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Abstract
Angiotensin (Ang) II is the major bioactive peptide of the renin–angiotensin system (RAS); it

contributes to the pathogenesis of hypertension by inducing vascular contraction and ad-

verse remodeling, thus elevated peripheral resistance. Ang II also activates Src family ki-

nases (SFK) in the vascular system, which has been implicated in cell proliferation and

migration. However, the role of SFK in Ang II-induced hypertension is largely unknown. In

this study, we found that administration of a SFK inhibitor SU6656 markedly lowered the

level of systemic BP in Ang II-treated mice, which was associated with an attenuated phos-

phorylation of the smooth-muscle myosin-light-chain (MLC) in the mesenteric resistant ar-

teries. In the cultured human coronary artery smooth muscle cells (SMCs), pretreatment

with SU6656 blocked Ang II-induced MLC phosphorylation and contraction. These results

for the first time demonstrate that SFK directly regulate vascular contractile machinery to in-

fluence BP. Thus our study provides an additional mechanistic link between Ang II and va-

soconstriction via SFK-enhanced MLC phosphorylation in SMCs, and suggests that

targeted inhibition of Src may provide a new therapeutic opportunity in the treatment

of hypertension.

Introduction
Hypertension affects approximately 78 million people in the United States, and is a major risk
factor for coronary artery disease, congestive heart failure, stroke, end-stage renal disease, and
peripheral vascular disease [1]. Current pharmacological therapy of essential hypertension pri-
marily focuses on reducing vascular resistance by antagonizing vasoconstricting peptide hor-
mones, such as Ang II and catecholamines, and calcium channels [2]. Vascular resistance is
attributed primarily to the action of the contractile machinery, including actin and myosin fila-
ments, in the vascular SMCs of the resistant vessels. Phosphorylation of the myosin’s regulato-
ry light chain (MLC) subunits, particularly on Serine 19, is a key signaling event, which allows
myosin to bind actin and use ATP to generate a force of contraction [3, 4]. The reaction is
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catalyzed by Ca2+/calmodulin-dependent MLC kinase and modulated by the activities of other
kinases, such as Rho-associated kinase (ROCK), integrin-linked kinase (ILK), and zipper-inter-
acting protein kinase (ZIPK) [3].

Ang II is the major bioactive peptide of the RAS and plays a critical role in cardiovascular
homoeostasis and pathogenesis [5]. Previous studies have documented that Ang II induces va-
soconstriction through multiple cellular signaling pathways. It activates AT1 receptor to couple
Gq/11 and Gi/o proteins, thus activates phospholipase C and increases the cytosolic Ca2+ con-
centrations, which in turn triggers the activation of Ca2+/calmodulin-dependent MLC kinase
(thus actin-myosin motor activity), protein kinase C, MAPKs (ERK1/2, JNK, and p38 kinase),
and tyrosine kinases including SFK [6–10].

Accumulating evidence suggests that SFK activation is one of the early events in Ang II-in-
duced signal transduction, and that SFK play an important role in Ang II-induced vascular re-
sponses, such as cell proliferation via ERK1/2 activation [11], cell migration [12] and
contraction [13]. However, how SFK contribute to arterial contractile response and whether
SFK have a role in Ang II-induced hypertension are currently not known. Here we provide evi-
dence that SFK are required for Ang II-induced MLC phosphorylation and hypertension; thus
targeting SFK may have therapeutic implications for blood pressure (BP) disorders.

Materials and Methods

Animals and Ethics Statement
C57BL mice were purchased from JAX Lab. All breeding, maintenance, and experimental pro-
cedures were approved by the Institutional Animal Care and Use Committee of Northwestern
University (animal study protocol# 2010–1957) and conducted at the University's Center for
Comparative Medicine. Mice were maintained on a 12-hour/12-hour light/dark cycle with
food and water provided ad libitum.

Induction of Hypertension and BP Measurement
For induction of hypertension, 8-week-old male mice were administered Ang II (1.4 mg/kg/d,
Sigma-Aldrich, St. Louis, MO) continuously for 14 days via a subcutaneous osmotic minipump
(Alzet Model 100.2, DURECT Corporation), which was implanted at the right side back of
mice with a minor surgical procedure in the isoflurane-anesthetized animals. A portion of mice
also received i.p. injection of Src inhibitor SU6656 (8 mg/kg/d, Sigma-Aldrich, St. Louis, MO)
during the last 2 days (day 13 and 14) of Ang II treatment. Arterial systolic, diastolic, and mean
BP were measured by the standard noninvasive tail-cuff method (CODA System, Kent Scientif-
ic, Torrington, Conn) as we described previously [14]. Ang II solution was prepared by dissolv-
ing 13 mg Ang II in 2.21 mL PBS. SU6656 was prepared by dissolving 25 mg SU6656 in 3.52
mL DMSO, followed by dilution with 5.4 mL to final concentration.

Western Blotting
Proteins were extracted from the isolated mesenteric vessel beds of mice or from the cultured
human coronary artery SMCs (Lonza, Walkersville, MD) by using RIPA buffer (Cell Signaling
Technology, Inc., Boston, MA) supplemented with complete protease inhibitor cocktail
(Roche, Indianapolis, IN) and phosphatase inhibitors (Cell Signaling Technology, Inc., Boston,
MA). Western blotting were performed as we described previously [15] by using antibodies to
Src, phospho-Src (Tyr416), MLC, and phospho-MLC (Ser19) (Cell Signaling Technology, Inc.,
Boston, MA). Western blotting bands were scanned with HP Scanjet 7400c, and the band in-
tensities were quantified with ImageJ software.
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Immunofluorescence Staining
Human coronary artery SMCs were seeded on cover slides, treated with SU6656 (5uM) or Ve-
hicle for 30 min, then stimulated with Ang II (0.1nmol/L) for additional 10 min, followed by
immunofluorescent staining and examination under a confocal microscope (Zeiss LSM 510
META) as we described previously [14].

Fig 1. Inhibition of SFK lowers the BP level in Ang II-treated mice. Eight week-old male C57BL/6 mice were administered Ang II (1.4 mg/kg/d) or Vehicle
via a subcutaneous minipump (14-day release), and starting from 13th day, received daily i.p. injection of SU6656 (8 mg/kg/d) or Vehicle for 2 days. The
systolic (A), diastolic (B) and mean (C) BP were measured in mice by a tail-cuff method at day 0 (prior to Ang II treatment), day 12 (prior to SU6656
treatment), and day 14. n = 10 per group; **p<0.01, Ang II vs. Vehicle; #p<0.05, Ang II+SU6656 vs. Ang II.

doi:10.1371/journal.pone.0127891.g001

Fig 2. Inhibition of Src attenuates Ang II-inducedMLC phosphorylation in mesenteric vessels. After last BP measurements (at day 14) in mice
described in Fig 1, the mice were euthanized, and their mesenteric vessels were isolated and subjected to Western blotting analyses for the phosphorylated
Src and MLC. (A) Representative and (B) quantification of Western blotting analyses in mice treated with Vehicle (–), Ang II, SU6656, or Ang II+SU6656. The
intensities of the phospho-protein bands were quantified densitometrically, normalized to the total proteins, and expressed as fold differences relative to the
values in the Vehicle group (“SU6656[–] Ang II [–])”. n = 5/group; *p<0.05, **p<0.01, Ang II vs. Vehicle; # p<0.05, Ang II+SU6656 vs. Ang II.

doi:10.1371/journal.pone.0127891.g002
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Statistics
All values are reported as mean ± SEM. Two-way ANOVA with repeated measures were used
for comparisons of 2 factors at multiple levels. p<0.05 was considered statistically significant.

Results

Inhibition of SFK Lowers the BP Level in Ang II-Treated Mice
To induce hypertension, we administered Ang II to mice via a subcutaneous minipump. Com-
pared to control treatment (Vehicle), Ang II treatment markedly increased systolic (187 vs. 107
mmHg), diastolic (151 vs. 89 mmHg), and mean (165 vs. 95 mmHg) arterial BP, which reached
plateau on day 12 (Fig 1). Injection of SFK inhibitor SU6656 significantly lowered the level of
BP in Ang II-treated mice (systolic, 147 vs. 187 mmHg; diastolic, 113 vs. 145 mmHg; and
mean, 123 vs. 155 mmHg) (Fig 1), however, did not altered the BP level in Vehicle-treated
mice. These results suggest that SFK contribute to Ang II-induced hypertension.

Fig 3. Src contributes to the Ang II-inducedMLC phosphorylation and contractility in human VSMCs. The human coronary artery SMCs in culture
were treated with SU6656 (5 uM) or Vehicle (–) for 30 min, then stimulated with Ang II (0.1 nmol/L) or Vehicle (–) for additional 10 min. (A) Representative and
(B) quantification of Western blotting analyses of phosphorylated Src and MLC. Levels of the phospho-proteins were normalized to total proteins and
expressed as fold differences relative to the values in the Vehicle group. n = 5/group, **p<0.01, ***p<0.001, Ang II vs. Vehicle; #p<0.05, ##p<0.01, Ang II+
SU6656 vs. Ang II. (C) Immunofluorescent staining of Actin. Results are representative of 3 independent experiments.

doi:10.1371/journal.pone.0127891.g003
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Inhibition of SFK Blunts Ang II-Induced MLC Phosphorylation in the
Resistant Vessels
Because phosphorylation of the MLC is a key regulatory event that allows myosin to interact
with actin and generate force, we analyzed the levels of phospho-MLC in the mesenteric arter-
ies, which are typical resistant vessels. Ang II treatment markedly increased the levels of phos-
pho-MLC as well as phospho-Src (Fig 2). However, SU6656 treatment diminished Ang II-
induced increase in phospho-MLC (Fig 2). These results suggest that SFK may contribute to
Ang II-induced BP elevation, at least partially, by augmenting MLC phosphorylation; and SFK
inhibition attenuates Ang II-induced BP elevation by blunting MLC phosphorylation.

SFK Contribute to the Ang II-Induced MLC Phosphorylation and
Contractility in Human Arterial SMCs
Because the structure of smooth muscle myosin and the phosphorylation sites on MLC are
conserved across species including mice and humans, we sought to determine whether the reg-
ulatory role of SFK in the vascular smooth muscle in mice also applies to humans. Human cor-
onary artery SMCs in culture were treated with SU6656 for 30 min, then with Ang II for
additional 10 min, and followed by Western blotting analyses of phosphorylated Src and MLC
and by immunofluorescence staining of actin to indicate cell contractility. We found that Ang
II treatment markedly increased Src and MLC phosphorylation and SMC contraction, and that
these changes were abrogated by pretreatment with SU6656 (Fig 3). These results are consistent

Fig 4. A novel mechanism by which Ang II induces smoothmuscle contraction. Interactions between
Ang II and AT1R triggers SFK phosphorylation, which in turn, via tyrosine kinase activity and currently-
unknown enzymatic substrates, results in MLCK phosphorylation at Serine 19 and activation of smooth
muscle contractile machinery.

doi:10.1371/journal.pone.0127891.g004
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with our observations in mouse vessels and confirm that Ang II induced SMC contractile func-
tion is mediated by SFK.

Discussion
In this study, our results demonstrate that the SFK play a crucial role in Ang II-induced hyper-
tension. Inhibition of SFK lowers the level of systemic BP and smooth-muscle MLC phosphor-
ylation in the resistant vessels of Ang II-treated mice and attenuates the induced contractility
of cultured arterial SMCs from humans.

Although both vascular contraction and SFK activation are induced by Ang II, and the acti-
vation of SFK in vascular system has been implicated in various Ang II-related cellular process-
es (e.g., cell proliferation and migration), until now the extent to which SFK contribute to Ang
II-mediated regulation of BP is unknown. Our results for the first time demonstrate that SFK
directly regulate Ang II-induced vascular contraction and influence BP. Moreover, our results
provide an additional mechanistic link between Ang II and vasoconstriction via SFK-enhanced
MLC phosphorylation in SMCs. These findings suggest the exciting possibility that targeted in-
hibition of SFK may provide a new therapeutic opportunity in the treatment of hypertension.

Mice or humans express 9 closely related SFK, and they differ in their tissue expression pat-
terns. Src, Fyn, and Yes are the major SFK in the vascular tissue [16–18]. SU6656 inhibits all
SFK members [19], and the available antibodies are not specific for the phosphorylated forms
of individual SFK, so we used antibodies against Src that cross-react with Fyn and Yes. Never-
theless, the results reported here cannot identify which specific types of SFK are activated by
Ang II signaling. We have begun a series of experiments with mice deficient in one or more
SFK to characterize the roles of the individual family members.

Although our results clearly show that SFK enhance MLC phosphorylation, it is less likely
that SFK directly phosphorylate the serine residues on MLC (Fig 4). Investigations on more de-
tailed molecular mechanisms, such as whether SFK enhances the activity of Ca2+/calmodulin-
dependent MLC kinase, are currently underway.

In conclusion, the results presented here demonstrate that SFK play a crucial role in Ang II
mediated BP regulation by modulating the phosphorylation states of MLC in vascular SMCs.
The mechanism identified by our studies may have the potential to be modulated for enhanc-
ing the effectiveness of hypertension therapy.
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