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Abstract

Ž .Thiazolidinedione and isoxazolidinedione insulin sensitizers activate peroxisome proliferator-activated receptor g PPARg . Some
thiazolidinediones modify ion channels in smooth muscles; however, the mechanism by which their actions occur has not been clarified.

Ž .We, thus, examined the effects of three thiazolidinediones troglitazone, pioglitazone, and rosiglitazone and isoxazolidinedione
Ž . 12,14 Ž . 2qJTT-501 , as well as an intrinsic ligand for PPARg, 15-deoxy-D prostaglandin J prostaglandin J , on voltage-operated Ca2 2

Ž . q Ž . 2q q Ž .currents I , voltage-dependent K currents I , and Ca -activated K currents I , to clarify whether a thiazolidinedioneCa Kv Kca

structure or PPARg activation is related to their actions on ion channels. The whole-cell patch clamp method was used to record currents
Žin smooth muscle cells from guinea-pig mesenteric arteries. Thiazolidinediones inhibited I in a dose-dependent manner troglitazone)Ca

. Ž . Ž .pioglitazones rosiglitazone . Troglitazone G1 mM and rosiglitazone 100 mM , but not pioglitazone, inhibited I . RosiglitazoneKv
Ž . Ž . Ž .G10 mM enhanced, troglitazone G1 mM inhibited, and pioglitazone did not affect I . A high concentration of JTT-501 100 mMKca

inhibited I , I , and I to a similar extent. Prostaglandin J enhanced I , but affected neither I nor I . In summary, the threeCa Kv Kca 2 Kca Ca Kv

thiazolidinediones and isoxazolidinedione act differently on Ca2q and Kq channels in vascular smooth muscle. The action of
thiazolidinediones on I could be attributed to specific regions of the molecules and not to activation of PPARg. Involvement of PPARgCa

activation in the stimulation of I is possible but should be tested further. q 2001 Elsevier Science B.V. All rights reserved.Kca

2q q Ž .Keywords: Thiazolidinedione; Isoxazolidinedione; Ca channel; K channel; PPARg peroxisome proliferator-activated receptor g

1. Introduction

Thiazolidinediones, including troglitazone, pioglitazone,
and rosiglitazone, have been developed as insulin sensitiz-
ers that reduce plasma glucose by increasing insulin sensi-

Žtivity in target tissues Ciaraldi et al., 1990; Hoffman et al.,
.1991; Oakes et al., 1994 . These agents have been shown

to lower blood pressure and increase blood flow in animals
Žand humans Yoshioka et al., 1993; Kemnitz et al., 1994;

Buchanan et al., 1995; Kaufman et al., 1995; Ogihara et
.al., 1995; Walker et al., 1998; Fujishima et al., 1998 . The

mechanism by which such cardiovascular actions occur is
unknown; however, an improvement of insulin resistance
and a direct vasodilating action on the vasculature have
been postulated. As regards vascular actions, studies using
the patch–clamp method have shown that troglitazone,
pioglitazone, and rosiglitazone inhibit L-type Ca2q cur-
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Žrents in vascular smooth muscle cells Zhang et al., 1994;
.Nakamura et al., 1998; Knock et al., 1999 . However,

Ž .Knock et al. 1999 showed that rosiglitazone enhanced
but troglitazone inhibited Ca2q activated Kq currents
Ž .I in rat aortic cells. They also showed that both drugsKca

q Ž .inhibited delayed rectifier K currents I in rat pul-Kv
Ž .monary artery muscle cells. JTT-501 isoxazolidinedione

is a novel insulin sensitizer, which is structurally distinct
Ž .from thiazolidinediones Shibata et al., 1998 . Thus, JTT-

501 could be a useful tool for evaluating the mechanism of
thiazolidinedione effects on ion channels; however, there
are no reports regarding the action of JTT-501 on ion
currents.

Thiazolidinediones and JTT-501 activate a nuclear re-
ceptor, peroxisome proliferator-activated receptor g

Ž . Ž .PPARg Lehmann et al., 1995; Shibata et al., 1999 .
PPARg expression is abundant in adipose tissue. Recent
studies have shown that PPARg is also expressed in
non-adipose tissues, including the heart, skeletal muscle,
proximal tubules of kidney, and vascular smooth muscle
ŽPark et al., 1997; Vidal-Puig et al., 1997; Guan et al.,
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Fig. 1. Chemical structures of troglitazone, pioglitazone, rosiglitazone and JTT-501.

.1997; Law et al., 2000; Iijima et al., 1999 . Although
thiazolidinediones affect ion channels, the association be-
tween ion channels and PPARg has not been clarified. We
thus compared the effects of three thiazolidinediones, one
isoxazolidinedione, and 15-deoxy-D12,14 prostaglandin J ,2

ligands to PPARg, for ion currents in vascular smooth
muscle cells.

2. Materials and methods

2.1. Single cell preparation and Õoltage clamp recordings

Ž .Female guinea-pigs body weight 200–250 g were
anesthetized with ether and then decapitated. Single smooth
muscle cells were obtained by collagenase treatment
Ž .Wako, Tokyo, Japan from the mesenteric arterial branch
Ž . Ždiameter -300 mm as described previously Ohya et al.,

.1993; Setoguchi et al., 1995; Nakamura et al., 1998 .
Conventional whole-cell patch–clamp methods were

performed with a patch pipette through a voltage clamp

Žamplifier Axopatch 1-D, Axon Instruments, Foster City,
.CA, USA . The conditions and procedures were the same

Žas those previously described Setoguchi et al., 1995;
.Nakamura et al., 1998 . Current recording was carried out
Ž .at room temperature 22–24 8C . Recording electrodes

were made from Pyrex glass capillary tubing.
To isolate the Ca2q channel current, the pipette was

q Ž .filled with a high Cs solution mM : Cs asparatate 130,
CsCl 20, ATP-Na 3, MgCl 1, EGTA 10, HEPES 10, and2 2

pH 7.3 titrated with CsOH. As a carrier of Ca2q currents,
2q Ž 2q . 2qBa ion was used Ba current, I . The Ba -contain-Ba

Ž .ing bath solution consisted of mM : BaCl 10, NaCl 150,2

KCl 6, glucose 5.4, HEPES 5, MgCl 3, and pH 7.32

titrated with NaOH. To isolate Kq currents, the pipette
Ž .solution contained mM : KCl 130, MgCl 3, ATP-Na 3,2 2

EGTA 0.5 to 10, HEPES 10, and pH 7.3 titrated with
KOH. The bath solution for Kq currents consisted of
Ž .mM : NaCl 150, KCl 6, Glucose 5.4, HEPES 5, MgCl 32

and pH 7.3 titrated with NaOH.
The cells were held at y80 or y70 mV, and command

potentials were applied every 10 or 20 s. Data were

Fig. 2. Effects of troglitazone, pioglitazone, rosiglitazone and JTT-501 on voltage-operated Ca2q channel currents: Ba2q was used for the current carrier
Ž . Ž . Ž . Ž .I . A Current traces recorded at a command potential of 20 mV from a holding potential of y70 mV, before c and after d application of 10 mMBa

Ž .drugs. Dotted line indicates zero current level. B Dose–response relationships of drugs on the current amplitude. Relative amplitudes of the currents
Ž . Ž . Ž . Žmean"S.E. with various drug-concentrations are plotted; troglitazone open square, ns6 , pioglitazone filled square, ns6 , rosiglitazone open

. Ž . Ž . )circle, ns5 and JTT-501 filled triangle, ns11 . The control amplitude before application of drugs was normalized to 1.0. P-0.05 compared with
1.0.
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Žobtained after the current amplitude had stabilized usually
.3–5 min after the whole-cell configuration was obtained .

The current did not run-down over the next 20 min under
Žthese conditions Ohya and Sperelakis, 1989; Setoguchi et

.al., 1995 . Membrane currents were low-pass-filtered at 2
kHz, digitized with a sampling frequency of 5–10 kHz,
and stored in a personal computer system for subsequent
analysis. The liquid junctions among solutions were cor-
rected. For I , the Pr4 protocol was used to subtract theBa

leak and capacitive currents. For I and I , no correc-Kv Kca

tion of the leak and capacitive currents was made. The
traces are shown after being low-pass-filtered at 1 kHz.

2.2. Chemicals

ŽŽ . w ŽThree thiazolidinediones, troglitazone " -5- 4- 6-hy-
. xdroxy-2,5,7,8-tetramethylchroman-2-ylmethoxy benzyl -

. ŽŽ . w Ž2,4-thiazolidinedione , pioglitazone " -5- p- 5-ethyl-2-
. x .pyridyl-2-ethoxy benzyl -2,4 thiazolidinedione and

Ž w Žw Ž . xrosiglitazone 5- 4- N-methyl-N- 2-pyridyl amino
. x .ethoxy benzyl thiazolidine-2, 4-dione , and a non-thia-

Ž w Ž wzolidinedione, JTT-501 4- 4- 2- 5-methyl-2-phenyl-4-
x . x .oxazolyl ethoxy benzyl -3,5-isoxazolidinedione were

Ž .gifts from Sankyo, Tokyo, Japan Fig. 1 . 15-deoxy-
12,14 Ž .D -prostaglandin prostaglandine J was from Cayman2

Ž .Chemical Ann Arbor, MI, USA . Charybdotoxin and 4-
Ž .aminopyridine were from Sigma St. Louis, MO, USA .

Troglitazone, pioglitazone, rosiglitazone, and JTT-501
Ž .were dissolved in 100% dimethylsulfoxide DMSO as a

10–100 mM stock solution. PGJ was dissolved in distilled2

water before each experiment. Drug solution was diluted at
least 1000 times. DMSO at a concentration of 0.1% did
not apparently affect the currents.

2.3. Analyses and statistics

Ž .The concentration for half inhibition IC was ob-50

tained by fitting the data to the Michaelis–Menten equa-
tion by the nonlinear least-squares method. Data are
expressed as means"S.E. Statistical significance was de-

Ž .termined by one-way analysis of variance ANOVA with
post-hoc test. A level of P-0.05 was considered statisti-
cally significant.

3. Results

2q ( )3.1. Effects on Ba currents IBa

Fig. 2 shows the effects of troglitazone, pioglitazone,
rosiglitazone, and JTT-501 on I . Fig. 2A shows theBa

changes in current traces in the presence of 10 mM drugs.
All thiazolidinediones inhibited the I ; however, theirBa

potencies were different. Ten mM JTT-501 had little ef-
fect. The dose–response relationships of these agents on

Žthe current amplitudes are shown in Fig. 2B vs. 1.0 by

q Ž . Ž . Ž .Fig. 3. Effects of troglitazone, pioglitazone, rosiglitazone, and JTT-501 on the voltage-dependent K current I . A Charybdotoxin ChTx, 0.1 mMKv
Ž . Ž .inhibited I and 4-aminopiridine 4AP, 3 mM and tetraethyleammonium TEA, 10 mM inhibited I . Currents were evoked by command potentials toKCa Kv

Ž . Ž .between y20 and 60 mV in 20-mV increments. The pipette solution contained 1 mM EGTA. B Current traces before c and after application of 0 mM
Ž . Ž . Ž . Ž . Ž .y5 and 100 mM y4 troglitazone, and 100 mM pioglitazone d , rosiglitazone d , and JTT-501 d . Currents were recorded at a command potential of
40 mV from a holding potential of y70 mV in the presence of 0.1 mM ChTx. Dotted line indicates zero current level. The pipette solution contained 10

Ž . ŽmM EGTA. C Dose–response relationship of the effects of drugs on the current amplitudes. Relative amplitudes of the currents measured at command
. Ž . Ž .potential 40 mV; mean"S.E. with various drug-concentrations are plotted; troglitazone open square, ns6 , pioglitazone filled square, ns5 ,

Ž . Ž . Ž .rosiglitazone open circle, ns5 and JTT-501 filled triangle, ns5 . The control amplitude before application of drugs was normalized to 1.0.
)P-0.05 compared with 1.0.



( )K. Eto et al.rEuropean Journal of Pharmacology 423 2001 1–74

ANOVA; troglitazone, P-0.001, ns6; pioglitazone, P
-0.001, ns6; rosiglitazone, P-0.001, ns5; JTT-501,

.P-0.00, ns11 . Troglitazone inhibited I to moreBa
Ž .extent than other drugs by ANOVA; P-0.001 . Simi-

larly, three thiazolidinediones inhibited I to more extentBa
Ž .than JTT-501 P-0.001 . The IC for troglitazone, pi-50

oglitazone, and rosiglitazone were 2, 99 and 34 mM,
respectively. The IC of JTT-501 was not calculated,50

because 100 mM JTT-501 inhibited I by only aboutBa

20%.

q ( )3.2. Effects on Õoltage-dependent K current IK Õ

The effects of the three thiazolidinediones and JTT-501
on I were examined. The I was recorded with 0.1Kv Kv

Ž .mM charybdotoxin, a K channel blocker Fig. 3A . Fig.Ca

3B shows the changes in the current traces in the presence
of 10 and 100 mM troglitazone, and 100 mM pioglitazone,
rosiglitazone, and JTT-501. Troglitazone dose-dependently
Ž .IC s18 mM inhibited I , whereas only a high con-50 Kv

centration of rosiglitazone and JTT-501 inhibited IKv

2q q Ž .Fig. 4. Effects of troglitazone, pioglitazone, rosiglitazone and JTT-501 on the Ca -activated K current I . Currents were recorded during aKca
2q Ž .voltage-ramp from y60 to 60 mV in Ca -free bath solutions containing 1–3 mM 4AP. A The rectifying component of the outward current was

Ž . Ž .inhibited by 0.1 mM ChTx. The pipette contained 0.3 mM EGTA in order to increase I in this particular experiment. B Current traces before c andKca
Ž . Ž .after d application of 100 mM of the drugs. ChTx 0.1 mM inhibited the rosiglitazone-enhanced component. The pipette solution contained 1 mM
Ž . Ž . Ž .EGTA. C Relative amplitudes of the currents mean"S.E. with various drug-concentrations are plotted: troglitazone open squares, ns6 , pioglitazone

Ž . Ž . Ž . Ž .filled squares, ns5 , rosiglitazone open circles, ns8 or 21 , JTT-501 filled triangles, ns6 . The control amplitude before drug application was
normalized to 1.0. The amplitude of the current was determined as the area of the outward rectifying component at membrane potentials from y10 to q60
mV. )P-0.05 vs. 1.0.
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12,14 Ž . Ž . Ž . Ž . Ž . Ž .Fig. 5. Effects of 15-deoxy-D prostaglandin J PGJ on I , I and I . Current traces of I A , I B , and I C before c and after d2 2 Ba Kv Kca Ba Kv Kca
Ž . Ž . Ž . Ž . Ž .application of 10 mM of PGJ . D Relative amplitudes of I open square , I open circle , and I open triangle mean"S.E. with various2 Ba Kv Kca

Ž . Ž .drug-concentrations are shown ns5 or 7 . The control amplitude before application of drugs was normalized to 1.0. I , I and I were recordedBa Kv Kca

with the same conditions as in Figs. 2, Fig. 3 and Fig. 4, respectively. )P-0.05 vs. 1.0.

Žvs.1.0 by ANOVA; troglitazone, P-0.001, ns6; piogli-
tazone, Ps0.22, ns5; rosiglitazone, P-0.001, ns5;

.JTT-501, P-0.005, ns5; Fig. 3C .

2q q ( )3.3. Effects on Ca -actiÕated K currents IK ca

The effects of drugs on Ca2q-activated Kq currents
Ž .I were then evaluated. The I was recorded with theKca Kca

Ž .same protocol as that reported by Knock et al. 1999 :
ramps were applied from y60 to q60 mV in the presence
of 1–3 mM 4-aminopyridine, a K channel blocker. Ca2q

v

was not included in the bath solution in order to avoid a
secondary effect on I due to inhibition of I . Fig. 4AKca Ca

illustrates I and its inhibition by 0.1 mM charybdotoxin.Kca

Charybdotoxin inhibited most of the outward rectifying
component. Thus, the effects of drugs were estimated by
observing the changes in the calculated area of the outward
rectifying component at potentials from y10 to q60 mV.
Fig. 4B illustrates the changes in current in the presence of
100 mM troglitazone, pioglitazone, rosiglitazone, and JTT-
501. Fig. 4C summarizes the action of drugs on I .Kca

ŽTroglitazone inhibited I vs. 1.0 by ANOVA, P-Kca
. Ž .0.001, ns6 , whereas pioglitazone Ps0.16, ns5 did

Ž .not affect the outward current vs. 1.0 by ANOVA . A
Žhigh concentration of JTT-501 inhibited I Ps0.01,Kca

.ns6 . Rosiglitazone enhanced I in most cells, but itKca

also inhibited I in some cells: the current was 79–176%Kca
Ž .at 10 mM and 75–220% at 100 mM Ps0.04, ns8–21 .

This enhanced component was inhibited by charybdotoxin,
suggesting that I was stimulated by rosiglitazone.Kca

3.4. Effects of PGJ on these currents2

To investigate whether the effects of these drugs on I ,Ba

I , and I are related to activation of PPARg, weKv Kca

examined the effects of PGJ on these currents. Fig. 5A, B2

and C illustrate the changes in I , I and I , respec-Ba Kv Kca

tively, in the presence of 10 mM PGJ . Ten micromolar is2

reportedly a high enough concentration to activate PPARg

Ž .in various cells Satoh et al., 1999; Law et al., 2000 . PGJ2
Ž .enhanced I vs. 1.0 by ANOVA; Ps0.007, ns6 , butKca

Žaffected neither I nor I I , Ps0.998, ns5; I ,Ba Kv Ba Kv
.Ps0.862, ns7; Fig. 5D .

4. Discussion

The present study is the first to directly compare the
actions of three thiazolidinediones and one isoxazolidine-
dione on ion channels. The main findings were as follows:
Ž .1 the thiazolidinediones, troglitazone, pioglitazone, and

Žrosiglitazone inhibited I troglitazone)pioglitazonesBa
. Ž .rosiglitazone ; 2 troglitazone and rosiglitazone but not

Ž .pioglitazone inhibited I ; 3 rosiglitazone enhanced I ;Kv Kca
Ž . Ž .4 a high concentration of JTT-501 100 mM inhibited

Ž .I , I , and I to a similar extent; and 5 PGJBa Kv Kca 2

enhanced I but affected neither I nor I .Kca Ba Kv

The three thiazolidinediones inhibited I . TroglitazoneBa

had a greater potency to inhibit I than did pioglitazoneBa

and rosiglitazone. Their potencies to inhibit I wereBa
Žcomparable to those in the previous reports Nakamura et

.al., 1998; Asano et al., 1999; Knock et al., 1999 . Since
Žthe thiazolidinediones inhibited I , whereas JTT-501 FBa

.10 mM and PGJ did not inhibit I , the differential effect2 Ba

of thiazolidinediones on Ca2q channels can be attributed
to specific regions of the molecules and not to activation
of PPARg. The right half of the structure, which includes
benzyl-thiazolidinedione, appears to be essential for the

2q Ž .inhibition of Ca channels Fig. 1 . The other half of the
structure may affect the ability to inhibit Ca2q channels.
Since only a high concentration of JTT-501 inhibited I ,Ba

I and I to a similar extent, JTT-501 stabilizes mem-Kv Kca
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brane currents through the non-specific blockade of all the
ion channels studied.

Ž .Knock et al. 1999 showed that troglitazone and
rosiglitazone inhibited I in rat pulmonary arteries. TheKv

present study further extended the observation that both
drugs inhibited this current, but pioglitazone, JTT-501 and
PGJ did not affect I in guinea-pig mesenteric arteries.2 Kv

Thus, it is possible that the inhibitory action on I is notKv

associated with the thiazolidinedione residue or activation
of PPARg.

Ž .Knock et al. 1999 reported that rosiglitazone enhanced
I in rat aortic cells. In the present study, we confirmedKca

that rosiglitazone enhanced I . We also demonstratedKca

that troglitazone, pioglitazone, and JTT-501 did not en-
hance I . Thus, the stimulatory effect on I is a uniqueKca Kca

characteristic of rosiglitazone. In the present study, rosigli-
tazone also slightly inhibited I in some cells. TheKca

reason for the discrepant responses of rosiglitazone among
cells is not known. It is possible that rosiglitazone may
have both stimulating and inhibitory actions on K chan-Ca

nels.
In the present study, PGJ , an intrinsic ligand for2

PPARg, enhanced I . Since rosiglitazone has the highestKca

affinity for PPARg among the various insulin sensitizers
Ž .Lehmann et al., 1995; Murakami et al., 1998 , this raises
the possibility that its stimulatory effect on I may beKca

associated with PPARg activation. However, it has been
reported that prostaglandin I and prostaglandin E acti-2 2

vate Ca2q-dependent Kq channels and cause relaxation in
Ž .pig pial arteries Armstead, 1999 , and that prostaglandin

E activates Ca2q-dependent Kq channels in human corpo-1
Ž .ral smooth muscle Lee et al., 1999 . It is thus also

possible that the stimulating action of PGJ on I did not2 Kca

depend on PPARg activation. Further studies are required
to clarify the intracellular mechanism for PGJ -induced2

I enhancement.Kca

Only a few studies have directly compared the poten-
cies of thiazolidinediones to cause vasodilation and to
exert antihypertensive actions. Troglitazone has a greater

Žpotency to dilate arteries than does pioglitazone Nakamura
.et al., 1998 . This is in accordance with the observation

that troglitazone inhibits Ca2q currents with a greater
potency than pioglitazone. The present study also showed
that the concentration of rosiglitazone required was 15
times higher than that of troglitazone. However, rosiglita-
zone enhanced I . Since the opening of K channelsKca Ca

would hyperpolarize the membrane potential of smooth
Žmuscle and decrease vascular tone Nelson and Quayle,

.1995 , the vasodilating action of rosiglitazone could result
from stimulation of K channels together with inhibitionCa

of Ca2q channels. Rosiglitazone administration prevented
Ža rise in blood pressure in Zucker fatty rats Buckingham

.et al., 1998 ; however, the vasodilating effect of rosiglita-
zone has not been demonstrated in human arteries in vivo
Ž .Walker et al., 1998 . The effects of JTT-501 on the
vasculature and on blood pressure have not been evaluated

so far. Since the effects of JT-501 on various currents were
weak, this drug may not have a direct action on vascular
tissues by modifying ion channels.

In conclusion, three thiazolidinediones and an isoxazo-
lidinedione act differently on ion channels in vascular
smooth muscle cells. These differences may characterize
their actions in the vasculature. The effects of thiazolidine-
diones on Ca2q channels may be attributed to specific
regions of their molecules rather than to PPARg activa-
tion. The possible involvement of PPARg activation in the
enhancement of I should be tested further.Kca

Acknowledgements

We thank Sankyo, Tokyo, Japan, for providing troglita-
zone, pioglitazone, rosiglitazone, and JTT-501. This work
was supported by grants from the Ministry of Education,
Culture, Sports, Science and Technology of Japan. A part
of the present study was performed in the Kyushu Univer-
sity Station for Collaborative Research.

References

Armstead, W.M., 1999. Hypertension dilates pial arteries by K andATP

K channel activation. Brain Res. 816, 158–164.Ca

Asano, M., Nakajima, T., Iwasawa, K., Morita, T., Nakamura, F., Imuta,
H., Chisaki, K., Yamada, N., Omata, M., Okuda, Y., 1999. Troglita-
zone and pioglitazone attenuate agonist-dependent Ca2q mobilization
and cell proliferation in vascular smooth muscle cells. Br. J. Pharma-
col. 128, 673–683.

Buchanan, T.A., Meehan, W.P., Jeng, Y.Y., Yang, D., Chan, T.M.,
Nadler, J.L., Scott, S., Rude, R.K., Hseuh, W.A., 1995. Blood
pressure lowering by pioglitazone: evidence for a direct vascular
effect. J. Clin. Invest. 96, 354–360.

Buckingham, R.E., Al-Barazanji, K.A., Toseland, C.D., Slaughter, M.,
Conner, S.C., West, A., Bond, B., Turner, N.C., Clapham, J.C., 1998.
Peroxisome proliferator-activated receptor-g agonist, rosiglitazone,
protects against nephropathy and pancreatic islet abnormalities in
Zucker fatty rats. Diabetes 47, 1326–1334.

Ciaraldi, T.P., Gilmore, A., Olefsky, J.M., Goldberg, M., Heidenreich,
K.A., 1990. In vitro studies on the action of CS-045, a new antidia-
betic agent. Metabolism 39, 1056–1062.

Fujishima, S., Ohya, Y., Nakamura, Y., Onaka, U., Abe, I., Fujishima,
M., 1998. Troglitazone, an insulin sensitizer, increases forearm blood
flow in humans. Am. J. Hypertens. 11, 1134–1137.

Guan, Y., Zhang, Y., Davis, L., Breyer, M.D., 1997. Expression of the
peroxisome proliferator-activated receptors in urinary tract of rabbits
and humans. Am. J. Physiol. 273, F1013–F1022.

Hoffman, C., Lorentz, K., Cola, J.R., 1991. Glucose transport deficiency
in diabetic animals is corrected by treatment with the oral antihyper-
glycemic agent pioglitazone. Endocrinology 129, 1915–1925.

Iijima, K., Yoshizumi, M., Ako, J., Eto, M., Kim, S., Hashimoto, M.,
Sugimoto, N., Liang, Y.Q., Sudoh, N., Toba, K., Ouchi, Y., 1999.

Ž .Expression of peroxisome proliferator-activated receptor g PPARg

in rat aortic smooth muscle cells. Biochem. Biophys. Res. Commun.
Ž .247 2 , 353–356.

Kaufman, L., Peterson, M., DeGrange, L., 1995. Pioglitazone attenuates
diet-induced hypertension in rats. Metabolism 44, 1105–1109.

Kemnitz, J., Elson, D., Roecker, E., Braum, S., Bergman, R., Melgasson,
M., 1994. pioglitazone increases insulin sensitivity, reduces blood



( )K. Eto et al.rEuropean Journal of Pharmacology 423 2001 1–7 7

glucose, insulin, and lipid levels, and lowers blood pressure in obese,
insulin-resistant rhesus monkeys. Diabetes 43, 204–211.

Knock, G.A., Mishra, S.K., Aaronson, P.I., 1999. Differential effects of
insulin-sensitizers troglitazone and rosiglitazone on ion currents in rat
vascular myocytes. Eur. J. Pharmacol. 368, 103–109.

Law, R.E., Goetze, S., Xi, X., Jackson, S., Kawano, Y., Demmer, L.,
Fishbein, M.C., Meehan, W.P., Hsueh, W.A., 2000. Expression and
function of PPARg in rat and human vascular smooth muscle cells.
Circ. Res. 101, 1311–1318.

Lee, S.W., Wang, H.-Z., Zhao, W., Ney, P., Brink, P.R., Christ, G.J.,
1999. Prostaglandin E activates the large-conductance K channel1 Ca

Ž .in human corporal smooth muscle cells. Int. J. Impot. Res. 11 4 ,
189–199.

Lehmann, J.M., Moore, L.B., Smith-Oliver, T.A., Wilkison, W.O., Wil-
son, T.M., Kliewer, S.A., 1995. An antidiabetic thiazolidinedione is a
high affinity ligand for peroxisome proliferator-activated receptor g.
J. Biol. Chem. 270, 12953–12956.

Murakami, K., Tobe, K., Ide, T., Mochizuki, T., Ohashi, M., Akanuma,
Y., Yazaki, Y., Kadowaki, T., 1998. A novel insulin sensitizer acts as

Ž .a coligand for peroxisome proliferator-activated receptor-g PPARg

and PPARg. Diabetes 47, 1841–1847.
Nakamura, Y., Ohya, Y., Onaka, Y., Fujii, K., Abe, I., Fujishima, M.,

1998. Inhibitory action of insulin-sensitizing agents on calcium chan-
nels in smooth muscle cells from resistance arteries of guinea-pig. Br.
J. Pharmacol. 123, 675–682.

Nelson, M.T., Quayle, J.M., 1995. Physiological roles and properties of
potassium channels in arterial smooth muscle. Am. J. Physiol. 268,
C799–C822.

Oakes, N.D., Kennedy, C.J., Jenkins, A.B., Laybutt, D.R., Chisholm,
D.J., Kraegan, E.W., 1994. A new antidiabetic agent, BRL-49635
reduces lipid availability and improves insulin action and glucoregula-
tion in rats. Diabetes 43, 1203–1210.

Ogihara, T., Rakugi, H., Ikegami, H., Mikami, H., Masuo, K., 1995.
Enhancement of insulin sensitivity by troglitazone lowers blood pres-
sure in diabetic hypertensives. Am. J. Hypertens. 8, 316–320.

Ohya, Y., Sperelakis, N., 1989. ATP regulation of the slow calcium
channels in vascular smooth muscle cells of guinea pig mesenteric
artery. Circ. Res. 64, 145–154.

Ohya, Y., Abe, I., Fujii, K., Takata, Y., Fujishima, M., 1993. Voltage-de-

pendent Ca2q channels in resistance arteries from spontaneously
hypertensive rats. Circ. Res. 73, 1090–1099.

Park, K.S., Ciaraldi, T.P., Abrams-Carter, L., Mudaliar, S., Nikoulina,
S.E., Henry, R.R., 1997. PPAR-gamma gene expression is elevated in
skeletal muscle of obese and type II diabetic subjects. Diabetes 46,
1230–1234.

Satoh, H., Tsukamoto, K., Hashimoto, Y., Hashimoto, N., Togo, M.,
Hara, M., Maekawa, H., Isoo, N., Kimura, S., Watanabe, T., 1999.
Thiazolidinediones suppress endothelin-1 secretion from bovine vas-
cular endothelial cells: a new possible role of PPARg on vascular
endothelial function. Biochem. Biophys. Res. Comm. 254, 757–763.

Setoguchi, M., Ohya, Y., Abe, I., Fujishima, M., 1995. Inhibitory action
of betaxolol, b -selective adrenoceptor antagonist, on voltage-depen-1

dent calcium channels in guinea-pig artery and vein. Br. J. Pharmacol.
115, 198–202.

Shibata, T., Matsui, K., Yonemori, F., Wakitani, K., 1998. JTT-501, a
novel oral antidiabetic agent, improves insulin resistance in genetic
and non-genetic insulin-resistant models. Br. J. Pharmacol. 125,
1744–1750.

Shibata, T., Matsui, K., Nagao, K., Shinkai, H., Yonemori, F., Wakitani,
K., 1999. Pharmacological profiles of a novel oral antidiabetic agent,
JTT-501, an isoxazolidinedione derivative. Eur. J. Pharmacol. 364,
211–219.

Vidal-Puig, A.J., Considine, R.V., Jimenez-Linan, M., Werman, A.,
Pories, W.J., Caro, J.F., Flier, J.S., 1997. Peroxisome proliferator-
activated receptor gene expression in human tissue: effects of obesity,
weight loss, and regulation by insulin and glucocorticoids. J. Clin.
Invest. 99, 2416–2422.

Walker, A., Naderali, E., Chattington, P., Buckingham, R., William, G.,
1998. Differential vasoactive effects of insulin sensitizers rosiglita-

Ž .zone BRL49653 and troglitazone on human small arteries in vitro.
Diabetes 47, 810–814.

Yoshioka, S., Nishino, H., Shiraki, T., Ikeda, K., Koike, H., Okuno, A.,
Wada, M., Fujiwara, T., Horikoshi, H., 1993. Antihypertensive effects
of CS-045 treatment in obese Zucker rats. Metabolism 42, 75–80.

Zhang, F., Sowers, J.R., Ram, J.L., Standly, P.R., Peuler, J.D., 1994.
Effects of pioglitazone on calcium channels in vascular smooth
muscle. Hypertension 24, 170–175.


