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Abstract

Complex and incompletely understood mechanisms underline the vascular responses to hypoxia. Recent studies showed that the
tyrosine kinase pathway is involved in vasoconstriction of vascular smooth muscle. Therefore, the aim of this study was to determine the
tyrosine kinase pathway for the hypoxic contraction in large-diameter sheep pulmonary artery rings in vitro by studying the effects of
selective inhibitors of tyrosine kinase and of a protein tyrosine kinase inhibitor. Lowering the pO, from 96 to 5 mm Hg caused a
contraction in arteries precontracted with 5-hydroxytryptamine (5-HT) but not under resting force. Preincubation of arteries with the
tyrosine kinase inhibitors, genistein and tyrphostin, abolished the hypoxic contraction without affecting 5-HT contractions. Inhibition of
tyrosine phosphatase activity by sodium orthovanadate increased the hypoxic vasoconstriction in 5-HT-precontracted arteries. These
results suggest that the tyrosine kinase pathway is involved in hypoxic pulmonary vasoconstriction in sheep isolated pulmonary artery

rings. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Hypoxia; Genistein; Tyrphostin; Sodium orthovanadate

1. Introduction

Severe hypoxia has been shown to cause contraction of
isolated pulmonary artery rings from dogs (Rorie and
Tyce, 1983), pigs (Miller et al., 1989), rats (Rodman et al.,
1989), cats (Madden et al., 1985) and humans (Demirylirek
et al., 1993). We have also demonstrated that such a
hypoxia-induced vasoconstriction occurs in pulmonary ar-
teries isolated from sheep and is endothelium-dependent
(Demiryurek et a., 1991a,b). Although K* channels (Post
et al., 1992) and endothelium-derived vasoconstrictor and
dilator substances (Amatya et al., 1989; Demiryirek et d.,
1994; Wadsworth, 1994) have been shown to be involved
in hypoxic vasoconstriction, inositol triphosphate has been
reported not to be involved in the pulmonary hypoxic
contractile response (Jin et al., 1993). Despite intensive
study, the cellular mechanism of hypoxic pulmonary vaso-
constriction remains unclear.

There is increasing evidence that protein—tyrosine phos-
phorylation is involved, not only in proliferation and trans-
formation, but also in vasoconstriction of vascular smooth
muscle (Tsuda et a., 1991; Di Salvo et a., 1993b, 1994;
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Laniyonu et al., 1994a,b; Hollenberg, 1994). In this path-
way, the phosphorylation of proteins on tyrosine residues
by tyrosine kinases has been suggested to contribute to
signaling processes that lead to contraction. Two groups of
tyrosine kinase inhibitors have been described: compounds
interacting with the ATP binding site, such as genistein, an
isoflavone compound (Akiyama et al., 1987) and those
which interact with the substrate binding site, such as the
tyrphostins, which are synthetic analogues of erbstatin
(Levitzki and Gilon, 1991). Structurally different tyrosine
kinase inhibitors inhibit contraction of visceral and vascu-
lar smooth muscle elicited with a variety of neurohumoral
agents (Di Salvo et al., 1993a,b, 1994; Hollenberg, 1994).
Contraction of visceral smooth muscle evoked with vana-
date, a potent inhibitor of protein tyrosine phosphatases, is
associated with enhanced tyrosine phosphorylation of sev-
eral endogenous substrates (Di Salvo et al., 1993a).
Although receptor- and non-receptor-mediated stimuli
such as 5-Hydroxytryptamine (5-HT), noradrenaline, pro-
tein kinase C-activating phorbol esters and the Ca?*
ionophore stimulate tyrosine phosphorylation (Tsuda et al .,
1991; Abebe and Agrawal, 1995), there is currently no
evidence for activation of tyrosine kinase pathway by
hypoxia. The aim of this study was to determine the role of
the tyrosine kinase pathway, using selective tyrosine ki-
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nase inhibitors, genistein and tyrphostin, and a tyrosine
phosphatase inhibitor, sodium orthovanadate, on hypoxic
vasoconstriction in sheep isolated pulmonary artery rings.

2. Materials and methods

Lungs of freshly slaughtered sheep were obtained from
alocal abattoir and delivered in cooled oxygenated physio-
logical salt solution to the laboratory within 10 min of
excision. Puimonary arteries (3—5 mm outer diameter at
their optimal resting force) were isolated from lungs mainly
from the second branch of the main pulmonary artery.
Arteries were cleared of fat and adhering connective tissue.
Care was taken to avoid stretching and damage to the
luminal surface. In some preparations the endothelium was
removed by gentle rubbing of the internal surface with a
wooden stick. The removal of endothelium was confirmed
by the lack of relaxation in response to bradykinin. The
arteries were cut into rings 4-5 mm long. Segments were
suspended in a water-jacketed organ bath (10 ml) filled
with Krebs—Henseleit solution (37°C) of the following
composition (in mM): NaCl 119; NaHCO, 25; KCl 4.6;
MgCl, 1.2; KH,PO, 1.2; CaCl, 25; glucose 11. The
solution was aerated with room air (normoxic) or a gas
mixture containing 95% N,—5% CO, (hypoxic). The rings
were suspended on a pair of stainless-steel hooks, one of
which was fixed to an L-shaped rod inside the chamber
and the other to an isometric transducer (May FDT10-A,
Ankara, Turkey) under optimal resting force. A stainless-
steel hook was used to connect to the force displacement
transducer. 1sometric contractions were recorded continu-
ously with an amplifier system (Tumel, Izmir, Turkey) on
a computer, using the Labsys computer program.

Arterial rings were equilibrated in Krebs—Henseleit so-
lution gassed with room air for an hour at their optimum
resting force. The optimum resting force of the pulmonary
rings was found to be 3 g by comparison the with tension
developed with 20 mM KCI (EC,) under different resting
forces. The isometric contractions were calculated as force
developed per cross-sectional area (Demirylrek et a.,
1991a,b). The cross sectional-area ( A) of the artery was
calculated by using the equation: A = blotted weight of the
artery /h X B where h = the distance (mm) between the
stainless steel hook and rod with the artery ring under
optimum resting and B the density of the artery ring which
has been shown to be 1.05 g cm ™2 in sheep carotid artery
(Keatinge, 1968). The artery rings were exposed repeat-
edly (generdly three times) to 20 mM KCl until two
consecutive identical responses were observed before the
start of the experimental protocol. The oxygen tension of
the bathing medium was measured using an oxygen elec-
trode (Jenway 9071 England). This electrode was cali-
brated to zero using sodium sulfite 100 mM in dissolved
disodium tetraborate 10 mM.

2.1. Experimental protocol

2.1.1. Effects of hypoxia on artery rings precontracted
with 5-HT or resting force

In artery rings, under resting force or precontracted with
6 wM 5-HT (ECg,), hypoxia was induced by changing to a
95% N,-5% CO, gas mixture. pO, values (n= 26)
(mmHg) of 47+6,21+3,10+1, 7+ 06, 6+ 05, 5+
0.5, 5+ 0.5, 5+ 0.5 were obtained a 1, 2, 3, 4, 5, 10, 20
and 30 min, respectively. After 30 min of hypoxia, oxy-
genated conditions were reestablished by changing to room
air to yield a pO, of 96 + 2 mmHg (n = 26). In control
experiments, two consecutive responses to 5-HT under
oxygenated conditions and two consecutive responses to
hypoxia were obtained.

2.1.2. Effects of tyrosine kinase inhibitors and tyrosine
phosphatase inhibitor on hypoxic contraction in 5-HT
precontracted arteries

Following the measurement of a control hypoxic con-
traction, either under resting force or in a 5-HT-precon-
tracted artery, the tyrosine kinase inhibitors, genistein (30
wM, 20-min incubation, Laniyonu et al., 1994ab) tyr-
phostin (50 wM, 15-min, Di Salvo et al., 1993b) and a
tyrosine phosphatase inhibitor, orthovanadate (100 wM, 30
min incubation, Jin et d., 1996) were added to the bath
and in the continued presence of the drugs a second
hypoxic contraction was induced.

2.2. Drugs

5-Hydroxytryptamine creatine sulfate complex, potas-
sium chloride, sodium orthovanadate bradykinin (all dis-
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Fig. 1. The effect of hypoxia on sheep endothelium intact pulmonary
artery rings precontracted with 5-HT at its EC5,. Contraction was mea-
sured at various time points up to 38 min after the administration of
5-HT. (@) 5-HT (6 M) contraction during normoxia (n= 7). (®) The
effect of hypoxia on 5-HT contraction (n= 7). * P < 0.05, when com-
pared to normoxic values.
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Fig. 2. The effect of hypoxia on sheep endothelium denuded pulmonary
artery rings precontracted with 5-HT at its ECg,. Contraction was mea-
sured at various time points up to 38 min after the administration of
5-HT. (@) 5-HT (6 M) contraction during normoxia (n=7). (m) The
effect of hypoxia on 5-HT contraction (n=6).

solved in distilled water), genistein and tyrphostin | (both
dissolved in dimethyl sulfoxide) were obtained from Sigma
(St. Louis, MO, USA).

2.3. Data analysis

All results are expressed as means + S.E.M. n refersto
the number of lungs used in the organ bath assay. The
significance of for two groups was determined with Stu-
dent’s paired or unpaired t-test as appropriate. P values of
less than 0.05 were considered to denote statistical signifi-
cance of differences.

3. Results

3.1. Effects of hypoxia on artery rings precontracted with
5-HT or under resting force

Under normoxic conditions, 5-HT at its EC,, caused a
contraction which was not sustained, so that at 8 and 38
min post-administration, it was 5.6 + 0.6 and 3.8+ 0.5

Table 1
Effects of hypoxia in endothelium-intact 5-HT-precontracted isolated
pulmonary artery rings

n Contraction (MmN mm~2)
8 min—peak 8-38 min
Normoxia 7 0.02+0.01 —1.80+0.30
Hypoxia 7 1.21+0.50% —3.20+0.48°%

4P < 0.05, when compared to normoxia val ues.
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Fig. 3. The effect of genistein on hypoxic contraction in 5-HT precon-
tracted pulmonary arteries. Contraction was measured at various time
points up to 38 min after the administration of 5-HT. (@) 5-HT (6
wM)+hypoxia (n= 7). (m) The effect of hypoxiain 30 uM genistein-
pretreated pulmonary artery rings (n= 7). % P < 0.05, when compared to
before treatment values.

mN mm~2 (n= 6), respectively. A second challenge with
5-HT resulted in a similar vasoconstriction; measurements
at 8 and 38 min were 5.8+ 0.7 and 4.1+ 0.4 mN mm~?
(n=6), respectively. Lowering the pO, of the bathing
solution from 96 to 5 mmHg at the peak of the 5-HT
contraction (Fig. 1) produced a further contraction. As this
contraction was not sustained in al of the artery rings
studied, measurements were made at two time points as
illustrated in Fig. 1. The hypoxic contraction was mea-
sured as the difference between the contraction obtained

Hypoxia

8 min peak

38 min
1

Contraction (mN/mm2)

0 T

(o] 5 10 15 20 25 30 35 40
Time (min)

Fig. 4. The effect of tyrphostin on hypoxic contraction in 5-HT precon-
tracted pulmonary arteries. Contraction was measured at various time
points up to 38 min after the administration of 5-HT. (@) 5-HT (6
M)+ hypoxia (n=6). (m) The effect of hypoxiain 50 .M tyrphostin-
pretreated pulmonary artery rings (n=6). * P < 0.05, when compared to
before treatment values.
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Fig. 5. The effect of orthovanadate on hypoxic contraction in 5-HT
precontracted pulmonary arteries. Contraction was measured at various
time points up to 38 min after the administration of 5-HT. (@) 5-HT (6
wM) + hypoxia(n=6). (m) The effect of hypoxiain 100 wM orthovana-
date-pretreated pulmonary artery rings (n=6). * P < 0.05, when com-
pared to before treatment values.

just prior to hypoxia (i.e.,, 8 min of the 5-HT contraction)
and that obtained at the peak of and again at the end of the
hypoxic response (i.e., at 38 min of the 5-HT contraction).
It can be seen that there were no significant differences
between two consecutive 5-HT plus hypoxia-induced con-
tractions. Hypoxic vasoconstriction was not observed in
endothelium-denuded pulmonary arteries (Fig. 2). Table 1
shows the mean data obtained following two hypoxic
challenges in 5-HT-precontracted endothelium-intact arter-
ies. In consecutive 5-HT contractions under normoxic
conditions, the difference in the contraction between 8 and
38 minwas —1.8+03 mN mm 2 (n=6) and —1.7 +
0.4 mN mm~2 (n=7), respectively. Comparison of this
data with that given in Table 1 shows that hypoxia did not
cause a contraction even at the end of the hypoxic chal-
lenge.

Under optimum resting force, hypoxiafor 30 min caused
adight, but significant, decrease in the baseline tone of the
pulmonary artery ringsfrom —0.28 + 0.17to —1.4 + 0.35

Table 2

Table 3
Effects of genistein, tyrphostin and orthovanadate on hypoxic dilatation in
pulmonary arteries under optimum resting force

n Tension (MN mm~2)
Before treatment After treatment
(30 min) (30 min)
Control 7 —1.40+0.35 —1.77+0.37
Genistein 7 —-1.10+0.40 —-152+0.35
Tyrphostin 6 —1.40+0.42 —1.50+0.40
Orthovanadate 7 —-1714+0.39 —0.60+0.217

P < 0.05, when compared to before treatments values.

mN mm~2 (n=6). There was no difference in this hy-
poxic response with the second hypoxic exposure —1.77
+0.37 MmN mm~2 (n=6).

3.2. Effects of genistein, tyrphostin and orthovanadate on
hypoxic contraction in 5-HT precontracted arteries

As can be seen in Fig. 3, pretreatment with genistein
(30 wM) had no effect on the contraction produced by
5-HT prior to the introduction of hypoxia. This figure also
shows that genistein abolished the hypoxic contraction
measured at the peak of the contraction. In the presence of
the structurally different tyrosine kinase inhibitor, tyr-
phostin, 5-HT-induced contractions were unchanged (Fig.
4). Similarly to genistein, tyrphostin abolished hypoxic
contractions in 5-HT-precontracted arteries (Fig. 4). As
shown in Fig. 5 and Table 2, orthovanadate significantly
augmented the hypoxic contraction in 5-HT-precontrated
arteries.

3.3. Effects of genistein, tyrphostin and orthovanadate on
hypoxic dilatation in pulmonary arteries under resting
force

Inhibition of tyrosine kinase activity by genistein or
tyrphostin did not change the hypoxic dilatation under
resting force as shown in Table 3. However, pretreatment
with tyrosine phosphatase inhibitor, orthovanadate, signifi-
cantly inhibited hypoxic relaxation (Table 3).

Effects of genistein, tyrphostin and orthovanadate on hypoxic contraction in endothelium-intact 5-HT-precontracted pulmonary arteries

Treatment n Hypoxic contraction (mN mm~2)

Before treatment During treatment

8 min—peak 8-38 min 8 min—peak 8-38 min
Control 6 1.21+0.50 —-320+ 048 0.97 +0.23 —-3.20+ 048
Genistein 7 1.074+0.33 —2.94 + 0.66 —0.50 + 0.272 —355+0.27
Tyrphostin 6 115+ 0.26 —-275+037 —0.16 + 0.07% —291+049
Orthovanadate 7 211+ 0.27 —3.95+ 045 3.58 + 0.562 —2.53 + 0.69

&P < 0.05, when compared to before treatment values.
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4, Discussion

In the present study, we found that hypoxia-induced
contraction was abolished by removal of endothelium in
sheep pulmonary arteries. These observation are in agree-
ment with the results of previous studies showing that
hypoxic vasoconstriction is endothelium-dependent in
sheep pulmonary arteries (Demirylrek et al., 1991a). It is
likely that the profile of mediators released during hypoxia
depends on the species and to some extent on the experi-
mental conditions, such as the level of precontraction
(Wadsworth, 1994).

5-HT induces tyrosine phosphorylation of several pro-
teins in cultured rat aortic smooth muscle cells (Tsuda et
al., 1991). The tyrosine kinase inhibitors, genistein and
tyrphostin, decreased the potency of 5-HT and reduced
maximal contraction in response to 5-HT in rat arterial
strips denuded of endothelium (Watts et al., 1996), imply-
ing that tyrosine kinase activation may partially mediate
contractility in response to 5-HT in arterial smooth muscle.
However, in sheep pulmonary arteries, both genistein and
tyrphostin were incapable of attenuating the contractile
responses to 5-HT, suggesting lack of involvement of
tyrosine kinases in these responses. These observations
imply that species-related differences apparently exist. The
reason for the discrepancy between responses is unknown.

Two structurally and functionally distinct tyrosine ki-
nase inhibitors, genistein and tyrphostin, both prevented
hypoxic contraction. No report is available in the literature
concerning the effect of tyrosine kinases inhibitors on
hypoxic vasoconstriction in pulmonary arteries. Therefore,
we believe that our study is the first to provide evidence
that the tyrosine kinase pathway is involved in the hypoxic
vasoconstriction.

A tyrosine kinase pathway is involved in the regulation
of Ca®* entry since inhibitors of tyrosine kinase are able
to attenuate presumed Ca?* entry following agonist-medi-
ated Ca2* store depletion (Low, 1996). This observation is
consistent with the hypothesis that the release of Ca?*
activates a tyrosine kinase that, in turn, stimulates Ca?*
entry (Huckle et a., 1990, 1992; Hollenberg, 1994) and
hypoxic vasoconstriction is reduced by Ca*2? channel
blockers (McMurtry et al., 1976; Harder et al., 1985).
Inhibition of the tyrosine kinase causes tyrosine de-
phosporylation, which may lead to the inhibition of Ca?*
entry (Laniyonu et al., 1994a) and the abolition of hypoxic
contraction. Additionally hypoxia may activate the tyrosine
kinase pathway through an increase in the intracellular
Ca?" levels, which induces tyrosine kinase activity in
vascular smooth muscles cells (Tsuda et al., 1991).

We demonstrated that potent tyrosine kinase inhibitors,
genistein and tyrphostin, inhibited the contractile responses
of sheep pulmonary arteries to hypoxia, which suggests
that the hypoxic response of pulmonary artery is mediated
by activation of tyrosine kinases. That similar effects were
produced by the two structurally unrelated tyrosine kinase

inhibitors, which act through different mechanisms
(Akiyama et al., 1987; Gazit et a., 1989), confirms that
the inhibition was the result of a specific action on tyrosine
kinases. In our study, additional support for the involve-
ment of tyrosine kinase in hypoxic pulmonary vasocon-
striction was provided by the ability of sodium orthovana-
date to potentiate the effects of the hypoxia. Sodium
orthovanadate, by inhibiting the activity of tyrosine-specific
phosphatases, has been shown to result in the enhanced
expression of tyrosine kinase-mediated responses (Chao et
al., 1992). Our results confirm the previous observation
that vanadate causes potentiation of the hypoxic vasocon-
striction in rat isolated lungs (Voelkel and Czartolomna,
1991). Since a protein kinase C inhibitor, staurosporine,
blocked the potentiation of hypoxic contraction, it was
concluded that activation of protein kinase C was involved
in the mechanism of vanadate-induced potentiation of hy-
poxic congtriction (Voelkel and Czartolomna, 1991).
Vanadate not only inhibits tyrosine phosphatase activity
(Swarup et al., 1982), but also stimulates the activity of
tyrosine kinases as demonstrated in Kupffer cells (Chao et
al., 1992) or cell-free preparations (Elberg et al., 1994). It
has been widely accepted that vanadate causes its contrac-
tile effects via the inhibition of a tyrosine phosphatase
pathway, thereby amplifying constitutive tyrosine kinase
activity, so as to facilitate the calcium entry through
voltage-sensitive calcium channels (Di Salvo et a.,
1993a,b; Laniyonu et al., 1994a,b). Additionally, vanadate
is also able to inhibit calcium ATPases (Ragymeakers et
al., 1983). Inhibition of Ca™2-ATPase and consequent
intracellular calcium release may contribute to vanadate-in-
duced contraction of smooth muscle (Sanchez-Ferrer et al.,
1988). In contrast to results obtained with genistein and
tyrphostin, the protein tyrosine phosphatase inhibitor,
vanadate, enhanced hypoxic contraction in pulmonary
artery. Together, these results provide evidence for the
involvement of tyrosine kinase pathway in hypoxic con-
traction.

Although both genistein and tyrphostin in the concentra-
tions used in this study can inhibit the activity of tyrosine
kinases (Di Salvo et a., 1994; Laniyonu et a., 1994b),
they have no significant effect on other enzymes, including
myosin light chain kinase (Di Salvo et al., 1993b), protein
kinase A (Akiyama et a., 1987, Gazit et a., 1989; Di
Savo et d., 1993b), or protein kinase C (Akiyama et al.,
1987; Gazit et a., 1989). In addition, sodium orthovana
date has been shown to inhibit protein tyrosine phos-
phatases involved in agonist-induced responses selectively
(Laniyonu et al., 1994a; Abebe and Agrawal, 1995).
Therefore, the effects of the inhibitors observed in the
current study were probably the result of selective inhibi-
tion of tyrosine kinases or tyrosine phosphatases.

There is an interrelationship between activation of the
tyrosine kinase pathway and the myosin light chain kinase
pathway in vascular smooth muscle (Jin et a., 1996).
Myosin light chain phosphorylation have been shown to
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correlate with the initiation of pulmonary arterial smooth
muscle contraction in response to hypoxia (Zhao et al.,
1996). Hypoxia may act on pulmonary arterial smooth
muscle cells by increasing tyrosine kinase activity, leading
to phophorylation of myosin light chain and smooth mus-
cle contraction.

Although the role of endothelium-derived vasodilators
in the mediation or modulation of hypoxic pulmonary
vasoconstriction is under intense investigation, altered ac-
tivity of endothelium-derived constrictor mediators may
play an important role in hypoxia (Wadsworth, 1994).
Recently, hypoxic contraction of porcine pulmonary arter-
ies has been demonstrated to be mediated by a diffusible,
contractile factor distinct from endothelin released from
hypoxic endothelia cells (Gaine et al., 1998). Addition-
ally, our results may suggest that hypoxia-induced contrac-
tile factor(s) may be released from the endothelium via a
pathway that is dependent on tyrosine kinase activity.

In conclusion, hypoxic contraction, which is endothe-
lium-dependent, was inhibited by tyrosine kinase inhibitors
and potentiated by tyrosine phosphatase inhibitor in sheep
isolated pulmonary arteries, providing evidence for a po-
tential role of the tyrosine kinase pathway in hypoxic
pulmonary hypertension.
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