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Tyrosine kinase inhibitors are promising for the treatment of severe
pulmonary hypertension. Their therapeutic effects are postulated
to be due to inhibition of cell growth-related kinases and attenua-
tion of vascular remodeling. Their potential vasodilatory activities
have not been explored. Vasorelaxant effects of the tyrosine kinase
inhibitors imatinib, sorafenib, and nilotinib were examined in iso-
lated pulmonary arterial rings from normal and pulmonary hyper-
tensive rats. Phosphorylation of myosin light chain phosphatase and
myosin light chain was assessed by Western blots. Acute hemody-
namic effects of imatinib were tested in the pulmonary hypertensive
rats. In normal pulmonary arteries, imatinib reversed serotonin-
and U46619-induced contractions in a concentration-dependent
and endothelium-independent manner. Sorafenib and nilotinib re-
laxed U46619-induced contraction. Imatinib inhibited activation of
myosin phosphatase induced by U46619 in normal pulmonary ar-
teries. All three tyrosine kinase inhibitors concentration-dependently
and completely reversed the spontaneous contraction of hyper-
tensive pulmonary arterial rings unmasked by inhibition of nitric
oxide synthase. Acute intravenous administration of imatinib re-
duced high right ventricular systolic pressure in pulmonary hyper-
tensive rats, with little effect on left ventricular systolic pressure
and cardiac output. We conclude that tyrosine kinase inhibitors
have potent pulmonary vasodilatory activity, which could con-
tribute to their long-term beneficial effect against pulmonary
hypertension. Vascular smooth muscle relaxation mediated via
activation of myosin light chain phosphatase (Ca?* desensitiza-
tion) appears to play a role in the imatinib-induced pulmonary
vasodilation.
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Pulmonary hypertension (PH) is characterized by progressive
narrowing of small pulmonary arteries and arterioles, which re-
sults in increased pulmonary vascular resistance and right ven-
tricular pressure overload. Despite recent advances in treatment
severe PH remains debilitating and fatal (1). Major factors that
contribute to the complex pathogenesis of pulmonary arterial
narrowing are sustained vasoconstriction and fixed vascular
remodeling.

Tyrosine kinase inhibitors (TKIs), such as imatinib, nilotinib,
and sorafenib, are approved for the treatment of patients with
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CLINICAL RELEVANCE

Tyrosine kinase inhibitors have been reported to be prom-
ising for the treatment of severe pulmonary hypertension
as antivascular remodeling agents. Nothing, however, has
been considered regarding their potential vasodilatory
activities. Results of this study demonstrate that tyrosine
kinase inhibitors have potent pulmonary vasodilatory
activity, which could contribute to their long-term benefi-
cial effect against pulmonary hypertension.

malignant diseases (2, 3). Imatinib, an inhibitor of platelet-derived
growth factor receptor (PDGFR), has also been reported as
promising in the treatment of patients with severe PH (4). In
addition, chronic treatment with imatinib or the tyrosine/serine/
threonine kinase inhibitor sorafenib attenuates PH in rodent
models (5-7). The therapeutic effects of these TKIs against PH
are attributed to inhibition of cell growth-related factors and
subsequent suppression of vascular remodeling (5, 7). It is pos-
sible, however, that TKIs also induce vascular smooth muscle
cell relaxation and vasodilation because cell growth-related
kinases are generally involved in cell contraction. For example,
PDGFR and epidermal growth factor receptor (EGFR) are
known to mediate smooth muscle cell contraction, and inhi-
bition of these growth factor receptors induces vasodilation (8-
11). In agreement with this idea, the onset of right ventricular
systolic pressure lowering by chronic treatment with imatinib
against established monocrotaline-induced PH was rather rapid
(within 2 d) in a report by Schermuly and colleagues (7), sug-
gesting its beneficial effects may not be explained solely by the
regression of fixed vascular remodeling.

We therefore hypothesized that TKIs would have pulmo-
nary vasodilatory activity and would effectively lower the high
pulmonary vascular resistance in a rat model of severe PH.
To test this hypothesis, we examined whether: (/) TKIs re-
laxed precontracted normotensive and hypertensive rat pul-
monary arterial rings and (2) acute intravenous administration
of imatinib reduced high pulmonary vascular resistance and
pressure in pulmonary hypertensive rats. We used the vascular
endothelial growth factor receptor blockade (by Sugen[SU]5416)
plus a hypoxia/normoxia-exposed severe PH rat model, which
more closely mimics human severe PH histologically and he-
modynamically than the conventional chronically hypoxic and
monocrotaline-injected models (12, 13). We also examined
whether imatinib-induced vasodilation involved Ca?* desensi-
tization because recent studies suggest that Ca?* sensitization
(smooth muscle cell contraction mediated via inhibition of my-
osin light chain phosphatase [MLCP]) plays an essential role in
the sustained phase of various agonist-induced vascular smooth
muscle contractions (14, 15) and in the sustained vasoconstric-
tion of PH (16, 17).
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METHODS

Animals

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of South Alabama.

Two groups of male Sprague-Dawley rats (180-220 g) were used;
one group was normal (untreated), and the other was injected sub-
cutaneously with SU5416 (20 mg/kg) and exposed to hypoxia (10% O,)
for 3 weeks. The rats were then returned to normoxia for an additional
2 weeks (SU5416/hypoxia/normoxia-exposed PH rats) (12, 13).

Experimental Protocols

Isometric tension study. Twenty minutes after the addition of U46619
(thromboxane A, analog; 100 nM) or serotonin (10 uM), concentration-
response curves to imatinib (1-30 uM) were determined in endothelium-
intact and endothelium-denuded pulmonary arterial rings from normal
rats. Serotonin and the thromboxane analog were used because they are
involved in the pathogenesis of various experimental and human forms
of PH.

Concentration-response curves to imatinib, nilotinib, and sorafenib
were constructed in endothelium-intact pulmonary arterial rings from
normal and SU5416/hypoxia/normoxia-exposed rats. Because imatinib
caused an endothelium-independent relaxation and because our pre-
liminary results indicate that this is also the case for the other TKI in-
hibitors, the following experiments were performed under nitric oxide
synthase-inhibited status. All rings received 200 pM of N®-nitro-L-
arginine (L-NNA) after 60 minutes of equilibration. L-NNA induced
marked contractions in hypertensive but not normotensive pulmonary
arteries (see Fig. E1 in the online supplement) (18). Concentration-
response curves to TKIs (0.1-100 pM) were determined in normoten-
sive pulmonary arterial rings precontracted by U46619 (100 nM) and in
hypertensive pulmonary arterial rings precontracted by L-NNA.

Catheterized rats. Acute hemodynamic effects of imatinib were
tested in anesthetized, catheterized, SU5416/hypoxia/normoxia-exposed
rats. After the baseline measurements, imatinib (20 or 50 mg/kg, total
volume of 0.1 ml) was injected intravenously, and hemodynamic pa-
rameters were monitored for 10 minutes (the effect of imatinib reached
a plateau within 5 min). In some cases, 5 mg/kg of imatinib, which
was found to have no significant hemodynamic effect, was administered
at least 15 minutes before the higher dose was examined. At the end
of study, the rat was killed by an overdose of pentobarbital sodium,
and the heart was collected for measurement of the right ventricle/
left ventricle + septum (RV/LV+S) weight ratio as an index of RV
hypertrophy.

Western blot analyses. Pulmonary arterial rings from normal
rats were isolated for Western blot analyses. Rings were suspended in
muscle baths in the same manner as for the tension measurement
experiments. After 60 minutes of equilibration, all rings were exposed
to L-NNA (200 pM) for 10 minutes. They were then given three
different treatments: (1) no treatment, (2) U46619 (100 nM) alone, and
(3) U46619 followed by 30 uM imatinib. Thirty minutes after the
various treatments, rings were snap frozen by immersion in a dry ice—
acetone slurry containing 10% trichloroacetic acid and stored at —80°C
for subsequent analyses (19).

Statistical Analysis

Values are means = SEM. Comparisons between groups were made
with Student’s ¢ test, repeated measure ANOVA, or ANOVA with
Scheffe’s post hoc test for multiple comparisons. Differences were
considered significant at P < 0.05.

RESULTS

Effects of Imatinib on Agonist-Induced Contractions in
Pulmonary Arterial Rings

Imatinib concentration-dependently reversed serotonin-induced
(Figure 1A) and U46619-induced (Figure 1B) contractions in
pulmonary arterial rings isolated from normal rats. These
relaxations were not reduced by endothelial removal (Figures
1A and 1B).
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Figure 1. Concentration-relaxation curves to imatinib in endothelium-
intact (closed circles) and -denuded (open circles) pulmonary arterial rings
from normal rats precontracted with serotonin (A) and U46619 (B).
Values are means + SE (n = 4 in each group).

Effects of Imatinib on MLCP Activity and
MLC Phosphorylation

MLCP activity and MLC phosphorylation were measured as
indices for Ca?* sensitivity and smooth muscle contractility,
respectively. In agreement with previous studies (19), U46619
increased MLCP activity (as reflected by an increase in phos-
phorylation of its regulatory subunit MYPT1 at Thr850) (Figure
2A) as well as the phosphorylation of MLC (Figure 2B) in
pulmonary arterial rings from normal rats. Imatinib (30 nM)
significantly reduced the U46619-induced increased phosphor-
ylation of MYPT1Thr850 and MLC.

Effects of Various TKIs on Contractions in Pulmonary
Arterial Rings

Three different TKIs—imatinib, nilotinib, and sorafenib—reversed
U46619-induced contractions in endothelium-intact pulmonary
arterial rings from normal rats pretreated with L-NNA (Figure
3A). All SU5416/hypoxia/normoxia-exposed rats developed se-
vere PH (RV/LV+S ratio, 0.64 = 0.03 [n = 9] versus 0.20 = 0.02
[n = 4] for control) with occlusive neointimal lesions in small
pulmonary arteries and arterioles (12, 13). In contrast to no
contraction by L-NNA in normotensive pulmonary arterial
rings, the NOS inhibitor caused marked contraction in hyper-
tensive rings from SU5416/hypoxia/normoxia-exposed PH rats
(Figure E1), which is similar to what is observed in pulmonary
arterial rings isolated from chronically hypoxic rats (18). This
phenomenon can be interpreted as evidence of high spontane-
ous tone that is opposed by endogenously produced nitric oxide
in hypertensive pulmonary arterial rings under resting tensions
in physiological salt solution. In other words, L-NNA unmasks
the spontaneous contraction of hypertensive pulmonary arteries.
All TKIs concentration-dependently and completely reversed
the spontaneous contraction in pulmonary arterial rings iso-
lated from SU5416/hypoxia/normoxia-exposed PH rats (Figure
3B). Nilotinib and sorafenib were more potent than imatinib
in reversing the U-46619-induced and the spontaneous con-
tractions in normotensive and hypertensive pulmonary arteries,
respectively.

Acute Hemodynamic Effects of Imatinib in Catheterized
PH Rats

Compared with normotensive rats, SU5416/hypoxia/normoxia-
exposed rats had very high RVSP (20 = 3 versus 100 = 5 mm
Hg, respectively; n = 4 and 11, respectively; P < 0.001) with
markedly reduced cardiac index (CI) (119 = 12 versus 59 = 8
ml/min/kg, respectively; n = 4 each; P < 0.001), normal LVSP
(138 = 9 versus 140 = 6 mm Hg, respectively; n = 4 and 11,
respectively; not significant [n.s.]), and HR (372 * 23 versus
347 = 19 mm Hg, respectively; n = 4 and 11; n.s.). All PH rats
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Figure 2. Effects of imatinib (30 pM) on U46619-induced increase in
phosphorylation of the regulatory subunit of (A) myosin light chain
phosphatase (MYPT1) and (B) myosin light chain (MLC) in pulmonary
arteries from normal rats. Top panels show representative immunoblots
for phosphorylated (p) and total MYPT1 and MLC. Bottom panels show
calculated densitometric ratios of pMYPT1/MYPT1 and pMLC/MLC.
Values are means *+ SE (n = 5-6 in each group) normalized to the ratio
for controls (without U46619 and imatinib) as a value of 1. *P < 0.05.

showed severe RV hypertrophy as reflected by high RV/LV+S
ratio compared with normal rats (0.20 * 0.02 versus 0.55 * 0.02,
respectively; n = 4 and 11, respectively; P < 0.001).

The acute effects of intravenous imatinib (20 and 50 mg/kg,
bolus) on RVSP, LVSP, and CI were tested in anesthetized
SUS5416/hypoxia/normoxia-exposed severe pulmonary hyper-
tensive rats. Imatinib (50 mg/kg) significantly lowered high
RVSP (from 105 = 7 to 87 = 5 mm Hg; P < 0.05), with only
minor effects on LVSP (from 140 = 9 to 134 = 10 mm Hg; n.s.),
HR (from 367 = 24 to 347 = 19 mm Hg; n.s.), and CI (from
59 = 8 to 59 = 10 mm Hg; n.s.) (Figure 4A). Lower doses of
imatinib (5 and 20 mg/kg) had no and a smaller but significant
RVSP-lowering effect, respectively (Figure 4B).

DISCUSSION

This study demonstrated that the TKIs imatinib, nilotinib, and
sorafenib concentration-dependently and completely relaxed
precontracted normotensive and hypertensive pulmonary arte-
rial rings from normal and SU5416/hypoxia/normoxia-exposed
PH rats, respectively. Endothelium-independent vascular smooth
muscle relaxation mediated via activation of MLCP (Ca?* de-
sensitization) appeared to play a role in the imatinib-induced
pulmonary vasorelaxation. In addition, acute intravenous admin-
istration of imatinib effectively reduced the high RVSP without
major effects on systemic arterial pressure and cardiac output in
SUS5416/hypoxia/normoxia-exposed rats with severe PH.

Imatinib is approved for the treatment of patients with
chronic myeloid leukemia and gastrointestinal stromal tumors
(2, 3). It inhibits PDGFR, c-Abelson tyrosine kinase (c-Abl),
and c-kit at low concentrations (~1 pM). In addition, it may
inhibit other kinases, such as EGFR, Src family kinases, and
protein kinase C (PKC), at higher concentrations (20, 21).
Recently, chronic administration of imatinib has been reported
to be promising for the clinical treatment of severe PH (4).
Chronically administered high doses of imatinib (50 and 100
mg/kg) reverse the established PH induced by monocrotaline in
rats and by chronic hypoxia in mice (5, 7). There are also
positive clinical case reports of chronic treatment with imatinib
in patients with severe PH (4, 21).

It is assumed that the beneficial effect of imatinib against PH
is due to inhibition of PDGFR and the prevention of cell pro-
liferation (5, 7). There are, however, several possible mechanisms
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Figure 3. Concentration-relaxation curves to tyrosine kinase inhibitors,
imatinib (open circles; n = 8), nilotinib (closed circles; n = 4), and
sorafenib (open triangles; n = 4). All inhibitors showed concentration-
dependent relaxations of pulmonary arterial rings from normal rats
precontracted with U46619 (A) and from SU5416/hypoxia/normoxia-
exposed PH rats precontracted with nitro-L-arginine (B). Values are
means = SE. *P < 0.001 versus sorafenib and nilotinib.

by which imatinib could also elicit pulmonary vasodilation.
These include: (/) inhibition of PDGFR-mediated elevation of
intracellular Ca?* levels (22); (2) inhibition of other off-target
protein kinases, such as EGFR, Src, and PKC, which may
regulate intracellular Ca?* levels and Ca?* sensitivity (8, 23,
24); and (3) inhibition of c-Abl-mediated actin polymerization
(25). We found in this study that imatinib completely reversed
agonist-induced contractions in isolated normal rat pulmonary
arteries in an endothelium-independent manner. Consistent with
previous studies in systemic arterial rings (26, 27), U46619-
induced pulmonary arterial ring contraction was accompanied
by increases in phosphorylation of MLC and MYPT1Th850 the
regulatory subunit of MLC phosphatase (MLCP). Imatinib
(30 pM) reversed not only the contraction and the increased
phosphorylation of MLC but also the increased phosphorylation
of MYPT1Thr850, These results suggest that imatinib is an ef-
fective endothelium-independent pulmonary vasorelaxant and
that Ca?* desensitization (mediated through dephosphorylation
of MYPT1Thr850 and activation of MLCP) may contribute to its
action. However, mechanisms of imatinib-induced vasodilation
may be different among different arteries and mechanisms of
contraction. It is also suggested that inhibition of other off-
targeted kinases (e.g., EGFR, Src family kinases, and PKC),
rather than simply its major targets (i.e., PDGFR, c-kit, and
c-Abl), may account for the vasorelaxant activity of imatinib
because the lower concentrations (1 and 3 pM) that should be
sufficient to inhibit the major targeted kinases (23) had little
effect against the agonist-induced contractions.

In addition to our in vitro finding that a high concentration of
imatinib (30 pM) completely reversed the spontaneous con-
traction of hypertensive pulmonary arterial rings, we found that
high doses (20 and 50 mg/kg) but not a low dose (5 mg/kg) of
imatinib effectively reduced the high RVSP in SU5416/hypoxia/
normoxia-exposed PH rats. The low dose (5 mg/kg) is close to
the usual clinical dose for the treatment of patients with leu-
kemia (400 mg/d) and the dose currently being used in clinical
trials in patients with PH. The high dose (50 mg/kg) has been
reported to be effective in the chronic treatment of pulmonary
hypertensive rodent models (5, 7). In these preclinical studies,
lower doses (1 and 10 mg/kg) had little or no effect in reversing
the established PH. Taken together, these observations suggest
that high concentrations and doses of imatinib (much higher
than those effectively inhibiting the major targeted kinases) are
required to exert its vasodilatory action, which may have played
an important role in its chronic beneficial effect against pre-
clinical models of PH. If this is the case for human PH, one can
predict that a low dose (400 mg/d or ~5 mg/kg) of imatinib
against PH in clinical trials may not be as effective as expected.
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Figure 4. (A) Effects of imatinib (50 mg/kg, intravenous bolus) on right
ventricular systolic pressure (RVSP) (left panel; n = 6), left ventricular
systolic pressure (LVSP) (middle panel; n = 6), and cardiac index (Cl)
(right panel; n = 4) in SU5416/hypoxia/normoxia-exposed PH rats.
Values are means = SE. *P < 0.05 versus BEFORE value. (B) Effects of
imatinib (5, 20, and 50 mg/kg, intravenous bolus) on RVSP (closed bar)
and LVSP (open bar) in SU5416/hypoxia/normoxia-exposed PH rats.
Percentage change is expressed as a difference in values between
baseline and after imatinib divided by each baseline value. Values are
means = SE of n = 6. #P < 0.05 versus baseline value. *P < 0.05 versus
20 mg/kg. Number of rats examined is indicated in parentheses.

In fact, a very recent report demonstrates that low doses of
imatinib (200 or 400 mg/d) in patients with PH failed to show
significant improvement in the primary endpoint (6-min walking
distance) with no significant reduction in pulmonary arterial
pressure (28).

An unexpected and potentially important observation is that
the blood pressure-lowering effect of imatinib in SU5416/
hypoxia/normoxia-exposed severe PH rats was relatively pul-
monary selective. Although it is unclear how imatinib prefer-
entially reduced the high RVSP, one possible explanation is that
it may inhibit the activity of a kinase/signaling pathway that
regulates Ca* sensitivity (e.g., Src/Rho kinase pathway [24])
that is up-regulated in the hypertensive pulmonary arteries but
not in the normotensive systemic arteries. Considering that
clinical application of the higher doses of imatinib are unaccept-
able due to its potential adverse side effects (29), it may be
important in future studies to identify these kinase(s) and
signaling pathway(s) to develop more specifically targeted and
effective therapies.

We also examined pulmonary vasorelaxant effects of two
other TKIs: nilotinib, an inhibitor of PDGFR and c-Abl (30),
and sorafenib, an inhibitor of PDGF and vascular endothelial
growth factor receptors as well as the serine/threonine kinases
Raf-1 and b-Raf (31). We found that these TKIs relaxed
precontracted normotensive and hypertensive pulmonary ar-
teries more potently than imatinib did. The relaxation by all
three TKIs was apparently at least largely independent of nitric
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oxide synthesis. Further studies are required to elucidate more
detailed mechanisms of the relaxation. These results support
our hypothesis that TKIs have a potent pulmonary vasodilatory
action through inhibition of smooth muscle cell growth factor—
related kinases and suggest that nilotinib and sorafenib might be
more effective than imatinib in treating patients with PH.

CONCLUSION

This study demonstrated that TKIs, which are promising can-
didates for the treatment of severe PH as antigrowth factor and
antiproliferating agents, are potent pulmonary vasodilators. This
new information may be important in interpreting the chronic
beneficial effects of TKIs in the clinical treatment of PH.
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