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Abstract

The tyrosine kinase signaling pathway plays an important role in the mediation of Ca2+ independent
mechanisms of smooth muscle contraction.  Several components of this pathway, including protein
kinase C (PKC), p44/42 mitogen-activated protein kinase (p44/42 MAPK) and Rho-kinase are involved
in Ca2+ independent mechanisms.  Whether the tyrosine kinase pathway mediates vasoconstriction
induced by the anesthetic ropivacaine remains unclear.  The present study was designed to examine the
role of tyrosine kinase in ropivacaine-induced, Ca2+-independent contraction of rat aortic smooth
muscle.  The effects of tyrosine kinase inhibitor on ropivacaine-induced contractile response were
observed by isometric force measurement.  The protein tyrosine phosphorylation, PKC, p44/42 MAPK,
and membrane translocation of Rho-kinase were examined by Western blotting.  Ropivacaine induced
a concentration-dependent contractile response, and showed a number of effects on protein tyrosine
phosphorylation.  In this study, phosphorylation levels were shown to increase at lower concentrations
of ropivacaine, but the levels decline at higher concentrations in rat aortic rings attenuated by the
tyrosine kinase inhibitor genistein in a concentration-dependent fashion.  Ropivacaine-induced
phosphorylation of PKC and p44/42 MAPK and Rho-kinase membrane translocation were also signifi-
cantly attenuated by genistein in similar decreasing manner as the PKC inhibitor bisindolylmaleimide
I (Bis I) and the Rho-kinase inhibitor, Y27632, but to a lesser degree than that by the p44/42 MAPK in-
hibitor, PD 098059.  Our results showed that the ropivacaine-induced, Ca2+ independent-mediated con-
traction of rat aortic smooth muscle is, in part, regulated by tyrosine kinase-catalyzed protein tyrosine
phosphorylation.
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Introduction

It has been well documented that Ca2+ indepen-
dent mechanisms mediate vascular smooth muscle
contraction (13), and that the protein kinase C (PKC)
(33), p44/42 mitogen-activated protein kinase (p44/
42 MAPK) (30), and Rho kinase (9) signalling path-
ways primarily contribute to Ca2+ independent mech-

anisms.  This pathway involves the downregulation
of myosin light-chain phosphatase resulting in net
increased phosphorylation of myosin, leading to
contraction (27).  Protein phosphorylation is central
importance to excitation-contraction coupling in
smooth muscle.  Phosphorylation occurs at the alkyl
alcohol groups of serine and threonine residues in the
target molecules, or at the phenol group of tyrosine
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targeted by tyrosine kinases.  Relatively less is known
about tyrosine kinases than about Ser/Thr kinases.
Evidence suggests that tyrosine kinase-catalyzed
tyrosine phosphorylation plays an important role in
mediating vascular contraction via potentiating the
activation of PKC, Rho kinase and p44/42 MAPK (4,
5, 32).

Ropivacaine, a new long-acting local anesthetic,
is characterized by potent vasoconstriction (12, 15,
18), which likely contributes to its long-acting effects.
In a previous study, we have demonstrated that Ca2+

independent mechanisms, including PKC, Rho kinase
and p44/42 MAPK, are involved in concentration-
dependent ropivacaine-induced vascular contraction
(39).  However, the role of tyrosine kinase in mediating
these mechanisms remains unclear.

Genistein is a well established and effective
nonselective tyrosine kinase inhibitor (1) which ex-
hibits broad selectivity against tyrosine kinases such
as pp60V-SRC, but poorly inhibits serine/threonine
kinases such as PKA and PKC (1, 3).  Therefore, it is
useful as a first step towards probing the tyrosine
kinase pathway.  This study is designed to investigate
the effects of genistein on ropivacaine-induced, Ca2+

independent vasoconstriction of rat aortic smooth
muscle.

Materials and Methods

Materials

Ropivacaine was a kind gift from AstraZeneca
(Shanghai, China).  Genistein, Bis I and PD 098059
were purchased from Sigma-Aldrich Fine Chemicals
(St. Louis, MO, USA).  Y27632 was provided by the
Calbiochem-Novabiochem Corporation (La Jolla,
CA, USA).  The phospho-tyrosine monoclonal anti-
body (p-Tyr-100), and polyclonal antibodies against
phospho-PKC (pan, βIISer660), p44/42 MAPK and
phospho-p44/42MAPK (Thr/Tyr204) were supplied
by Cell Signaling Technology Inc. (Beverly, MA,
USA).  Polyclonal antibodies against PKC (H-300)
and Rock-2, and the secondary antibody labeled with
horseradish peroxidase were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
All other reagents for the experiments were of analyt-
ical grade.

Isometric Tension Measurement

This study was approved by the Animal Care
and Use Committee of the institute.  Male Wistar rats
(300-400 g) were anesthetized with sodium pento-
barbital (50 mg/kg) (28) and were exsanguinated by
bleeding from the common carotid artery.  Endothe-
lium-denuded rat aortic rings were prepared as pre-

viously described (10, 31, 34, 37, 38, 40).  The rings
were placed in 10 ml organ chambers containing
Krebs bicarbonate solution of the following
composition: 118.2 mM NaCl, 4.6 mM KCl, 2.5 mM
CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 24.8 mM
NaHCO3 and 10 mM dextrose.  The solution was
maintained at pH 7.4 at 37°C under 95% O2 and 5%
CO2.  The cyclooxygenase inhibitor indomethacin
(1 × 10-5 M) and the nitric oxide synthase inhibitor
N-nitro-L-arginine methyl ester (1 × 10-4 M), were
added into the solution to prevent the release of en-
dogenous prostaglandin I2 and nitric oxide, respec-
tively, from any potentially remaining residual
endothelium.  The rings were then mounted on a
force-displacement transducer (JH-2B, Institute of
Space Medical-Engineering, Beijing, PRC) and
equilibrated for 1 h at a resting tension of 3 g.  The
overall contractile responsiveness of the rings was
assessed with KCl (3 × 10-2 M) and removal of the
endothelium was confirmed with acetylcholine (1 ×
10-5 M).

The cumulative concentration-response rela-
tionships of the rings to ropivacaine (3 × 10-5 M to
3 × 10-3 M) were examined in the presence or absence
of the tyrosine kinase inhibitor genistein in a random
manner (5 × 10-6 M and 1 × 10-5 M, 5 × 10-5 M).  The
effects of the PKC inhibitor Bis I, the p44/42 MAPK
inhibitor PD 098059, or the Rho kinase inhibitor
Y27632 on ropivacaine-induced contraction were also
examined.  The rings were incubated with 5 × 10-6 M
Bis I, 5 × 10-5 M PD 098059, or 10-6 M Y27632 for 15
min before treatment with 3 × 10-4 M ropivacaine.
One ring from each animal was randomly challenged
by one inhibitor, followed by cumulative treatment
with ropivacaine and genistein, or with a single con-
centration of ropivacaine (3 × 10-4 M) in conjunc-
tion with the other inhibitors.  The sample size was
the number of rings obtained from the same number
of rats for each concentration of the inhibitor.  Ropiv-
acaine-induced contractile responses were expressed
as a percentage of KCl (3 × 10-2 M)-induced con-
traction.

Detection of Protein Kinase Activation

Endothelium-denuded rat aortic strips (about
3.5 cm in length) were randomly treated with different
concentrations of ropivacaine (3 × 10-5 M, 10-4 M,
3 × 10-4 M, 1 × 10-3 M or 3 × 10-3 M) for 20 min each
to examine the concentration-response relationship
of ropivacaine-induced protein tyrosine phosphoryla-
tion.  Some strips were randomly pretreated with the
tyrosine kinase inhibitor genistein (5 × 10-5 M), the
PKC inhibitor Bis I (1 × 10-5 M), the p44/42 MAPK
inhibitor PD 098059 (1 × 10-4 M), or the Rho-kinase
inhibitor Y27632 (5 × 10-6 M) for 15 min.  All strips



Ropivacaine and Protein Tyrosine Phosphorylation 351

were then challenged with ropivacaine (3 × 10-4 M) for
20 min to test its inhibitory effects against protein
tyrosine phosphorylation, phosphorylation of PKC and
p44/42 MAPK, and Rho kinase membrane translo-
cation.  Each animal provided only one strip, and each
strip was randomly treated with only one concentra-
tion of ropivacaine or one kind of inhibitor once.

The agent-treated aortic strips were quickly
frozen with dry ice and homogenized in lysis buffer
(50 mM HEPES, pH 7.5, 1% Triton X-100, 50 mM
NaCl, 50 mM sodium fluoride, 5 mM EDTA, 10 mM
sodium pyrophosphate, 1 mM phenylmethanesulfonyl
fluoride, 1 mM Na3VO4, 10 g/ml leupeptin and 20
g/ml aprotinin) (24).  Homogenates were centrifuged
at 15,000 g for 15 min at 4°C, and the supernatant was
isolated for the detection of protein tyrosine, PKC
and p44/42MAPKs phosphorylation.  For the mea-
surement of Rho-kinase (Rock-2) membrane trans-
location, the homogenates were centrifuged at 13,000
g for 3 min at 4°C.  The supernatant was collected and
then centrifuged at 100,000 g for 30 min at 4°C.  The
resultant supernatant (cytosolic fraction) was removed
and the pellet (membrane fraction) was resuspended
using the same buffer.  The protein concentration of
each sample was determined using the bicinchoninic
acid method (26).

An equivalent amount of total protein (20-30 g)
was used for each sample in every experiment.  Pro-
teins were separated by sodium-dodecyl-sulfate poly-
acrylamide gel electrophoresis and were transferred
to a nitrocellulose membrane.  The membrane was
treated with an anti-phospho-tyrosine monoclonal
antibody (p-Tyr-100, 1:2000), or anti-PKC (1:1000),
anti-phospho-PKC (pan, βIISer660, 1:1000), anti-
p44/42 MAPK (1:2000), anti-phospho-p44/42 MAPK
(Thr/Tyr204, 1:2000) or anti-Rock-2 (1:1000) anti-
bodies as appropriate for 2 h, followed by incubation
with a horseradish peroxidase-conjugated secondary
antibody (1:2000) for 1 h at room temperature.  Im-
munoreactive bands were detected using Enhanced
Chemiluminescence (Amersham Pharmacia Biotech,
Buckinghamshire, UK) and were assessed with image
analysis software (NIH Image 1.62, National Institutes
of Health, Bethesda, MD, USA).  The total density of
the tyrosine kinase-phosphorylated protein bands was
expressed relative to control.  The phosphorylation
of PKC and p44/42 MAPK was expressed as per-
centage of the density of total PKC and total p44/42
MAPK bands, respectively.  The amount of Rock-2 in
the membrane fraction was expressed as a percent of
the total Rock-2 value, i.e., membrane fraction plus
cytosolic fraction.  The sample size represents the
number of aortic strips from the same number of rats
for each concentration of ropivacaine or each inhibitor.

Statistical Analyses

All data are presented as mean ± SD.  The ef-
fects of different concentrations of genistein on
ropivacaine-induced contraction at each concentration
were tested by a one-way analysis of variance followed
by an unpaired Student’s t-test with a Bonferroni
correction.  The effects of Bis I, PD 098059 and
Y27632 on ropivacaine-induced contraction, and
the ropivacaine-induced concentration-dependent
changes in protein kinase activation were analyzed by
two-way analysis of variance for repeated measures
and a paired Student’s t-test with a Bonferroni cor-
rection for post hoc comparisons.  P-values < 0.05
were considered statistically significant.

Results

The involvement of tyrosine kinase in the
ropivacaine-induced contractions of the rat aortic
smooth muscle is shown in Fig. 1.  Ropivacaine in-
duced a bell curved, concentration-dependent con-
traction of endothelium-denuded rat aortic rings at
increasing drug concentrations from 3 × 10-5 M to 3 ×
10-4 M, and the contraction declined from 10-3 M to
3 × 10-3 M drug concentrations, such effects were at-
tenuated by the tyrosine kinase inhibitor genistein in
a concentration-dependent manner.

The ropivacaine-induced, tyrosine kinase-
mediated protein kinase phosphorylation of the rat
aortic smooth muscle is presented in Fig. 2.  A set
of tyrosine kinase-phosphorylated protein bands

Fig. 1. Effects of the tyrosine kinase inhibitor genistein on
ropivacaine-induced, cumulative concentration-depen-
dent contraction.  The tension of endothelium-denuded
rings was measured using isometric force measurements.
Genistein was delivered 15 min prior to the application
of ropivacaine.  The tension was expressed as a percent-
age of the KCl (3 × 10-2 M)-induced contraction.  *P <
0.05 and **P < 0.01 vs. the control.  n = 6.  G: genistein.
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prominent at 71, 88, 116 and 155 kDa were detected
following stimulation with ropivacaine.  The total
band densities reached a peak level at 3 × 10-4 M
ropivacaine, and subsequently declined, consistent
with contractile response.  The ropivacaine (3 × 10-4

M)-induced increase in the total densities of tyrosine
kinase-phosphorylated bands was significantly attenu-
ated by genistein (5 × 10-5 M).

The effects of contraction-associated inhibitors
in ropivacaine-induced contraction of rat aortic smooth
muscle are shown in Fig. 3.  The ropivacaine (3 × 10-4

M)-induced contraction of endothelium-denuded rat
aortic rings was significantly inhibited by the PKC
inhibitor Bis I (1 × 10-6 M), the p44/42 MAPK inhibitor
PD 098059 (1 × 10-5 M), and the Rho-kinase inhibitor
Y27632 (5 × 10-7 M).

The involvement of tyrosine kinase in the ropi-
vacaine-induced activation of PKC, p44/42 MAPK,
and Rho kinase in rat aortic smooth muscle was next
investigated (Figs. 4-6).  Ropivacaine (3 × 10-4 M)

induced phosphorylation of PKC and p44/42 MAPK,
and Rho-kinase membrane translocation was signifi-
cantly attenuated by Bis I (1 × 10-5 M), PD 098059
(1 × 10-4 M) and Y27632 (5 × 10-6 M), respectively.
The administration of the tyrosine kinase inhibitor
genistein (5 × 10-5 M) also inhibited the ropivacaine-
induced phosphorylation of PKC and p44/42 MAPK.
Rho-kinase membrane translocation was also inhibited
by genistein in the same decreasing fashion as Bis I
(1 × 10-5 M) and Y27632 (5 × 10-6 M), but to a lesser
degree than PD 098059 (10-4 M).

Discussion

The findings of the present study that the
tyrosine kinase inhibitor genistein, attenuated both
ropivacaine-induced contraction and tyrosine kinase-
catalyzed protein tyrosine phosphorylation of rat aortic
smooth muscle in a concentration-dependent fashion
suggest that tyrosine kinase is involved in ropivacaine-
induced vascular contraction.  The role of tyrosine
kinase-mediated protein tyrosine phosphorylation in
smooth muscle contraction has been well reviewed
(4, 5, 25).  In brief, agonist-activated tyrosine kinase
phosphorylates a set of substrates including phospho-

Fig. 3. Effects of Ca2+ independent signal pathways inhibitors
(Bis I, PD 098059 or Y27632) on ropivacaine-induced
contraction of rat aortic smooth muscle.  Endothelium-
denuded rings were randomly pretreated with the PKC
inhibitor Bis I (5 × 10-6 M), the p44/42 MAPK inhibito
PD 098059 (5 × 10-5 M) or the Rho kinase inhibitor
Y27632 (10-6 M) for 15 min before treatment with
ropivacaine (3 × 10-4 M).  The tension was measured
using isometric force measurements, and was expressed
as a percent of KCl (3 × 10-2 M)-induced contraction.
*P< 0.05 and **P < 0.01 vs. the control.  n = 6.  Bis I:
bisindolylmaleimide I.

Te
ns

io
n 

(%
)

0

20

40

60

80

*

**

*

Control Bis I PD 098059 Y27632

Fig. 2. Ropivacaine-induced protein tyrosine phosphorylation
of rat aortic smooth muscle.  Endothelium-denuded
strips were randomly challenged with ropivacaine for 20
min, or were first pre-treated with genistein (5 × 10-5 M)
for 15 min, and then challenged with ropivacaine (3 ×
10-4 M) for 20 min.  Protein tyrosine phosphorylation
was detected using Western blotting with a specific anti-
body.  The total densities of tyrosine phosphorylated
bands were expressed relative to controls.  *P < 0.05 and
**P < 0.01 vs. control.  n = 4.

0

1

2

Ropivacaine (M) 3 × 10-5 3 × 10-40

00 0

10-3

0

3 × 10-3

0

3 × 10-4

5 × 10-5

10-4

0

R
el

at
iv

e 
D

en
si

ty

155 kDa

116 kDa

88 kDa

71 kDa

**

*
*

Genistein (M)



Ropivacaine and Protein Tyrosine Phosphorylation 353

lipase γ-1 (21, 23, 32), p120 Ras-GTPase-activating
proteins (p120 Ras-GAP) (7) and p190 Rho-GAP (2,
8).  Activated phospholipase γ-1 catalyzes the hydro-
lyzation of phosphotidylinositol 4, 5-bisphosphate to
inositol 1, 4, 5 trisphosphate and diacylglycerol.  The
generation of diacylglycerol activates the PKC/myosin
phosphatase pathway (33).  Phosphorylated p120
Ras-GAP and p190 Rho-GAP both decrease the de-
phosphorylation of Ras-GTP and Rho-GTP, stimu-
lating the Ras/Raf/MEK1/2/p44/42 MAPK/caldesmon
pathway (30) and the Rho/Rho kinase/myosin phos-
phatase pathway (9), respectively.  Therefore, tyrosine
kinase is one of the upstream effectors of these sig-
naling pathways, and can mediate Ca2+ independent
mechanisms in smooth muscle contraction.

Our findings that genistein inhibited the ropi-
vacaine-elicited phosphorylation of PKC and p44/42
MAPK, and the membrane translocation of Rho kinase
could indicate that tyrosine kinase is involved in ropi-
vacaine-induced vascular constriction by mediating
Ca2+ independent mechanisms.  The incomplete inhi-

bition of the phosphorylation of PKC and p44/42
MAPK and membrane translocation of Rho kinase
by genistein suggests that, in addition to the tyrosine
kinase pathway, some other pathway(s) may also
contribute to the mediation of Ca2+ independent
mechanisms in ropivacaine-induced vasoconstriction.
Although the current study demonstrated that ropi-
vacaine stimulated tyrosine kinase activation and
contraction of rat aortic smooth muscle in a con-
centration-dependent manner, the mechanism by
which ropivacaine increases and attenuates the ac-
tivation of tyrosine kinase at low and high concen-
trations remains unclear.

In our previous study (39), we demonstrated
that Ca2+ independent mechanisms (including PKC,
Rho kinase and p44/42 MAPK) were involved in con-
centration-dependent ropivacaine-induced vascular
contraction.  Based on findings of the previous study,
our current research further indicated that tyrosine
kinase mediated Ca2+-independent contraction through
the actions of ropivacaine on rat aortic smooth muscle.

Fig. 4. The role of tyrosine kinase in ropivacaine-induced PKC
phosphorylation in rat aortic smooth muscle.  Endothe-
lium-denuded strips were treated with ropivacaine (3 ×
10-4 M) for 20 min, or initially pre-treated with genistein
(5 × 10-5 M) or Bis I (10-5 M) for 15 min, and were then
challenged with ropivacaine for 20 min.  PKC phospho-
rylation was detected using Western blotting with a
specific antibody.  The phosphorylation of PKC was
expressed as a percentage of the density of total PKC.
*P < 0.05 vs. the value by ropivacaine (3 × 10-4 M), n =
4.  There is no difference between the value by Bis I
(10-5 M) and the value by genistein (5 × 10-5 M) (P >
0.05).  Bis I: bisindolylmaleimide I; PKC: protein kinase
C; p-PKC: phosphorylated protein kinase C.
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Fig. 5. The role of tyrosine kinase in ropivacaine-induced
p44/42 MAPK phosphorylation in rat aortic smooth
muscle.  Endothelium-denuded strips were treated with
ropivacaine (3 × 10-4 M) for 20 min, or first pre-treated
with genistein (5 × 10-5 M) or PD 098059 (10-4 M) for 15
min, and then challenged with ropivacaine (3 × 10-4 M)
for 20 min.  p44/42 MAPK phosphorylation was de-
tected using Western blotting with a specific antibody.
The phosphorylation of p44/42 MAPK was expressed
as a percentage of the total p44/42 MAPK.  *P < 0.05,
**P < 0.01 vs. the value by ropivacaine (3 × 10-4 M);
##P < 0.01 vs. the value by PD098059 (10-4 M), n = 4.
p44/42 MAPK: p44/42 mitogen-activated protein kinase;
p-p44/42 MAPK: phosphorylated p44/42 mitogen-
activated protein kinase.
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Protein tyrosine kinases are involved in signal trans-
duction mediated by several vasoagonists and growth
factor receptors (14, 17, 21, 35).  However, some in
vivo studies have demonstrated that ropivacaine-
mediated contraction of canine spinal and cerebral
pial vasculature does not seem to be mediated via α-
or β-adrenoceptors (15).  Other researches have in-
dicated that ropivacaine blocks neuronal norepi-
nephrine reuptake by sympathetic nerve terminals
(22) and does not affect ATP-sensitive K+ channels
on isolated rat aortic smooth muscle cells (6).  It has
also been demonstrated that S-ropivacaine can induce
concentration-dependent bell curved contractions in
rat aortic smooth muscle through a mechanism that
requires extracellular calcium that is mediated by
activation of the lipoxygenase pathway (29).  Thus, it
is unknown what receptors, coupled G proteins or
other protein sites through which ropivacaine acti-
vates the tyrosine kinase pathway.

In the present study, endothelium-denuded rat
aortic strips were used to measure ropivacaine-induced
vascular contraction and to study the role of tyrosine
kinase in Ca2+ independent mechanism-mediated con-
traction through the actions of ropivacaine, which may
be different to that using the intact artery.  However,
some previous results have indicated that the tyrosine
kinase inhibitor genistein completely attenuated the
contractions in rat aortic rings induced by most vasocon-
strictors regardless of endothelial and non-endothelial
functions (16, 20), and removal of the endothelium
did not significantly affect the contractile activity of
ropivacaine in human mammary artery (11).

In addition to its action as a tyrosine knase in-
hibitor, genistein also has an estrogen effect via bind-
ing to the estrogen receptor β, triggering many
biological responses (19, 36).  Despite this, previous
research has suggested that the relaxant effects of
vascular contractility induced by genistein are not
related to sex hormone receptors (20).  Another report
demonstrated that phytoestrogen α-zearalanol-induced
relaxant effects of rat thoracic aortas rings were also
not related with the activation of estrogen receptor
(33).  We do not rule out the possibility that genistein
could interfere with our experiments via a tyrosine
kinase-independent pathway.  However, genistein is a
well-used tyrosine knase inhibitor (1, 3).  Our study
demonstrates that tyrosine kinase-catalyzed protein
tyrosine phosphorylation is, at least in part, involved in
the ropivacaine-induced, Ca2+ independent mechanism-
mediated contraction of rat aortic smooth muscle.

Local anesthetics have been widely used in
clinical local anesthesia.  Because many of these
compounds, such as lidocaine, possess little to no
vasoconstrictory effects, co-administration of vaso-
constrictive compounds is often necessary to decrease
absorption by tissues, to extend residence time and to
strengthen action of the administered compounds in
local and epidural anesthesia.  The vasocontractive
effects of ropivacaine as demonstrated in our studies
suggest that, without adding any vasoconstrictors,
local anesthesia or epidural anesthesia using rop-
ivacaine is able to maintain sufficient residential time
and stronger action, which is consistent with the
clinical situation.  Therefore, it is necessary to further
investigate the mechanism of ropivacaine-induced
vascular contraction.  The present study suggests that
the mediation of Ca2+ independent mechanisms by
tyrosine kinases is at least one mechanism through
which ropivacaine enhances vascular tension.

Acknowledgments

This research was supported by grant-in-aid No.
Y2008C91 from the Shandong Provincial Natural
Science Foundation, PRC and No. 26010105471004

Fig. 6. The role of tyrosine kinase in ropivacaine-induced Rho
kinase membrane translocation in rat aortic smooth
muscle.  Endothelium-denuded strips were treated with
ropivacaine (3 × 10-4 M) for 20 min, or first pre-treated
with genistein (5 × 10-5 M) or Y 27632 (5 × 10-6 M) for
15 min, and were then challenged with ropivacaine for
20 min.  The Rho kinase (Rock-2) was detected on both
the membrane and cytosolic fractions using Western
blotting with a specific antibody.  The level of Rock-2
in the membrane fraction was expressed as a percentage
of the total Rock-2, i.e., membrane fraction plus cyto-
solic fraction.  *P < 0.05, **P < 0.01 vs. the value by
ropivacaine (3 × 10-4 M).  There was no difference
between the value by Y27632 (5 × 10-6 M) and the value
by genistein (5 × 10-5 M) (P > 0.05).  n = 4.  Y: Y27632;
M: membrane fraction; C: cytosolic fraction; Rock-2:
one sub-type of Rho kinases.

0

1

2

R
el

at
iv

e 
D

en
si

ty

Rock-2 (M)

Rock-2 (C)

*

**

*

Ropivacaine (M)

Y27632 (M)
Genistein (M)

3 × 10-4  0 3 × 10-4 3 × 10-4

00 5 × 10-5 0
00 0 5 × 10-6



Ropivacaine and Protein Tyrosine Phosphorylation 355

from the Specialized Research Fund for the Doctoral
Program of Higher Education.  We gratefully ac-
knowledge the many contributions of Prof. Jingxin
Li to this research program.

References

  1. Akiyama, T., Ishida, J., Nakagawa, S., Ogawara, H., Watanabe, S.
and Itoh, N.  Genistein, a specific inhibitor of tyrosine-specific pro-
tein kinases.  J. Biol. Chem. 25: 5592-5595, 1987.

  2. Briggs, S.D., Bryant, S.S., Jove, R., Sanderson, S.D. and Smithgall,
T.E.  The Ras GTPase-activating protein (GAP) is an SH3 domain-
binding protein and substrate for the Src-related tyrosine kinase,
Hck.  J. Biol. Chem. 270: 14718-14724, 1995.

  3. Choi, B.H., Park, J.H. and Hahn, S.J.  Open channel block of
Kv3.1 currents by genistein, a tyrosine kinase inhibitor.  Korean J.
Physiol. Pharmacol . 10: 71-77, 2006.

  4. Cristina Castañeda-Patlán, M., Razo-Paredes, R., Carrisoza-Gaytán,
R., González-Mariscal, L. and Robles-Flores, M.  Protein kinase C
is involved in the regulation of several calreticulin posttranslational
modifications.  Int. J. Biochem. Cell Biol. 42: 120-131, 2010.

  5. Di Salvo, J., Nelson, S.R. and Kaplan, N.  Protein tyrosine phospho-
rylation in smooth muscle: a potential coupling mechanism be-
tween receptor activation and intracellular calcium.  Exp. Biol. Med.
214: 285-301, 1997.

  6. Dojo, M., Kinoshita, H., Nakahata, K., Kimoto, Y. and Hatano, Y.
Effects of bupivacaine enantiomers and ropivacaine on vasore-
laxation mediated by adenosine triphosphate-sensitive K+ channels
in the rat aorta.  Anesthesiology 101: 251-254, 2004.

  7. Eguchi, S., Matsumoto, T., Motley, E.D., Utsunomiya, H. and
Inagami, T.  Identification of an essential signaling cascade for
mitogen-activated protein kinase activation by angiotensin II in
cultured rat vascular smooth muscle cells: possible requirement
of Gq-mediated p21ras activation coupled to a Ca2+/calmodulin-
sensitive tyrosine kinase.  J. Biol. Chem. 271: 14169-14175, 1996.

  8. Ellis, C., Moran, M., McCormick, F. and Pawson, T.  Phosphoryla-
tion of GAP and GAP-associated proteins by transforming and
mitogenic tyrosine kinases.  Nature 343: 377-381, 1990.

  9. Fukata, Y., Kaibuchi, K., Amano, M. and Kaibuchi, K.  Rho-
Rho-kinase pathway in smooth muscle contraction and cytoskeletal
reorgnization of non-muscle cells.  Trends Pharmacol. Sci. 22: 32-
39, 2001.

10. Gao, Z., Lau, C.P., Wong, T.M. and Li, G.R.  Protein tyrosine
kinase-dependent modulation of voltage-dependent potassium chan-
nels by genistein in rat cardiac ventricular myocytes.  Cell. Signal.
16: 333-341, 2004.

11. Gherardini, G., Samuelson, U., Jernbeck, J., Aberg, B. and Sjöstrand,
N.  Comparison of vascular effects of ropivacaine and lidocaine on
isolated rings of human arteries.  Acta. Anaesthesiol. Scand. 39:
765-768, 1995.

12. Govêia, C.S. and Magalhães, E.  Ropivacaine in peribulbar anes-
thesia—vasoconstrictive properties.  Rev. Bras. Anestesiol. 60:
495-512, 2010.

13. Harnett, K.M. and Biancani, P.  Calcium-dependent and calcium-
independent contractions in smooth muscles.  Am. J. Med. 115:
24-30, 2003.

14. Ishihata, A., Tasaki, K. and Katano, Y.  Involvement of p44/42
mitogen-activated protein kinases in regulating angiotensin II- and
endothelin-1-induced contraction of rat thoracic aorta.  Eur. J.
Pharmacol. 445: 247-256, 2002.

15. Ishiyama, T., Dohi, S., Iida, H. and Watanabe, Y.  The effects
of topical and intravenous ropivacaine on canine pial microcir-
culation.  Anesth. Analg. 85: 75-81, 1997.

16. Je, H.D. and Sohn, U.D.  Inhibitory effect of genistein on agonist-
induced modulation of vascular contractility.  Mol. Cells 27: 191-
198, 2009.

17. Kaplan, N. and Di Salvo, J.  Coupling between [Arginine8]-vaso-
pressin-activated increases in protein tyrosine phosphorylation and
cellular calcium in A7r5 aortic smooth muscle cells.  Arch. Biochem.
Biophys. 326: 271-280, 1996.

18. Kopacz, D.J., Carpenter, R.L. and Mackey, D.C.  Effect of ropi-
vacaine on cutaneous capillary blood flow in pigs.  Anesthesiology
71: 69-74, 1989.

19. Kuiper, G.G.J.M., Lemmen, J.G., Carlsson, B., Corton, J.C., Safe,
S.H., Van der Saag, P.T., Van der Burg, B. and Gustafsson, J.A.
Interaction of estrogenic chemicals and phytoestrogens with estro-
gen receptor.  Endocrinology 139: 4252-4263, 1998.

20. Li, H.F., Zhang, P., Tian, Z.F., Qiu, X.Q., Zhang, Y.F., Wu, J.X. and
Jia, Z.J.  Differential mechanisms involved in effects of genistein
and 17-β-estradiol on porcine coronary arteries.  Pharmazie 61:
461-465, 2006.

21. Marrero, M.B., Schieffer, B., Paxton, W.G., Schieffer, E. and
Bernstein, K.E.  Electroporation of pp60c-src antibodies inhibits
the angiotensin II activation of phospholipase c-γ 1 in rat aortic
smooth muscle cells.  J. Biol. Chem. 270: 15734-15738, 1995.

22. Martins, C.A., Aragão, P.W., Freire, S.M., Martins, M.M., Borges,
M.O. and Borges, A.C.  Effect of ropivacaine on neuronal norepi-
nephrine reuptake in smooth muscle.  Rev. Bras. Anestesiol. 55:
532-537, 2005.

23. Meisenhelder, J., Suh, P., Rhee, S.G. and Hunter, T.  Phospholipase
C-γ is a substrate for the PDGF and EGF receptor protein-tyrosine
kinases in vivo and in vitro.  Cell 57: 1109-1120, 1989.

24. Molloy, C.J., Taylor, D.S. and Weber, H.  Angiotensin II stimula-
tion of rapid protein tyrosine phosphorylation and protein kinase
activation in rat aortic smooth muscle cells.  J. Biol. Chem. 268:
7338-7345, 1993.

25. Murphy, T.V., Spurrell, B.E. and Hill, M.A.  Cellular signalling in
arteriolar myogenic constriction: involvement of tyrosine phospho-
rylation pathways.  Clin. Exp. Pharmacol. Physiol. 29: 612-619,
2002.

26. Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A.K., Gartner,
F.H., Provenzano, M.D., Fujimoto, E.K., Goeke, N.M., Olson, B.J.
and Klenk, D.C.  Measurement of protein using bicinchoninic acid.
Anal. Biochem. 150: 76-85, 1985.

27. Somlyo, A.P. and Somlyo, A.V.  Ca2+ sensitivity of smooth muscle
and nonmuscle myosin II: modulated by G proteins, kinases, and
myosin phosphatase.  Physiol. Rev. 83: 1325-1358, 2003.

28. Su, X.L., Zhang, H., Yu, W., Wang, S. and Zhu, W.J.  Role of
KCa3.1 channels in proliferation and migration of vascular smooth
muscle cells by diabetic rat serum.  Chinese J. Physiol. 56: 155-162,
2013.

29. Sung, H.J., Sohn, J.T., Park, J.Y., Hwang, E.M., Baik, J.S. and
Ogawa, K.  Direct effect of ropivacaine involves lipoxygenase
pathway activation in rat aortic smooth muscle.  Can. J. Anesth.
56: 298-306, 2009.

30. Takahashi, E. and Berk, B.C.  MAP kinases and vascular smooth
muscle function.  Acta Physiol. Scand. 164: 611-621, 1998.

31. Tang, W.B., Zhou, Y.Q., Zhao, T., Shan, J.L., Sun, P., Yang, T.T.,
Chang, X.W., Li, S., Wang, P.S. and Xie, D.P.  Effect of interleukin-
6 (IL-6) on the vascular smooth muscle contraction in abdominal
aorta of rats with streptozotocin-induced diabetes.  Chinese J.
Physiol. 54: 318-323, 2011.

32. Wahl, M.I., Olashaw, N.E., Nishibe, S., Rhee, S.G., Pledger, W.J.
and Carpenter, G.  Platelet-derived growth factor induces rapid and
sustained tyrosine phosphorylation of phospholipase C in quiescent
BALB/c 3T3 cells.  Mol. Cell Biol. 9: 2934-2943, 1989.

33. Walsh, M.P., Clement-Chomienne, O., Andrea, J.E., Allen, B.G.,
Horowitz, A. and Morgan, K.G.  Protein kinase C mediation of
Ca2+-independent contractions of vascular smooth muscle.  Biochem.
Cell Biol. 74: 485-502, 1996.

34. Wang, W., Jiang, D., Zhu, Y., Liu, W., Duan, J. and Dai, S.  Relaxing
effects of phytoestrogen alphazearalanol on rat thoracic aorta rings
in vitro.  Chinese J. Physiol. 52: 99-105, 2009.



356 Lei, Wu, Meng, Bo, Zhang, Yu and Yu

35. Ward, D.T., Alder, A.C., Ohanian, J. and Ohanian, V.  Noradrena-
line-induced paxillin phosphorylation, ERK activation and MEK-
regulated contraction in intact rat mesenteric arteries.  J. Vasc. Res.
39: 1-11, 2002.

36. Williams, J.K. and Clarkson, T.B.  Dietary soy isoflavones inhibit
in-vivo constrictor responses of coronary arteries to collagen-
induced platelet activation.  Coron. Artery Dis. 9: 759-764, 1998.

37. Yang, A.L., Lo, C.W., Lee, J.T. and Su, C.T.  Enhancement of
vasorelaxation in hypertension following high-intensity exercise.
Chinese J. Physiol. 54: 87-95, 2011.

38. Yu, J., Ogawa, K., Tokinaga, Y. and Hatano, Y.  Sevoflurane in-

hibits Guanosine 5'-[γ-thio]triphosphate-stimulated, Rho/Rho-
kinase-mediated contraction of isolated rat aortic smooth muscle.
Anesthesiology 99: 646-651, 2003.

39. Yu, J., Tokinaga, Y., Kuriyama, T., Uematsu, N., Mizumoto, K. and
Hatano, Y.  Involvement of Ca2+ sensitization in ropivacaine-
induced contraction of rat aortic smooth muscle.  Anesthesiology
103: 548-555, 2005.

40. Yu, J., Tokinaga, Y., Ogawa, K., Iwahashi, S. and Hatano, Y.
Sevoflurane inhibits angiotensin II-induced, protein kinase C-
mediated but not Ca2+-elicited contraction of rat aortic smooth
muscle.  Anesthesiology 100: 879-884, 2004.


