxidase
activity was calculated from the ratio of mean light units to the
total protein level and is expressed as relative light units (RLU)/s/
mg protein.

PTP1B activity assay

PTP1B activity was detected as previously described [26]. Briefly,
HUVECs were snap-frozen in liquid nitrogen and disrupted by
scraping into ice-cold, deoxygenated homogenization buffer (in
mmol/L, 150 NaCl, 5 EDTA, 5 EGTA, 50 HEPES, pH 7.5) containing
protease inhibitor, 1% (v/v) Triton X-100, and 0.5% (v/v) NP-40.
The whole-cell lysate was cleared by centrifugation at 15,000 x g
for 20 min. Specific PTP1B activity was measured by the
hydrolysis of pNPP in PTP1B immunoprecipitates. PTP1B
immunoprecipitates from 500 pg of cell lysates were incubated
in a final volume of 100 pL at 37 °C for 30 min in reaction buffer
(in mmol/L, 10 pNPP, 2 EDTA, 20 MES, pH 6.0). The reaction was
stopped by the addition of 200 uL of 5 mol/L NaOH, and the
absorption was detected at 410nm on a plate reader
(Spectramax190 from Molecular Devices).
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Western blotting and immunoprecipitation

HUVECs were lysed in RIPA lysis buffer (Beyotime, Shanghai,
China) supplemented with proteinase inhibitor and phosphatase
inhibitor. The cell homogenates were centrifuged at 12,000 x g
and 4°C for 15 min, and then, the supernatants were collected.
Protein concentration was determined by BCA Protein Assay
Reagent (Thermo Scientific, Pittsburgh, PA, USA). Equal amounts of
protein were separated by SDS-polyacrylamide gel electrophoresis
and transferred onto 0.45-mm PVDF membranes (Millipore). The
membranes were blocked with 5% nonfat milk for 1 h and then
incubated with appropriate primary antibodies at 4 °C overnight.
Then, the blots were visualized with horseradish peroxidase-
conjugated secondary antibodies (Beyotime) followed by
enhanced chemiluminescence (Millipore). Image quantification
was performed using Image) software. For immunoprecipitation,
equal amounts of protein were incubated with the appropriate
primary antibodies followed by immunoprecipitation with protein
A/G agarose beads (Santa Cruz Biotechnology, Dallas, TX, USA).
The immunoprecipitates were extensively washed with ice-cold
PBS and resolved in RIPA lysis buffer. The amounts of bound
proteins in immunocomplexes were determined by Western
blotting.

Immunofluorescence staining

Immunofluorescence staining was performed using standard
techniques on endothelial cell monolayers as previously described
[25]. Briefly, HUVECs after treatment were fixed with 4%
formaldehyde for 30 min, permeabilized with 0.1% Triton X-100
in PBS for 3 min, blocked with 5% bovine serum albumin in PBS for
1h at room temperature and then incubated with paxillin and
vinculin antibodies (1:100 dilution) at 4 °C overnight. After three
washes with PBS, the cells were incubated with Green Donkey
Anti-Mouse 1gG antibody (1:100 dilution) (A24211) (Abbkine,
Wuhan, Hubei, China) for 1h at 37 °C. F-actin was visualized by
rhodamine-phalloidin staining. Images were captured by a laser
confocal inverted microscope (BX51, Olympus).

[CI"]; measurement

[CI7]; was measured with 6-methoxy-N-ethylquinolinium iodide
(MEQ) as we described previously [18, 19]. In brief, MEQ was
reduced to a cell-permeable derivative, 6-methoxy-N-ethyl-1,2-
dihydroquinoline (dihydro-MEQ), which was added to cells at a
concentration of 150 umol/L in Ringer’s buffer solution (in mmol/L,
119 NaCl, 2.5 KCl, 1.0 NaH,PO,, 1.3 MgS0,, 2.5 CaCl,, 26 NaHCO;,
11 glucose, pH 7.4) in the dark at room temperature for 30 min.
Then, dihydro-MEQ was quickly oxidized to MEQ in the cytoplasm.
The fluorescence of MEQ is quenched collisionally by CI™. [CI7];
was monitored by MetaFluor Imaging software (Universal Imaging
Systems, Chester, PA, USA) with A 350-nm excitation wavelength
and A 435-nm emission wavelength. The relationship between the
fluorescence intensity of MEQ and THE chloride concentration is
given by the Stern-Volmer equation: (Fo/F) — 1 = Ks\[Q], where F,
is the fluorescence intensity without halide or other quenching
ions, F is the fluorescence intensity in the presence of quencher,
[Q] is the concentration of quencher, and Ksy is the Stern-Volmer
constant.

Model of hind limb ischemia

A model of unilateral hind limb ischemia was established by
ligation of the femoral artery as previously described [27]. In brief,
mice were anesthetized by intraperitoneal injection of pentobar-
bital sodium. The femoral artery was isolated and then ligated at
two positions, one just proximal to the groin ligament and the
second proximal to the popliteal artery. DIDS or DCPIB was
injected intramuscularly at a dose of 10mg/kg (50 uL) after
surgery and then continuously administered every other day. The
blood flow was recorded on days 1, 7, and 14 post operation using
a laser Doppler perfusion imaging analyzer (Moor, Oxford,
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Fig. 1

Reduced [CI]; inhibits angiogenesis in vitro. a Aortic rings were cultured in normal CI~ medium or low CI~ medium in the absence or

presence of VEGF (50 ng/mL) for 4 days. Microvessel growth was observed under a microscope. Scale bars = 200 um. b The outgrowth areas
were quantified with Image-Pro Plus software. **P < 0.01 vs. normal CI7; #P < 0.01 vs. normal CI™ + VEGF, n = 6. ¢ HUVECs were treated with
normal CI~ or low CI™ medium containing VEGF (50 ng/mL) for 48 h. Cell viability was examined by CCK-8 assays. **P < 0.01 vs. normal Cl~;
##p < 0.01 vs. normal CI~ + VEGF, n = 8. d Cell migration was determined by Transwell analysis. Representative images are shown. Scale bars =
100 ym. e Quantitative analysis of the number of migrated cells. **P<0.01 vs. normal CI~; *P<0.01 vs. normal CI~+VEGF, n=5.
f Representative images showing endothelial cell tube formation. Scale bars = 200 ym. Quantification of tube length (g) and numbers (h) was

performed by Image-Pro Plus software. **P < 0.01 vs. normal CI~; #P <0.01 vs. normal CI~ + VEGF, n = 6.

England). The calculated recovery of perfusion is expressed as the
ratio of the ischemic hind limb to nonischemic hind limb. All mice
were sacrificed at 14 days post operation, and the calf was
harvested from the ischemic limbs for histological analysis.

Immunohistochemistry

The calf muscle was fixed with 4% paraformaldehyde and
embedded in Tissue-Tek optimal cutting temperature compound
(OCT, Sakura, Japan) for sectioning at 5-um thickness. The sections
were pretreated with 5% bovine serum albumin for 30 min to
block nonspecific binding and then incubated with CD31 antibody
(1:50 dilution; Cambridge, MA, USA) overnight at 4 °C. Following 1
h incubation with biotinylated secondary anti-rabbit antibody at
room temperature, the staining was visualized with 3,3'-diamino-
benzidine tetrachloride chromogen solution under a light micro-
scope (BX51, Olympus). The number of capillaries was counted in
six random fields from each image taken at low magnification
(x100) on the tissues, and the density of capillaries is expressed as
capillaries per cross section.

Acta Pharmacologica Sinica (2021) 42:560 - 572

Data analysis and statistics

All data are presented as the mean + standard error of the mean
(SEM). The data and statistical analysis comply with recommenda-
tions of the British Journal of Pharmacology on experimental
design and analysis in pharmacology [28, 29]. Statistical compar-
isons were analyzed by an unpaired two-tailed Student’s t test or
one-way analysis of variance followed by Bonferroni’s multiple
comparison post hoc test with a 95% confidence interval. All
statistical calculations were performed using SPSS 19.0 software
(Chicago, IL. USA). P < 0.05 was considered to indicate significance.
Each experiment was performed at least five times independently.

RESULTS

Lowering [Cl]; inhibits angiogenesis in vitro

To determine whether a reduction in [CI"]; can regulate
angiogenesis, we prepared cell culture medium with a reduced
Cl™ concentration to decrease [Cl"]; as we previously described
[18, 19]. Compared with the normal CI~ medium, the low ClI™

SPRINGER NATURE
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Fig. 2 Low CI™ inhibits hypoxia-induced angiogenesis in vitro. a Representative phase-contrast micrographs of aortic rings cultured with
normal CI~ or low CI™ medium for 4 days under normoxic (21% O,) or hypoxic (1% O,) conditions. Scale bar =200 um. b Quantification of
vascular outgrowth assessed by Image-Pro Plus software. **P < 0.01 vs. normal Cl~ 4+ normoxia; *P <0.01 vs. normal CI~ + hypoxia, n=5.
c Cell proliferation of HUVECs was detected by CCK-8 assays. **P < 0.01 vs. normal CI~ + normoxia; **P < 0.01 vs. normal CI~ + hypoxia, n = 6.
d Representative images of the transwell assay to assess HUVEC migration stained by crystal violet under normoxic or hypoxic conditions.
Scale bar = 100 um. e The relative migrated cell numbers were quantified by measuring solubilized crystal violet. **P < 0.01 vs. normal ClI~ +
normoxia; *P<0.01 vs. normal CI™ + hypoxia, n=6. f Representative pictures of HUVEC tube formation under normoxic or hypoxic
conditions. Scale bar = 200 ym. Quantification of tube formation assessed by the number of tubes (g) and length of tubes (h). **P < 0.01 vs.

normal CI™ + normoxia; **P < 0.01 vs. normal CI~ + hypoxia, n =6.

medium decreased the [CI"]; from 33.2 to 16.18 mmol/L in
HUVECs (Fig. S1). Reduction of [CI™]; significantly decreased the
outgrowth area of the aortic ring after 4 days of incubation. VEGF
(50 ng/mL) promoted new microvessel growth from the aortic
ring, which was substantially inhibited in the low CI~ medium
(Fig. 1a, b). Angiogenesis is a complex process that mainly consists
of cell proliferation, migration, and tube formation [3]. As shown in
Fig. 1c, a decrease in [Cl7]; inhibited the growth of HUVECs under
basal conditions. VEGF treatment strongly increased the HUVEC
viability, and this increase was attenuated in the low CI™ medium.
Moreover, lowering [CI"]; not only decreased HUVEC migration
under basal conditions but also inhibited the VEGF-induced
increase in cell migration (Fig. 1d, e). Consistently, the tube
formation assay revealed that the formation of a capillary-like
network induced by VEGF was also substantially inhibited in the
low CI” medium (Fig. 1f-h).

Hypoxia has been shown to contribute to the regulation of the
growth of new vessels in ischemic diseases [30, 31]. To confirm the
effect of CI” on hypoxia-induced angiogenesis, we performed
aortic ring assays and cultured HUVECs under hypoxic (1% O,)
conditions. Consistent with the aforementioned results, hypoxic
(1% O,) treatment promoted vessel outgrowth in aortic ring
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assays, while outgrowth from low Cl -treated aortic rings was
weakened (Fig. 2a, b). Similarly, hypoxia-treated HUVEC cultures
showed elevated proliferation, migration, and tube formation
phenotypes. Low Cl -treated HUVECs also failed to proliferate
(Fig. 2c), migrate (Fig. 2d, e), and form tubes compared with those
in normal CI~ (Fig. 2f-h). Our data demonstrated that low CI™ also
restrained EC proliferation, migration, tube formation, and vessel
outgrowth in response to hypoxia.

Low CI™ medium attenuates the VEGF-induced cytoskeleton
reorganization in endothelial cells

Endothelial cell migration is characterized by substantial remodel-
ing of the actin cytoskeleton, which reorganizes into transcyto-
plasmic stress fibers, along with increased polymerized actin and
focal adhesion [32]. To determine whether a decrease in [CI7];
affects cytoskeleton remodeling, we analyzed markers of stress
fibers and focal adhesion by immunofluorescence. F-actin staining
showed that the number of stress fibers was significantly
decreased in the low CI™ medium. VEGF stimulation led to
marked actin remodeling into stress fibers. In contrast, lowering
[CI"]; was associated with inhibited formation of stress fibers.
Moreover, a decrease in [Cl7]; resulted in a decrease in the random
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ClI™ medium containing VEGF (50 ng/mL) for 48 h. F-actin was visualized by rhodamine-phalloidin staining. Focal adhesions in HUVECs were
observed by immunofluorescence staining using paxillin and vinculin antibodies, respectively. Representative images from five independent
experiments are shown. White arrows indicate stress fibers and focal adhesions. Scale bars =50 um, n =6.
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Fig. 5 Reduced [CI"]; decreases the formation of NADPH oxidase complex. a HUVECs were cultured in normal CI~ and low CI™ medium
containing VEGF (50 ng/mL) for 48 h. The expression of the NADPH oxidase subunits Nox2, p22phox, p47phox, p67phox, and Racl
was measured in HUVECs. GAPDH was used as a loading control. b—f Quantification of the above protein abundance. **P < 0.01 vs. normal CI~,
#P <0.01 vs. normal CI~ 4+ VEGF, n = 5. g Cells in normal CI~ and low ClI~ medium were treated with or without VEGF (50 ng/mL) for 30 min.
P47phox phosphorylation and total protein expression were examined. **P <0.01 vs. normal CI~; *#P<0.01 vs. normal Cl~ + VEGF, n=6.
h After the treatment described in (a), the contents of p47phox and p67phox in the membrane and cytoplasm were detected. Na*/K™ ATPase
was used as an internal control of the membrane. Quantification of the abundance of p47phox and p67phox in the membrane (i) and
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formation of paxillin-containing focal adhesions. After VEGF
stimulation, the increased number of focal adhesions was less
pronounced in the low CI~ medium than in the normal ClI™
medium. In addition, we observed the distribution of vinculin,
which is also a prominent member of focal adhesions [32]. VEGF
moderately increased the number of focal adhesion junctions at
the terminus of short actin bundles. However, in the low ClI™
medium, the staining of vinculin around the cell boundary was
significantly decreased (Fig. 3). These results suggest that [Cl7];
plays an important role in regulating cytoskeletal organization.

Reduction of [CI™]; blocks ROS generation by suppressing NADPH
oxidase activity in endothelial cells

Given the involvement of ROS in angiogenesis [7, 33], we next
determined the effects of reduced [CI™]; on the ROS levels in
HUVECs. Under basal conditions, lowering [CI7]; slightly inhibited
the generation of ROS. Similar to a previous study [33], ROS
generation was significantly increased after VEGF treatment. The
increased ROS generation in HUVECs was less pronounced in the
low CI~ medium than in the normal CI~ medium (Fig. 4a—d).
NADPH oxidase is a major source of ROS [34]. We therefore
examined whether lowering [CI7]; could impact NADPH oxidase
activity by using the membrane fractions to exclude other sources
of ROS, such as mitochondria-derived ROS, xanthine oxidase and
NO synthases [34, 35]. As shown in Fig. 4e, VEGF substantially

SPRINGERNATURE

increased the activity of NADPH oxidase, which was inhibited by
the reduction of [CI”];, NADPH oxidase is an enzyme complex that
consists of membrane-bound catalytic Nox2 and p22phox and the
cytosolic regulatory subunits p47phox, p67phox, and Racl [34].
Analysis of the expression profile of these subunits revealed that
the expression of Nox2, p22phox, and Racl was increased after
VEGF treatment. Reduced [ClI"]; was associated with reduced
expression of the above proteins, not only under basal conditions
but also in cells treated with VEGF (Fig. 5a-d). P47phox and
p67phox expression was comparable among the four groups
(Fig. 5e, f). P47phox phosphorylation triggers p47phox and
p67phox translocation from the cytoplasm to the membrane,
which is essential for the activation of NADPH oxidase [36]. To
further elucidate the mechanism underlying the effect of [CI7]; on
NADPH oxidase activation, we initially examined the phosphoryla-
tion level of p47phox. The phosphorylation level of p47phox was
elevated in the cells stimulated with VEGF. However, reduction of
[CIT]; was associated with decreased p47phox phosphorylation
(Fig. 5g). Moreover, VEGF strongly promoted the translocation of
p47phox and p67phox, as shown by increased levels of p47phox
and p67phox in the plasma membrane, which were depressed by
lowering [CI7]; (Fig. 5h—j). Similarly, VEGF-induced interactions of
Nox2/p47phox and Nox2/p67phox were substantially attenuated
by culture with low [CI”]; medium (Fig. 5k). These findings indicate
that disruption of NADPH oxidase complex formation may at least
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medium followed by VEGF (50 ng/mL) stimulation for 5 min. Densitometric analysis of the phosphorylated levels of VEGFR2 at the Tyr951 (b),
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partially underlie the inhibitory effect of reduced [CI"]; on ROS
generation.

Reduction of [CI”]; inhibits VEGFR2 activation by enhancing PTP1B
activity and increasing the binding of VEGFR2 to PTP1B

VEGFR2 is the major mediator required for VEGF signaling
activation and VEGF-mediated angiogenesis in vascular endothe-
lial cells [4]. We thus examined the phosphorylation status of
VEGFR2. VEGF-induced VEGFR2 Tyr951, Tyr1059, Tyr1175, and
Tyr1214 phosphorylation in HUVECs was significantly inhibited in
the low CI™ medium (Fig. 6a-e). It has been suggested that
VEGFR2 activity is frequently modulated by binding with multiple
key regulatory protein tyrosine phosphatases (PTPs) [37]. PTP1B is
a cytoplasmic phosphatase that appears to interact with VEGFR2

Acta Pharmacologica Sinica (2021) 42:560 - 572

and inhibit VEGFR2 phosphorylation and endothelial cell functions
[38]. Given the capacity of ROS to regulate PTPs activity [33],
together with our aforementioned results showing the effect of
lowering [CI"]; on ROS generation and angiogenesis, we
investigated whether reduced [CI7]; regulates VEGFR2 activation
involving PTP1B. PTP1B activity and the association between
VEGFR2 and PTP1B were detected in the low CI™ medium in the
absence or presence of VEGF. Figure 6f shows that PTP1B activity
was significantly enhanced under low [CI"]; conditions. Consistent
with previous reports [37, 39], a coimmunoprecipitation assay
clearly revealed that VEGFR2 interacted with PTP1B (Fig. 6g, h).
Importantly, VEGFR2 immunoprecipitation followed by immuno-
blotting for PTP1B demonstrated that the reduction of [CI7];
enhanced PTP1B coimmunoprecipitation under basal conditions

SPRINGER NATURE
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and reversed the VEGF-induced decrease in this interaction
(Fig. 6i, j).

Low CI™ medium suppresses VEGF signaling activation in HUVECs
Similar to the effect of lowering [Cl"]; on VEGFR2 phosphorylation,
Western blotting analysis of the VEGFR2 downstream axis revealed
that the phosphorylation of ERK1/2, p38, AKT, PI3K, FAK, Src, and
PLCy1 was significantly decreased in the low CI™ medium. VEGF
treatment induced a strong increase in the phosphorylation of
these kinases, and this increase was substantially attenuated after
lowering [CI™]; (Fig. 7), suggesting that reduction of [CI™]; impairs
angiogenesis at least by inhibiting VEGF/VEGFR2 signaling
activation.

Inhibition of PTPB1 reverses the effect of the low CI~ medium on
angiogenesis

To confirm the critical role of PTP1B in regulating VEGFR2-
mediated angiogenesis in low CI~ medium, we used a PTP1B
inhibitor and measured its effects on VEGFR2 phosphorylation and
angiogenesis. In the normal CI~ medium, VEGF-induced phos-
phorylation of VEGFR2 was significantly potentiated by PTP1B
inhibitor Il. Moreover, inhibition of PTP1B restored the low CI™
medium-induced decrease in VEGFR2 phosphorylation under
VEGF-treated conditions (Fig. 8a-e). Similarly, the decrease in
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P<0.01 vs. normal CI” + VEGF, n=6.

new microvessel formation in the low CI~ medium was inhibited
after PTP1B inhibition (Fig. 8f, g).

Blockade of CI™ efflux promotes angiogenesis in the ischemic hind
limb of mice

Given that the aforementioned in vitro results showed an
inhibitory effect of the low CI~ medium on angiogenesis, we
explored whether inhibition of CI™ efflux promotes angiogenesis
in vivo. VRACs are ubiquitously expressed ClI~ channels and
mediate ClI™ efflux [17, 40]. DIDS and DCPIB are specific blockers of
VRACs that inhibit CI™ efflux [17, 19, 41]. Accordingly, the mice
were treated with vehicle, DIDS or DCPIB after surgery for hind
limb ischemia. Immediately after femoral artery ligation (day 1),
blood flow in the ischemic hind limb was decreased equally in all
three groups. On postoperative days 7 and 14, blood flow
recovery was more pronounced in the DIDS- or DCPIB-treated
mice than in the vehicle-treated mice (Fig. 9a, b). Consistently,
immunohistochemical staining of the endothelial cell marker
CD31 revealed an increased number of capillaries in the calf
muscle from the DIDS- or DCPIB-treated mice (Fig. 9¢, d). These
results indicate that inhibition of CI™ efflux enhances revascular-
ization of the ischemic hind limb in mice. Moreover, the ROS levels
were detected in the model of hind limb ischemia. ROS generation
in the ischemic groups was significantly increased compared with
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that in the sham group. Moreover, treatment with ClI~ channel
inhibitors further enhanced the increased generation of ROS
(Fig. S2).

DISCUSSION

In this study, we provide clear evidence that ClI~ is a novel
regulator of angiogenesis. Reduction of [CI"]; attenuated NADPH
oxidase-mediated ROS generation and subsequently reduced
VEGFR2 activation by enhancing PTP1B activity and increasing
VEGFR2/PTP1B association, leading to suppression of VEGFR2
downstream signaling components, such as PI3K/AKT, Src, FAK,
and PLCyl. These processes together inhibit endothelial cell
proliferation, tube formation, migration, and cytoskeleton organi-
zation, resulting in angiogenic dysfunction. As such, maintaining
[CI”]; homeostasis is critical for angiogenesis and treatment of
ischemic diseases.

Alteration of [CI"]; via CI” movement across the cell plasma
membrane plays an important role in regulating various
physiological and pathological processes [13, 18, 19]. Recently, a
study showed that hypochloremia is an independent factor of
mortality in critically ill patients with septic shock due to the
occurrence of metabolic alkalosis [42]. An increased Cl™ level in
hypochloremia may decrease the mortality in such patients [42].

Acta Pharmacologica Sinica (2021) 42:560 - 572

Notably, increasing data have shown that serum CI~ concentra-
tion is also involved in the progression of cardiovascular diseases
[17-19, 23, 43]. For example, a low serum ClI™ level is regarded as
an independent predictor of mortality in patients with hyperten-
sion or heart failure [17, 23, 44]. Although our previous work
indicated that a decrease in [CI™]; could promote endothelial cell
inflammation and foam cell formation [18, 19], the two important
pathophysiological features of cardiovascular diseases, the
mechanism explaining the higher risk of mortality under a low
CI™ environment remains unclear. Thus, a better understanding of
the biological function of CI™ is warranted.

Given the importance of angiogenesis in ischemic diseases, this
study aimed to explore the effect of lowering [CI]; on
angiogenesis. We demonstrated for the first time that a decrease
in [CI7]; suppresses angiogenesis in endothelial cells, accompa-
nied by reduced proliferation, migration, capillary-like tube
formation, and cytoskeleton reorganization, indicating that
increased ClI™ efflux may impair angiogenesis. These findings led
us to speculate that blockade of ClI™ efflux could promote
neoangiogenesis. Intriguingly, our previous studies have revealed
that inhibition of CI™ efflux with specific VRAC blockers such as
DIDS ameliorates vascular inflammation and retards foam cell
formation [17, 19]. Moreover, another VARC selective blocker,
DCPIB, showed cardioprotective and neuroprotective effects
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[41, 45]. In this study, we found that blockade of CI™ efflux using
DIDS or DCPIB effectively enhanced postischemic blood flow
perfusion and neoangiogenesis in mice with ischemic hind limbs,
further indicating that [CI™]; is an essential modulator of
angiogenesis.

VEGF-A primarily binds with VEGFR2 and consequently triggers
the dimerization, phosphorylation, and endocytosis of VEGFR2
followed by activation of downstream cascades [1]. Upon VEGF
binding to VEGFR2, several tyrosine phosphorylation sites of
VEGFR2, such as Tyr951, Tyr1059, Tyr1175, and Tyr1214, are
phosphorylated and thus activated [4]. After activation, phosphor-
ylation of VEGFR2 induces the phosphorylation of a series of
subsequent tyrosine kinases, such as PI3K-AKT, FAK, Src, PLCy1,
p38, and ERK1/2, which are closely related to cell survival,
proliferation, migration, and tube formation [39]. We found that
the low CI™ medium inhibited VEGFR2 phosphorylation at Tyr951,
Tyr1059, Tyr1175, and Tyr1214, which led to inactivation of
downstream signaling components, including ERK1/2, p38, AKT,
PI3K, FAK, Src, and PLCy1. Pharmacological inhibition of PTP1B
with a specific inhibitor through binding to its allosteric site
substantially abrogated the effect of low ClI© medium on
angiogenesis. These data suggest that lowering [Cl7]; inhibits
angiogenesis at least partially by suppressing VEGF/
VEGFR2 signaling activation.

Increased ROS levels play an important role in the develop-
ment of angiogenesis. Angiogenic stress factor-induced ROS
generation could promote cell proliferation and migration,
cytoskeletal reorganization, and tubular morphogenesis in
endothelial cells [35]. In our study, reduced [CI"]; decreased
NADPH-mediated ROS generation by decreasing the expression
of Nox2, p22phox, and Rac1 and abating the translocation of the
cytosolic subunits p47phox and p67phox to the membrane.
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Interestingly, the signaling properties of ROS are associated with
the oxidation of redox-sensitive target proteins such as PTPs,
which are enzymes that limit the activity of signaling cascade
proteins  through dephosphorylation [34].  Tyrosine
phosphorylation-mediated intracellular signaling events are
usually regulated by PTPs [37, 39]. Notably, several PTPs, such
as PTP1B, TC-PTP, VE-PTP, DEP-1/CD148, Src-homology phospha-
tase-1, and SHP2, have been shown to regulate VEGFR2 activity
via dephosphorylation [39]. Among these phosphatases, PTP1B is
a nontransmembrane phosphatase that is ubiquitously
expressed in various cell types [27, 37]. This molecule depho-
sphorylates various substrates involved in different signaling
pathways, including conventional receptor tyrosine kinases (e.g.,
epidermal growth factor receptor, platelet derived growth factor
receptor, insulin receptor, and insulin-like growth factor recep-
tor) and nonreceptor tyrosine kinases (e.g., c-Src and JAK2) [37].
The functions of PTP1B are primarily focused on the regulation of
insulin and leptin receptor activation, which is involved in the
development of insulin resistance-related diseases, such as
obesity and diabetes [27]. Further, emerging evidence has
uncovered the novel functions of PTP1B in cardiovascular
diseases. In heart tissues and endothelial cells, PTP1B deficiency
was found to improve myocardial ischemia-induced heart failure
by enhancing angiogenesis [27, 46, 47]. The effect of PTP1B on
angiogenesis is associated with the alteration of VEGF signaling
in endothelial cells [2, 46]. Based on these above observations,
we explored the involvement of PTP1B in the low ClI™-mediated
inhibition of angiogenesis. The results showed that PTP1B
activity and the binding of PTP1B to VEGFR2 were strongly
potentiated in the low ClI™ solution, indicating that the increased
ROS-mediated PTP1B activity may underlie the suppression of
VEGFR2 axis activation by lowering [ClI"]i. In summary, we
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demonstrated that a decrease in [ClI”]; attenuates NADPH
oxidase-derived ROS generation and increases PTP1B activity in
endothelial cells, leading to suppression of VEGF/VEGFR2 axis
activation and angiogenesis. These findings identify an impor-
tant role of ClI™ in angiogenesis, suggesting that modulation of
[CI7]; may be a novel strategy for the treatment of angiogenic
dysfunction-associated diseases, such as myocardial infarction,
stroke, and wound healing.
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