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Phospholipase C-β3 is dispensable for vascular constriction but
indispensable for vascular hyperplasia
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Angiotensin II (AngII) induces the contraction and proliferation of vascular smooth muscle cells (VSMCs). AngII activates
phospholipase C-β (PLC-β), thereby inducing Ca2+ mobilization as well as the production of reactive oxygen species (ROS). Since
contraction is a unique property of contractile VSMCs, signaling cascades related to the proliferation of VSMCs may differ. However,
the specific molecular mechanism that controls the contraction or proliferation of VSMCs remains unclear. AngII-induced ROS
production, migration, and proliferation were suppressed by inhibiting PLC-β3, inositol trisphosphate (IP3) receptor, and NOX or by
silencing PLC-β3 or NOX1 but not by NOX4. However, pharmacological inhibition or silencing of PLC-β3 or NOX did not affect AngII-
induced VSMC contraction. Furthermore, the AngII-dependent constriction of mesenteric arteries isolated from PLC-β3ΔSMC,
NOX1−/−, NOX4−/− and normal control mice was similar. AngII-induced VSMC contraction and mesenteric artery constriction were
blocked by inhibiting the L-type calcium channel Rho-associated kinase 2 (ROCK2) or myosin light chain kinase (MLCK). The
activation of ROCK2 and MLCK was significantly induced in PLC-β3ΔSMC mice, whereas the depletion of Ca2+ in the extracellular
medium suppressed the AngII-induced activation of ROCK2, MLCK, and vasoconstriction. AngII-induced hypertension was
significantly induced in NOX1−/− and PLC-β3ΔSMC mice, whereas LCCA ligation-induced neointima formation was significantly
suppressed in NOX1−/− and PLC-β3ΔSMC mice. These results suggest that PLC-β3 is essential for vascular hyperplasia through NOX1-
mediated ROS production but is nonessential for vascular constriction or blood pressure regulation.
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INTRODUCTION
Angiotensin II (AngII) maintains systemic blood pressure through
various mechanisms within the cardiovascular and renal system1

and has been implicated in several cardiovascular diseases,
including hypertension, heart failure, and atherosclerosis, and
mechanistically in vascular smooth muscle cell (VSMC) contrac-
tion and vascular remodeling through the induction of
hyperplasia.
Several AngII receptors have been identified, and the AT1

receptor, which is expressed in VSMCs, has been extensively
studied2. The AT1 receptor is coupled to Gq/11 or G12/13, which
have phospholipase C (PLC) that acts as an effector protein.
Following Gq/11 activation, second messengers such as inositol
trisphosphate (IP3) and diacylglycerol (DAG) are generated by PLC
activation. IP3 stimulates calcium release from the endoplasmic
reticulum and thus increases classical protein kinase C (PKC)
activation. The calcium binding protein calmodulin is a primary
target of elevated intracellular calcium, and the Ca2+-calmodulin
complex binds to myosin light chain kinase (MLCK), which
culminates in MCL phosphorylation and VSMC contraction3.
However, intracellular calcium could be elevated by additional

mechanisms, such as the depolarization of Cav1.2 and Cav1.3
(L-type calcium channels (LTCCs)), which are the major causes of
calcium elevation in arterial smooth muscle4,5. The contractile
status is further maintained by Rho-associated kinase (ROCK)-
mediated phosphorylation and inactivation of myosin light chain
phosphatase (MLCP)6. In addition, AngII induces vascular hyper-
plasia through the activation of receptor tyrosine kinases (RTKs)7.
However, the mechanisms underlying AngII-dependent prolifera-
tion and migration have not been elucidated.
The 13 mammalian PLC isozymes identified can be divided into

6 subgroups: PLC-β, PLC-γ, PLC-δ, PLC-ε, PLC-ζ, and PLC-η8. PLC-γ
is activated by RTKs, whereas PLC-β is activated by G protein-
coupled receptors (GPCRs). Intracellular calcium mobilization
stimulates PLC-δ and PLC-η, and Rho stimulates PLC-ε, but the
mechanism responsible for PLC-ζ stimulation is unknown. PLC-β
has four different subtypes (PLC-β1-4), and differential expression
patterns and functions of these subtypes have been reported.
Although the signaling cascades from AngII-dependent PLC-β
activation to calcium mobilization in VSMCs are well defined,
direct evidence regarding the regulation of contraction, prolifera-
tion, and migration of VSMCs is lacking.
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AngII stimulates vascular contraction and hypertrophic growth
through multiple signaling pathways that involve the production
of reactive oxygen species (ROS)9. Multiple sources generate ROS,
such as nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX), xanthine oxidase, and the mitochondrial respira-
tory chain10. NOX actively produces ROS upon exposure to
extracellular stimuli, and the NOX family consists of seven
isoforms, which include NOX1-5 and dual oxidase (DUOX) 1
and 211. NOX1 is fully activated by interacting with NOXO1,
p47phox, and p22phox, whereas NOX2 is activated by binding with
p47phox, p67phox, p22phox, and Rac112,13. NOX5 is activated by
intracellular calcium binding, whereas NOX4 is activated by
binding with POLDIP2 and p22phox14,15. Furthermore, NOX1 and
NOX4 are major sources of ROS in VSMCs16.
Several reports have implicated PLC in the AngII-induced

production of ROS. For example, PLC-mediated PKC activation is
involved in the production of ROS during AngII stimulation17.
Additionally, the AngII-induced activation of PLC generates IP3 and
DAG, and subsequent activation of PKC facilitates the activation of
the NOX complex to produce ROS18. Furthermore, AngII regulates
several VSMC physiological processes, such as contraction,
proliferation, and migration.
In the present study, we describe the involvement of a specific

isoform of PLC-β and NOX in the regulation of ROS generation and
their functional roles in the modulation of VSMC physiology.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA), and penicillin/
streptomycin (antibiotics) were purchased from HyClone Laboratories
Inc. (Logan, UT, USA). Anti-PLC-β1, anti-PLC-β2, anti-PLC-β3 and anti-PLC-
β4 were obtained from Santa Cruz (California City, CA, USA). The anti-actin
antibody was purchased from MP Biomedicals (Aurora, OH, USA). Anti-
SMA, anti-calponin, 2’,7’-dichlorofluorescein diacetate (DCF-DA), PLC
inhibitor (U73122, U73343), PKC inhibitor (GF109203X, rottlerin), NADPH
oxidase inhibitor (apocynin, DPI), ROS scavenger (N-acetylcysteine), L-type
calcium channel inhibitor (nifedipine), Rho-kinase inhibitor (Y27632),
angiotensin II (AngII), and IP3 receptor antagonist
2-aminoethoxydiphenyl borate (2-APB) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The anti-SM22α antibody was obtained from
Abcam (Cambridge, UK). Peroxy Orange 1 (PO-1) was purchased from R&D
Systems (Minneapolis, MN, USA). Dihydroethidium (DHE), 4’,6-diamidino-2-
phenylindole (DAPI), Alexa Fluor 488-conjugated goat anti-mouse second-
ary antibody and Cy-3-conjugated goat anti-rabbit secondary antibody
were purchased from Molecular Probes, Inc. (Carlsbad, CA, USA). IRDye700-
and IRDye800-conjugated rabbit/mouse secondary antibodies were
obtained from Li-COR Bioscience (Lincoln, NE, USA). ChemoTx membranes
(8 μm pore size) were obtained from Neuro Probe, Inc. (Gaithersburg, MD,
USA). The IP3 receptor antagonist 2-aminoethoxydiphenyl borate (2-APB)
and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA) unless otherwise indicated.

Cell culture and transfection
To isolate VSMCs, Sprague‒Dawley rats (3 weeks old) were euthanized by
intraperitoneal injection of sodium pentobarbital (60 mg/kg) via tissue
explants. Thoracic aortas were isolated, and surrounding fat and
connective tissues were discarded. The vessels were cut longitudinally,
and the lumens were scraped with a razor blade to remove the intima. The
vessels were then cut into 3–5mm long pieces, and the lumen was
explanted side down on collagen-coated culture dishes. Seven days later,
the tissue fragments were discarded, and the sprouting VSMCs were
collected (referred to as P0 (passage 0)). Synthetic VSMCs were cultured at
low density (<20%). To induce the phenotypic conversion of VSMCs,
synthetic VSMCs (P0) were cultured at high density (~100%). Cells cultured
between P2 and P5 were defined as contractile-type VSMCs.

Western blotting
Cells were lysed in 20mM Tris-HCl, pH 7.4, 1 mM EGTA/EDTA, 1% Triton X-
100, 1 mM Na3VO4, 10% glycerol, 1 μg/ml leupeptin and 1 μg/ml aprotinin.

After centrifugation at 12,000 rpm, 30 μg of total protein was loaded onto
10% polyacrylamide gels and transferred onto nitrocellulose membranes.
The membranes were incubated with the indicated primary antibodies and
IRDye-conjugated secondary antibodies, and the protein bands were
visualized using an infrared image analyzer (Li-COR Bioscience).

Migration assay
VSMCs were serum-starved for 12 h, plated on a ChemoTx membrane,
detached with trypsin-EDTA, and washed with serum-free DMEM. For the
migration assay, the lower surface of a ChemoTx membrane was coated
with type I collagen for 30min, and 1 × 105 serum-starved cells in a 50 μl
volume were placed on the upper surface. Migration was induced by
submerging the ChemoTx membrane in serum-free DMEM for 6 h, after
which the membrane was fixed with 4% paraformaldehyde, and
nonmigrated cells on the upper surface were removed with a cotton
swab. The membrane was stained with DAPI, and the migrated cells were
counted using a fluorescence microscope at ×10 magnification (Axio-
vert200, Carl Zeiss, Jena, Germany).

Cell proliferation assay
VSMCs (1 × 105) were plated on a 6-well plate and stimulated with AngII
(1 μM) for 2, 4, or 6 days in culture medium, after which the cells were fixed
with 4% paraformaldehyde. Nuclei were stained with DAPI and examined
under a fluorescence microscope at ×20 magnification.

ROS, H2O2, and O2
− generation assay

VSMCs were cultured in 48-well plates, serum starved for 12 h, treated with
2’,7’-dichlorofluorescein diacetate (DCF-DA, 20 μM), O2

− sensitive dye
dihydroethidium (DHE, 1 μM) for 1 h, H2O2 sensitive dye peroxy orange 1
(PO-1, 5 μM) for 30min, stimulated with AngII (1 μM) for 15min under the
indicated conditions, and washed three times with phosphate-buffered
saline (PBS). Fluorescence was detected using a fluorescence microscope
at ×10 (Axiovert200, Carl Zeiss, Jena, Germany). Pixel intensities were
measured using MetaMorph software (Molecular Devices, Sunnyvale,
CA, USA).

Cytosolic calcium concentrations
Intracellular calcium concentrations were measured using Fura-2 AM (a
calcium-sensitive fluorescent dye), as previously described19. Briefly,
1 × 106 VSMCs were incubated with 3 μM Fura-2/AM at 37 °C in serum-
free DMEM with stirring for 50min, after which 1 × 106 cells were aliquoted
into Locke’s solution (154mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 5 mM
HEPES pH 7.3, 10 mM glucose, 2.2 mM CaCl2, and 0.2 mM EGTA).
Fluorescence was measured at an emission wavelength of 500 nm using
excitation wavelengths of 340 and 380 nm.

Collagen gel contraction assay
Confluent VSMCs were subjected to trypsin digestion and resuspended in
serum-free DMEM. The cell suspension was then mixed on ice with a
collagen gel solution (8 mg/ml of collagen type I in 2X PBS, pH 8.0) to a
concentration of 5 × 105 cells/ml and 4mg/ml of collagen gel in the
mixture. Then, 100 μl of this mixture was slowly added to 12-well plates,
which were incubated at 37 °C for 30min to cause polymerization. The gels
obtained were then floated in serum-free DMEM for 6 h and treated with
AngII to initiate contraction. Images were captured using a digital camera.
Collagen gel contraction was defined as a decrease in the gel area, as
determined by ImageJ (National Institutes of Health, MD, USA). The results
are expressed as relative gel areas, which were calculated by dividing the
gel areas at specific time points by the initial gel areas.

Immunohistochemistry
Aortic tissues were fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and incubated with a primary antibody for 3 h and then
with Cy3- or Alexa Fluor 488-conjugated secondary antibody for 1 h.
Samples were mounted using the anti-fading reagent (2% n-propyl galate
in 80% glycerol/PBS solution), and images were obtained using a confocal
microscope (F1 Flour, Nanoscope Inc., Daejeon, Korea).

Short-hairpin RNA and constructs
To silence PLC-β3, NOX1, NOX4 and PKC-δ, shPLC-β3 (5′-CGC GGG AGT
AAG TTC ATC AAA-3′), shNOX1 (5′-TCA TAT CAT TGC ACA TCT ATT-3′),
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shNOX4 (5′-AAA CCG GCA GAG TTT ACC CAG-3′), and shPKC-δ (5′-CGC TGA
GTT CTG GCT GGA CCT-3′) oligonucleotides with an AgeI site at the 5′-end
site and an EcoRI site at the 3′ end were designed, and sense and antisense
oligonucleotides were synthesized (XENOTECH, Daejeon, Korea). Both
complementary oligonucleotides were mixed, heated to 98 °C for 5 min,
and cooled to room temperature. The annealed nucleotides were
subcloned and inserted into the AgeI/EcoRI sites of the pLKO.1 lentiviral
vector.

Lentiviral knockdown
For gene silencing, HEK293-FT packaging cells (Invitrogen, Carlsbad, CA,
USA) were cultured to ~70% confluence in 100-mm cell culture dishes and
triple transfected with 20 μg of pLKO.1 lentiviral vector containing shPLC-
β3, shNOX1, shNOX4, shPKC-δ, 5 μg of Δ8.9, or 5 μg of pVSV-G using the
calcium phosphate method. The medium was replaced with fresh medium
8 h posttransfection. Lentiviral supernatants were harvested 24 h or 48 h
posttransfection and passed through 0.45-μm filters. Cell-free viral culture
supernatants were used to infect contractile VSMCs in the presence of
8 μg/ml polybrene (Sigma). Infected cells were isolated by selection with
10 μg/ml puromycin for 2 days.

Analysis of mRNA expression
mRNA expression was quantified by reverse transcription PCR (RT‒PCR)
analysis of total RNA isolated using TRIzol reagent according to the
manufacturer’s instructions (Life Technologies, Grand Island, NY). Total RNA
(1 μg) was reverse transcribed into cDNA using the ImProm-II reverse
transcription system (Promega), which was then amplified by PCR using
specific primers (Supplementary Table 2). Equal amounts of RT‒PCR
products were separated on a 2% agarose gel and visualized by ethidium
bromide staining (Sigma-Aldrich, St. Louis, MO). The expression levels of
NOX1 and NOX4 were quantified by real-time quantitative PCR (Q-PCR)

using specific primers (Supplementary Table 3) and analyzed using the
comparative Ct method.

Animals
Mice lacking PLC-β3 in VSMCs (PLC-β3ΔSMC) were generated as previously
reported20. Briefly, a DNA fragment containing exon 2 and exon 13 of
murine PLC-β3 was cloned and inserted into the pBluescript phagemid
system. The LoxP sequence was inserted at introns located between exons
4 and 5 and exons 8 and 9. The neomycin resistance cassette flanked by
FRT was inserted at the XbaI restriction site located between exons 4 and 5.
The diphtheria toxin A chain cassette was used as a negative selection
marker to ensure homologous recombination. The targeting vector was
transfected into the E14Tg2A ES cell line (129/OlaHsd-derived, Bayge-
nomics) and double selected using neomycin and DT-A. To generate
chimeras, ES clones were injected into C57BL/6 blastocysts. Chimeric males
were bred with C57BL/6 females, and germline transmission of the PLC-
β3neo allele was verified by PCR and Southern blotting. PLC-β3f/f mice were
generated by crossing PLC-β3neo alleles with a Flp deleter strain (129S4/
SvJaSor-Gt(Rosa)26Sortm1(FLP1)Dym/J), and PLC-β3ΔSMC mice were generated
by crossing PLC-β3f/f mice with a Cre deleter strain (B6. Cg-Tg(Tagln-cre)
1Her/J) (Supplementary Fig. 2). NOX1 knockout mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). NOX4 knockout mice were
generated as previously described21. The animals were housed under
specific pathogen-free (SPF) conditions, and all animal procedures were
performed in accordance with the Animal Care Guidelines issued by the
Laboratory Animal Resource Center of Pusan National University School of
Medicine after receiving approval from the Pusan National University
Institutional Animal Care and Use Committee (mouse: PNU-2019-2259, rat:
PNU-2019-2254). The investigation conformed with the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).

Fig. 1 PLC-dependent ROS generation. a, b VSMCs were pretreated with a pharmacological PLC inhibitor (U73122, 10 μM) and its inactive
analog (U73343, 10 μM). AngII-induced calcium mobilization and ROS generation were measured. Arrowheads indicate the time of AngII
stimulation. The dotted red line indicates the basal calcium concentration (n= 4). c, d VSMCs were pretreated with the indicated doses of
2-APB for 20min. AngII-induced calcium mobilization and ROS generation were measured. The dotted red line indicates the basal calcium
concentration (n= 6). Images were taken using a fluorescence microscope, and ROS levels were quantified by measuring pixel intensities
using MetaMorph software. Bar, 100 µm. *p < 0.05. The analysis was conducted using one-way ANOVA followed by Tukey’s multiple
comparison test. The data are presented as the mean ± SEM.
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Carotid artery ligation
Mice were anesthetized with 2.0% isoflurane and placed on a heated
surgical pad. To induce neointima, the left common carotid artery (LCCA)
was exposed through a small midline incision in the neck. The LCCA was
ligated near the carotid bifurcation with a suture, the skin was closed, and
the animals were allowed to recover from anesthesia and showed no
symptoms of stroke. Four weeks later, the LCCA was isolated. Isolated
carotid arteries were fixed in 4% paraformaldehyde at 4 °C overnight and
embedded in paraffin. Serial sections (5 µm) were made through the entire
carotid artery and stained with hematoxylin & eosin (H&E). The thickness of
the neointima samples was visualized by a MIRAX MIDI Versatile Digital
Slide Scanner (Carl Zeiss, Jena, Germany). The neointimal area was defined
as the area between the luminal circumference and internal elastic lamina.
The media area was defined as the area between the internal and external
elastic lamina. The neointima/media was defined as the area of the
neointima divided by the area of the media. ImageJ software was used for
the measurements.

Measurement of tension
Mouse mesenteric arteries were rapidly removed and immersed in ice-cold
physiological salt solution (PSS) (119mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2,
1.17 mM MgSO4, 20 mM NaHCO3, 1.18mM KH2PO4, 0.027mM EDTA,
11mM glucose, pH 7.4) in a 95% O2+ 5% CO2 atmosphere for 1 h at 37 °C.
The arteries were dissected, and after fat and connective tissues were

removed, the tissues were sliced into 2mm long segments, which were
subsequently suspended using two L-shaped stainless-steel wires inserted
into the lumen and immersed in PSS buffer in 10ml organ chambers in a
continuously aerated 95% O2+ 5% CO2 atmosphere. Basal tension was
maintained at 0.4 g, and changes in isometric tension were recorded using
a force displacement transducer (Grass FT 0.3, Quincy, MA) connected to a
power Lab system 400 (ML 118, PowerLab, AD Instruments, Medford, MA).
Arteries were allowed to equilibrate for 1 h before measurement, and the
chamber solution was changed every 15min. Inhibitors were added for
20min prior to AngII stimulation.

Blood pressure
Male mice (20–25 g, 7 weeks of age) were subcutaneously implanted with
an osmotic minipump (Alzet Model 1002, Alza, Vacaville, CA, USA) filled
with AngII or NaCl (vehicle-treated mice) for 4 days. The average AngII
infusion rate was 2 µg kg−1 min−1. Blood pressure was measured by tail
cuff plethysmography linked with a computerized system (BP2000 Blood
Pressure Analysis System, Visitech Systems, Apex, NC, USA).

Statistical analysis
The data were analyzed and plotted using GraphPad Prism. The unpaired
Student’s t test (two-tailed) was used to determine the significance of
intergroup differences. Multiple sets of data were analyzed by analysis of

Fig. 2 Involvement of PLC-β3 and the PKC-δ isoform in ROS generation. a Cell lysates were subjected to western blotting with the indicated
antibodies. Rat brain extract was used as a positive control. b PLC-β3 was silenced in VSMCs, and the expression of PLC-β3 and contractile
marker proteins was confirmed by western blotting. c AngII-induced calcium mobilization was determined after PLC-β3 knockdown. The
dotted red line indicates the basal calcium concentration. d ROS levels were assessed after silencing PLC-β3 (n= 6). e O2

− levels were assessed
after silencing PLC-β3 (n= 3). *p < 0.05. Two-way ANOVA followed by Tukey’s multiple comparison test was used. The results are presented as
the means ± SEMs. f VSMCs were pretreated with a pan-PKC inhibitor (10 μM), a PKC-δ-specific inhibitor (5 μM) or a PKC-α-specific inhibitor
(10 μM) for 20min, after which AngII-induced ROS levels were measured (n= 3). Bar, 100 µm. *p < 0.05. The analysis was conducted using one-
way ANOVA followed by Tukey’s multiple comparison test. The results are presented as the means ± SEMs. g PKC-δ was silenced in VSMCs, and
the expression of PKC-δ was verified. h ROS levels were assessed after silencing PLC-δ (n= 3). Bar, 100 µm. *p < 0.05. The analysis was
conducted using one-way ANOVA followed by Tukey’s multiple comparison test. The data are presented as the mean ± SEM.
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variance (one-way or two-way ANOVA) with Tukey’s multiple comparison
test. Collagen gel contraction assay data were analyzed by nonlinear
regression and one-way ANOVA. The results are expressed as the
means ± SEMs, and p values less than 0.05 were considered significant.

RESULTS
Inhibition of PLC or the IP3 receptor blocked ROS generation
As shown in Supplementary Fig. 1a, b, AngII significantly induced ROS,
H2O2, and O2

− production in VSMCs. We next examined the effect of
PLC, which is one of the signaling pathways associated with the AngII
receptor. AngII significantly induced intracellular calcium mobilization
(Fig. 1a). After an initial rapid increase in calcium mobilization, the
intracellular calcium concentration rapidly decreased to a level higher
than the basal concentration. Pharmacological inhibition of PLC by
U73122 (10 μM) blocked the initial increase, although the intracellular
calcium concentration gradually increased. On the other hand, the
inactive analog of U73122 (U73343, 10μM) had no effect. ROS
generation was blocked by U73122 but not by its inactive analog
(Fig. 1b). To confirm the involvement of calcium mobilization in ROS
generation, we next examined the effect of an IP3 receptor antagonist

(2-APB). Inhibition of the IP3 receptor significantly and dose-
dependently blocked the initial increase in calcium mobilization,
although the intracellular calcium concentration gradually increased
(Fig. 1c). Inhibition of the IP3 receptor significantly blocked AngII-
induced ROS generation (Fig. 1d).

AngII-induced calcium mobilization and ROS generation are
regulated by the PLC-β3 isoform
Since PLC-β family members are known to be activated by
AngII, we next examined the expression of PLC-β isoforms in
VSMCs. The major isoform expressed in VSMCs was PLC-β3
(Fig. 2a). PLC-β1 was exclusively expressed in ECs, whereas PLC-
β2 and PLC-β4 were not expressed in ECs or VSMCs. Silencing
PLC-β3 in VSMCs did not alter the expression of contractile
marker genes (Fig. 2b) but significantly attenuated AngII-
induced calcium mobilization (Fig. 2c) and ROS generation
(Fig. 2d). In addition, AngII significantly induced the generation
of O2

-, which was suppressed by silencing PLC-β3 (Fig. 2e).
Moreover, AngII-induced ROS generation was significantly
attenuated by pretreatment with a pan-PKC inhibitor
(GF109203X, 10 µM) or a PKC-δ-specific inhibitor (Rottlerin,

Fig. 3 NOX1-dependent ROS generation. a AngII-induced ROS generation was measured in VSMCs pretreated with NOX inhibitors (10 μM)
for 20min (n= 5). Bar, 100 µm. *p < 0.05. The analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test. The
results are presented as the means ± SEMs. b The expression of NOX isoforms in VSMCs was verified by RT‒PCR. c, d NOX1 or NOX4 was
silenced in VSMCs, as confirmed by RT‒PCR and real-time Q‒PCR. (n= 4). e–g ROS, O2

−, and H2O2 levels were determined after NOX1 or
NOX4 silencing. Images were taken using a fluorescence microscope, and ROS, O2

−, and H2O2 levels were quantified by measuring pixel
intensities using MetaMorph software (n= 3). Bar, 100 µm. *p < 0.05. The analysis was conducted using two-way ANOVA followed by Tukey’s
multiple comparison test. The data are presented as the mean ± SEM.
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5 µM), whereas inhibition of PKC-α (GO6976, 10 µM) had no
effect (Fig. 2f). Furthermore, the silencing of PKC-δ significantly
abolished AngII-induced ROS generation (Fig. 2g, h). Finally, ex

vivo experiments using aortic tissue fragments showed that
disruption of PLC-β3 in VSMCs completely blocked AngII-
induced ROS generation (Supplementary Fig. 3a).

Fig. 4 PLC-β3- and NOX1-dependent ROS generation. a, e AngII-dependent proliferation and migration were determined after silencing
PLC-β3 in VSMCs. b, f VSMCs were pretreated with a NOX inhibitor (Apo, 10 μM) for 20min and AngII-dependent proliferation an migration
were determined. c, d, g, h NOX1 or NOX4 was silenced in VSMCs, and the effects on proliferation and migration were assessed (n= 3).
*p < 0.05. The analysis was conducted using one-way ANOVA followed by Tukey’s multiple comparison test. The data are presented as the
mean ± SEM.

Fig. 5 PLC-β3- and NOX-independent vascular contraction. a–c AngII-dependent vascular contraction was measured after pretreatment of
VSMCs with a PLC inhibitor (U73122, 10 μM), an IP3 receptor antagonist (2-APB, 50 μM), or PLC-β3-silenced (n= 4). d–f AngII-dependent vascular
contraction was measured after pretreating VSMCs with a NOX inhibitor (Apo, 10 μM) or after silencing NOX1 or NOX4 (n= 4). g, h Mesenteric
arteries were isolated from PLC-β3ΔSMC, NOX1−/−, or NOX4−/− mice, and AngII-dependent vasoconstriction was measured (n= 6). *p < 0.05. The
analysis was conducted using one-way ANOVA followed by Tukey’s multiple comparison test. The data are presented as the mean ± SEM.
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NOX1 mediates AngII-induced ROS generation
As NOX reportedly plays a significant role in ROS generation in
response to extracellular stimuli, we examined the effects of
pharmacologically inhibiting NOX. Pharmacological inhibition of
NOX by apocyanin (Apo, 10 μM) or diphenylene iodonium (DPI,
10 μM) completely blocked AngII-induced ROS generation
(Fig. 3a). In VSMCs, the NOX1 and NOX4 isoforms were
predominantly expressed along with their accessary proteins,
such as p22phox and p67phox (Fig. 3b and Supplementary Fig. 4a),
and silencing NOX1 significantly reduced AngII-induced ROS
generation, whereas silencing NOX4 had no effect (Fig. 3c–e). In
addition, the silencing of NOX1 but not NOX4 significantly blocked
AngII-induced O2

− and H2O2 generation (Fig. 3f, g).

PLC-β3 and NOX1 are necessary for the AngII-induced
proliferation and migration of VSMCs
Since AngII regulates VSMC proliferation and migration, we next
examined the effect of PLC-β3-mediated ROS generation on the
proliferation and migration of VSMCs. Silencing PLC-β3, pharma-
cologically inhibiting NOX, or silencing NOX1, but not NOX4,
significantly abrogated the AngII-induced proliferation of VSMCs
(Fig. 4a–d). Similarly, AngII-induced VSMC migration was signifi-
cantly blocked by silencing PLC-β3, pharmacologically inhibiting
NOX, or silencing NOX1 (Fig. 4e–h).

AngII-induced VSMC contraction is not regulated by PLC-β3,
NOX1, or NOX4
Pharmacological inhibition of PLC (U73122, 10 μM) or the IP3
receptor (2-APB, 50 μM) did not affect AngII-induced VSMC
contraction (Fig. 5a, b), and silencing PLC-β3 (Fig. 5c), inhibiting
NOX activity (Fig. 5d), and silencing NOX1 (Fig. 5e) or NOX4
(Fig. 5f) had little effect on AngII-induced VSMC contraction. To
further confirm the role of PLC-β3 and NOX1/4 in arterial
constriction, we established VSMC-specific knockout (KO) of PLC-
β3 (Supplementary Fig. 2a–d) and whole-body knockout (KO) of

NOX1 and NOX4 in animal models (Supplementary Fig. 2e).
Compared with those of wild-type mice, AngII-induced vasocon-
striction of mesenteric arteries isolated from PLC-β3ΔSMC (Fig. 5g),
NOX1−/−, and NOX4−/− mice (Fig. 5h) showed subtle differences.
In addition, deletion of the PLC-β3 and NOX1 genes did not alter
VSMC marker gene expression (Supplementary Fig. 2c, f). Further-
more, ablation of PLC-β3 in VSMCs did not affect AngII-induced
vasoconstriction of the aortic arteries (Supplementary Fig. 3b).

ROCK2, MLCK, and L-type calcium channels are involved in
AngII-induced VSMC contraction
Since PLC-β3/NOX1 signaling cascades were not involved in
AngII-induced VSMC contraction (Fig. 5), we examined the
effects of other signaling cascades. Inhibition of ROCK by Y27632
(10 μM) or fasudil (50 μM) significantly blocked AngII-induced
VSMC contraction (Fig. 6a, b). In addition, inhibition of MLCK by
ML-7 (10 μM) (Fig. 6c) or inhibition of L-type calcium channels by
nifedipine (20 μM) (Fig. 6d) or nimodipine (10 μM) (Supplemen-
tary Fig. 3c) significantly attenuated AngII-induced VSMC
contraction. Similarly, the inhibition of ROCK (Fig. 6e, f), MLCK
(Fig. 6g), or L-type calcium channels (Fig. 6h) significantly
attenuated the AngII-induced vasoconstriction of mesenteric
arteries, and the AngII-induced vasoconstriction of aortic arteries
was significantly attenuated by inhibiting ROCK (Supplementary
Fig. 3d).

ROCK2 and MLCK activation requires extracellular calcium but
PLC-β3 does not
Since calcium mobilization is necessary for the activation of MLCK
and ROCK2, we next examined the calcium sources that activate
MLCK and ROCK2. Ablation of PLC-β3 in VSMCs did not affect the
AngII-induced activation of MLCK or ROCK2 (Fig. 7a, b). AngII-
induced vasoconstriction of mesenteric arteries and the activation
of MLCK and ROCK2 were significantly blocked in the absence of
extracellular calcium (Fig. 7c–e).

Fig. 6 ROCK-, MLCK-, and L-type calcium channel-dependent vasoconstriction. a–d AngII-dependent vascular contraction was measured
after pretreatment of VSMCs with a pan ROCK inhibitor (Y27632, 5 μM), a selective ROCK2 inhibitor (fasudil, 50 μM), an MLCK inhibitor (ML-7,
10 μM), or an L-type calcium channel inhibitor (nifedipine, 20 μM) for 20min (n= 4). e–h Mesenteric arteries were isolated from mice, and
AngII-induced vasoconstriction was measured in the presence or absence of a pan ROCK inhibitor (5 μM), a selective ROCK2 inhibitor (50 μM),
an MLCK inhibitor (10 μM), or an L-type calcium channel inhibitor (nifedipine, 20 μM) (n= 6). *p < 0.05. The analysis was conducted using one-
way ANOVA followed by Tukey’s multiple comparison test. The data are presented as the mean ± SEM.
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PLC-β3 and NOX1 are not required for AngII-dependent blood
pressure regulation but are required for neointima formation
Since PLC-β3/NOX1-mediated ROS generation was found to be
necessary for the proliferation and migration of VSMCs but not for
VSMC contraction, we examined the effects of PLC-β3 and NOX1
on the regulation of blood pressure and neointima formation.
Ablation of PLC-β3 in VSMCs did not affect blood pressure
regulation by the infusion of AngII (2 µg/kg/min) (Fig. 8a).
Furthermore, blood pressure regulation by AngII was unaffected
in mice lacking NOX1 (Fig. 8b). Ligation-induced neointima
formation was completely blocked in PLC-β3ΔSMC mice (Fig. 8c)
and in mice lacking NOX1 but not in mice lacking NOX4 (Fig. 8d).

DISCUSSION
The present study delineates the roles of PLC-β in the AngII-
induced physiological responses of VSMCs, such as vascular
proliferation, migration, and contraction. PLC-β3 enhances
calcium mobilization upon AngII stimulation and results in the
production of ROS through NOX1, thus enhancing VSMC
proliferation and migration. On the other hand, AngII-induced
vascular contraction is regulated by ROCK and MLCK, which are
activated by extracellular calcium mobilization rather than
intracellular calcium mobilization by PLC-β3. Indeed, mice

lacking PLC-β3 or NOX1 exhibited normal blood pressure
regulation by AngII, whereas ligation-induced neointima forma-
tion, which mimics vascular proliferation and migration, was
significantly blocked. Although our data suggests that NOX1 is
not involved in blood pressure regulation, a recent report
suggested that both NOX1 and NOX4 are involved in AngII-
induced ROS generation and contraction in VSMCs22. However,
we would like to emphasize that several different experimental
conditions, such as the observational time window of blood
pressure regulation and the genetic background of the animal
model, could lead to different experimental results.
Our results emphasize the crucial role of ROS in the proliferation

and migration of VSMCs. ROS production imbalances are closely
linked to many pathological responses, such as the regulation of
vasotone and immune responses23. In particular, AngII, which
primarily acts on VSMCs, regulates the physiology of various
VSMCs and stimulates ROS production by activating NOX11.
Notably, VSMCs expressed only the PLC-β3 isoform and the
NOX1 and NOX4 isoforms of NOX (Fig. 2a and Supplementary
Fig. 2). Our observation suggests that AngII-induced ROS
production is mediated by the PLC-β3/NOX1 signaling axis since
silencing PLC-β3 or NOX1 but not NOX4 impeded AngII-induced
ROS production (Figs. 2d and 3e). Although the mechanism
underlying the AngII-induced activation of NOX1 remains

Fig. 7 Extracellular calcium-dependent phosphorylation of MLCK and ROCK2. a, b Aortic tissues were isolated from PLC-β3ΔSMC mice, and
the AngII-dependent phosphorylation of MLCK and ROCK2 was measured (n= 13). c AngII-dependent vasoconstriction was measured in the
presence (Ca2+ buffer) or absence (Ca2+-free buffer) of extracellular calcium (n= 6). d, e AngII-dependent phosphorylation of MLCK and
ROCK2 was measured in the presence or absence of extracellular calcium (n= 13). Images were taken using a fluorescence microscope, and
phosphorylation was quantified by measuring pixel intensities using MetaMorph software. Bar, 50 µm. *p < 0.05. The analysis was conducted
using two-way ANOVA followed by Tukey’s multiple comparison test. The data are presented as the mean ± SEM.
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ambiguous, a previous reconstitution experiment revealed that
NOXA1, NOXO1, and PLC-β-activated PKC activity are required for
NOX1 activation and the subsequent production of ROS24.
Consistent with these findings, our results showed that selective
inhibition of PKC-δ suppressed AngII-induced ROS production (Fig.
2e). Further study is required to elucidate the nature of the
interplay between PKC-δ and NOX1 during the production of ROS.
Increasing evidence indicates that ROS are involved in the

proliferation and migration of VSMCs. AngII is a growth factor that
can activate tyrosine kinases and mitogen-activated protein
kinases (MAPKs) and induce the expression of proto-oncogenes7,
which suggests that ROS modulate signal transduction cascades
involved in proliferation and migration. Indeed, ROS have been
shown to mediate VSMC proliferation via the PKC-dependent
activation of ERK1/225,26 and to stimulate VSMC proliferation via
the expression of oncogenes such as c-myc, c-fos, and c-jun27,28. It
has also been suggested that the ROS-induced proliferation of
VSMCs is mediated by the dominant negative helix-loop-helix
protein Id3 and cyclophilin A (CyPA)29–31. Currently, the mechan-
ism by which ROS regulate signaling molecules remains unclear.
However, amino acid residues in proteins, especially cysteine, are
readily oxidized by superoxide and hydrogen peroxide32, which
alters protein functions. Moreover, it was recently demonstrated
that platelet-derived growth factor receptor (PDGFR)-induced
hydrogen peroxide generation oxidizes cysteine residues of
phosphatases and thereby maintains tyrosine kinase signaling
cascades33. Similarly, AngII-induced ROS generation might modify
and stimulate signaling molecules involved in the proliferation
and migration of VSMCs.

We provide evidence that PLC-β3 is not involved in VSMC
contraction in vitro, mesenteric artery constriction ex vivo, or
blood pressure regulation in vivo. AngII stimulation upregulates
intracellular calcium in a biphasic manner, characterized by an
initial rapid but transient response followed by a slow, tonic
response34. It has been suggested that the rapid transient
response is mediated by calcium mobilization from intracellular
calcium stores regulated by PLC and that the subsequent tonic
response is mediated by calcium influx mainly regulated by
voltage-gated calcium channels (VGCCs)35. However, our data
showed that AngII-induced VSMC contraction was not affected by
pharmacological inhibition or gene silencing of PLC-β3 (Fig. 5a–c)
but that the rapid transient response was significantly abolished
(Figs. 1a and 2c). In addition, the vascular tone of mesenteric
arteries from PLC-β3ΔSMC mice was altered after AngII stimulation
(Fig. 5g). Currently, the mechanism responsible for the regulation
of the tonic intracellular calcium phase by AngII in the absence of
PLC-β3 is ambiguous. One explanation offered to reconcile these
increases during the tonic phase in the absence of PLC-β3 is that
the AT1 receptor directly triggers chloride anion channels and
thereby changes the resting membrane potential and induces the
activation of VGCCs36. Therefore, it is possible that AngII induces
the slow, tonic phase of intracellular calcium and thus vascular
contraction in the absence of PLC-β3.
MLCK is a key player in the contraction of VSMCs, and its

activation was not affected by PLC-β3 (Fig. 7a). On the other hand,
the depletion of extracellular calcium significantly blocked its
activation (Fig. 7d). These data suggest that calcium influx rather
than calcium mobilization by PLC-β3 plays an indispensable role in

Fig. 8 PLC-β3- and NOX1-dependent neointima formation. a, b Systolic blood pressure was measured in PLC-β3ΔSMC and NOX1−/− mice
after the administration of AngII (2 µg kg−1 min−1) (n= 6). *p < 0.05. The analysis was conducted using one-way ANOVA followed by Tukey’s
multiple comparison test. The results are presented as the means ± SEMs. c, d The left common carotid arteries of PLC-β3ΔSMC, NOX1−/− and
NOX4−/− mice were ligated for 4 weeks and stained with hematoxylin and eosin. The right common carotid arteries were used as sham-
operated controls. White dashed line, neointimal area (n= 6). The results are presented as neointimal to medial area ratios. Bar, 100 µm.
*p < 0.05. c, d The analysis was conducted using an unpaired t-test (two-tailed) and one-way ANOVA followed by Tukey’s multiple comparison
test. The data are presented as the mean ± SEM.
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vascular contraction and MLCK activation. MLC phosphorylation
levels are also regulated by proteins that sense transient changes
in calcium ion concentrations (calcium sensitization)37. The AT1
receptor downregulates MLCP activity by phosphorylating it at
Thr695 via the activation of ROCK, which results in the sensitization
of MLC phosphorylation to intracellular calcium38. ROCK is the
upstream regulator of MLCP and is activated by calcium influx and
G12/13

39,40. Consistent with these previous reports, our results also
showed that in VSMCs, ROCK activation was abolished in the
absence of extracellular calcium, whereas the null mutation of
PLC-β3 did not negate ROCK activation (Fig. 7b, e). Notably, G12/13,
rather than Gq, which is coupled to PLC activation, is involved in
the regulation of VSMC contraction41. Therefore, we hypothesize
that the AT1 receptor regulates vascular contraction by signaling
the VGCC-induced activation of MLCK during the tonic phase after
AngII stimulation and that this effect is enhanced by calcium
sensitization mediated by G12/13 and the VGCC and subsequent
ROCK activation.
Currently, there are thought to be many different contraction

mechanisms of smooth muscle cells in response to various
ligands, unlike those of skeletal muscle cells. More importantly,
the precise underlying mechanism of each ligand-induced
contraction of smooth muscle cells is still unclear. For example,
the pattern of myographic contraction between AngII and
norepinephrine is quite different, although both ligands share
PLC-β and calcium elevation, which are common signaling
cascades42. In particular, AngII-induced contraction exhibited a
single bell-shaped pattern; however, norepinephrine-induced
contraction exhibited a sustained pattern. It is also notable that
AngII-induced calcium mobilization is relatively weak (Δ[Ca2+]i,
60–70 nM) and shows a tonic phase of calcium elevation,
whereas norepinephrine-induced calcium mobilization is more
robust (Δ[Ca2+]i, 300 nM) than that of AngII36,43. It is still unclear
whether these weak elevations in intracellular calcium and the
tonic phase of calcium mobilization induced by AngII are
responsible for VSMC contraction in the absence of PLC-β3.
However, it has been reported that the AT1 receptor is coupled
to VGCCs, thereby regulating the tonic phase of calcium
elevation36. Similarly, we also provide evidence that disruption
of intracellular calcium mobilization by null mutation of PLC-β3
is dispensable for vessel contraction (Fig. 7a) and that
extracellular calcium is required for MLCK phosphorylation
(Fig. 7d), which is a key response during VSMC contraction.
Since AngII-induced calcium mobilization is relatively weak
compared with that induced by norepinephrine, additional
signaling cascades, which are also called calcium sensitization,
may be required for maintaining MLCK phosphorylation. Recent
reports suggest that ROCK, which is activated by G12/13,
stabilizes MLCK phosphorylation by inactivating MLCP, thereby
conferring calcium sensitization38. Therefore, we suggest that
PLC-β3-mediated transient and weak levels of intracellular
calcium mobilization are not sufficient to induce MLCK
phosphorylation; however, the tonic phase of calcium elevation
and calcium sensitization signaling, which are mediated by G12/
13-mediated ROCK activation, are needed. In line with these
suggestions, we provide clear evidence that PLC-β3 is dispen-
sable for VSMC contraction and blood vessel constriction, that
extracellular calcium is required for blood vessel constriction
and MLCK phosphorylation, and that ROCK is required for VSMC
contraction and blood vessel constriction. Importantly, this study
provides direct evidence regarding PLC-β3 and blood vessel
constriction by using a tissue-specific knockout animal model.
It is very difficult to define the major extracellular stimuli that

cause pathological consequences in many different surgical
models, such as carotid artery ligation and balloon injury mouse
models. However, we emphasize that AngII-induced arterial
constriction and blood pressure regulation were not mediated
by PLC-β3 (Fig. 8a, b), whereas AngII-induced ROS generation and

proliferation were exclusively dependent on PLC-β3 (Figs. 2–4).
Notably, we did not observe basal proliferation in VSMCs in which
PLC-β3 was silenced (Fig. 4a), which indicates that PLC-β3 is an
essential mediator of the intrinsic proliferative capacity of VSMCs.
Therefore, we suggest that the attenuation of neointima formation
in mice lacking PLC-β3 could result from the loss of the intrinsic
proliferation capacity of VSMCs, although AngII may not be the
major leading cause of VSMC proliferation during carotid artery
ligation-induced neointima formation.
Our data indicate that PLC-β3 is required for AngII-induced

VSMC proliferation and migration but not for VSMC contraction.
PLC-β3-dependent intracellular calcium mobilization was found
to be necessary for NOX activation and subsequent ROS
production, and PLC-β3-dependent ROS production was found
to be required for VSMC proliferation and migration. Further-
more, VGCC-dependent calcium influx was required for the
activation of MLCK or ROCK, which led to VSMC contraction,
whereas PLC-β3 was not required for the activation of MLCK,
ROCK, or VSMC contraction.
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