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This study investigates whether pioglitazone could suppress an atherogenic process such as balloon-injured carotid intimal
thickening and the proliferation of vascular smooth muscle cells (VSMC). We first examined the effect of pioglitazone to
determine whether it could suppress intimal thickening induced by balloon catheterization in Sprague-Dawley rats. After 14
days postcatheterization in the left common carotid artery, the neointimal layers were completely occupied by proliferated
VSMC, and the area ratio of neointima to media treated with 10 mg/kg/d of pioglitazone was significantly decreased to 57%.
Next, we evaluated the effect of pioglitazone on the proliferation of rat cultured VSMC. Piogliotazone dose-dependently
decreased the values of DNA synthesis, total cellular protein content, phosphorylations of extracellular signal-regulated
protein kinase 1/2 and mitogen-activated protein kinase kinase 1/2, and proliferative cell nuclear antigen in VSMC. Pioglita-
zone also inhibited the phosphorylation of Pyk2. We conclude that pioglitazone itself could be effective for suppressing the
growth of VSMC and consequent carotid intimal thickening.
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ROLIFERATION AND MIGRATION of vascular smooth MATERIALS AND METHODS
muscle cells (VSMC) in the neointima is a major event in paterials
the formation of atherosclerosis, including the process of re- Pioglitazone was supplied by Takeda Chemical Industries, Ltd

SFenOSIS a_lfter sgcpessful_ angl.oplays?yAltho.ugh the mecha-. (Osaka, Japan). A 2F Forgaty balloon catheter was purchased from
nism Iea_dl_ng to intimal thickening is compll.cated and re'n_w’“nsBaxter Healthcare (Santa Ana, CA); anti-mousesmooth muscle actin
unclear, it is well accepted that by some action(s), VSMC in theisma) antibody and trypsin were obtained from Sigma Chemical Co
medial layer might be stimulated and transformed from the(st Louis, MO), the avidin-biotin-peroxidase complex (ABC) kit from
contractile type to the synthetic type, and then they might evenvectastains (Vector Laboratories, Los Angeles, CA), Dulbecco modi-
migrate to and proliferate in the intima lay&#>5The results of ~ fied Eagle medium (DMEM) and phosphate buffer saline (PBS) from
these studies have led many investigators to attempt to reduddissui Pharmaceutical Co, Ltd (Tokyo, Japan), and fetal bovine serum
the incidence of restenosis by pharmacologic interventions ofFBS) from Gibco BRL (Grand Island, NY). Antibodies specific for
modified procedures, including angiotensin-converting enzymé>tracellular-regulated protein kinase (ERK) 1/2 (p44/p42), as well as
inhibitorsS7 calcium antagonist? 3-hydroxy-3-methylglu- antibodies phosphospecific for ERK 1/2 and mitogen-activated protein

L : (MAP) kinase kinase 1/2 (MEK 1/2), were purchased from New
- 11 2
taryl-coenzyme A reductase inhibitdf;*and heparir? Such England Biolab (Beverly, MA), and antibodies specific for proliferative

trials.havg met With vari_ablg success. ) ) . cell nuclear antigen (PCNA), Pyk2, PPAR-PPAR+y, CD36, and
Thiazolidinedione derivatives are novel 'nSU“n‘SenSVf_'Z'”g_phosphotyrosine (PY99) were obtained from Santa Cruz Biotech (Santa
agents that have been developed for the treatment of insuliruz, CA). PH]Thymidine, polyvinylfluoride (PVDF) membrane, per-
resistance, one of the most common abnormalities in non-exidase-conjugated immunoglobulins, and an ECL kit were purchased
insulin-dependent diabetes mellitus (NIDD#M)These agents from Amersham (Arlington Heights, IL). Protein A-Sepharose 6MB
can improve glucose metabolism by increasing insulin sensiwas purchased from Pharmacia Biotech AB (Uppsala, Sweden), a
tivity in insulin-sensitive tissues both in patients with NIDDM cytotoxicity detection kit (lactate dehydrogenase [LDH]) from Roche
and in several diabetic animal modétsi”ehman et 4 have (Mannheim, Germany), and other chemicals from Wako Pure Chemical
also shown that peroxisome proliferator-activated receptormdusmes’ Ltd (Osaka, Japan), Nacalai Tesque (Kyoto, Japan), Bio-
. . . Rad Laboratories (Richmond, CA), and Sigma.
(PPAR) v is a molecular target for the adipogenic effects of
. T s - o _ _ _
thiazolidinediones! I_n ad_dl_tlon,_ we and others have_ _rece”t'Y Protocol of Balloon Catheterization and Histologic Analysis
shown that some thiazolidinediones may have additional clin-
ical benefits in cardiovascular tissues such as VS®I&,en- - - o) | R
dothelial cells2? and ventricular myocyte® In particular, ex- divided into control and pioglitazone-treated groups. In the pioglita-

. 7 . A . ’ -treated , pioglit; ded in 5% bi luti
tensive studies have clarified that thiazolidinediones have afC = o oo 9OUP, PIogitazone suspended in 5% gum arabic Solfion
inhibitory effect on calcium channel functions in VSMC by
using the patch-clamp method, resulting in improved insulin
sensitivity and decreased vascular contractf§zHowever, it From the Third Department of Internal Medicine and Department of
is not been fully understood whether the inhibition of VSMC Laboratory Medicine, Yamagata University School of Medicine, Yama-
growth is a common property of thiazolidinediones both in vivo gatsa,bJa_r;:lré- Octaber 2. 2000: ed 3 o4 2001
and in vitro or whether the agents can affect some signal trans- S\ oo DCTODer £, ; aCCepeC January &4, 200
duction svstems at the cvtosolic and nuclear levels of VSMC Address reprint requests to Masahiko Igarashi, MD, Third Depart-

Yy Yy . : ‘ment of Internal Medicine, Yamagata University School of Medicine,
_To. explore these questlons,_ we_e_xam_lned the effects _05_2_2’ lida-nishi, Yamagata 990-9585, Japan.
pioglitazone, a member of the thiazolidinediones, on the carotid copyrighte 2001 by W.B. Saunders Company
intimal thickening in vivo and the mechanism of VSMC growth  0026-0495/01/5008-0003$35.00/0
in vitro in rats. doi:10.1053/meta.2001.24869

Male Sprague-Dawley (SD) rats weighing approximately 400 g were
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was administered at 10 mg/kg/d via gastric tube to rats @) once a  number of days (0, 1, 3, and 5 days), the media were aspirated, and the
day for 7 days. Age-matched rats were prepared as the control groupells were washed twice with ice-cold PBS. The cells were then
(n = 6) and also given 5% gum arabic solution without pioglitazone solubilized in 1 mL of a mixture of 0.5% SDS and 0.5N NaOH. After
once a day for 7 days. Under anesthesia with sodium pentobarbital (3he solution had been neutralized with 500 of 1N HCI, total cellular
mg/kg intraperitoneally [IP]), balloon catheterization in the left com- protein content was measured by the method of Lowry &% @hose

mon artery was performed on day 8 as described previg@8yiefly, media were replaced every 24 hours during this experiment.

after a minor incision in the left femoral artery, a 2F Fogarty balloon

catheter was inserted and manipulated up to the left common carotidmmunoblot Analysis of ERK 1/2, MEK 1/2,

artery. The inside space of the balloon was filled with water, andand Pyk2 in VSMC

intraluminal passages w_ith 0:02 mL of water were carr_ied out 3 times After being starved with DMEM containing 0.2% BSA for 24 hours
to denude t.he endothelium in 'the Ieﬁ com'mon cqrotld afte“,’- Aﬂerat 37°C, the cells were cultured in DMEM containing 3% FBS with
catheterization, a 5% gum arabic solution with or without ploglltazoneVarious concentrations (final concentrations 10, 20, 40, 70, and 100

e adm'”'skte'ef? fogll‘ll days'th erization. the lef g/ AmOl/L) of piogiitazone solubilized in DMSO for another 24 hours at
Wo weeks alter bafloon cathetérization, the eft common carolid 3zo¢ - rpge following experimental procedure was performed as de-

arteries were rapidly removed and divided into 4 cross-sectional piecegcribed previously? The cells were washed 3 times with ice-cold PBS

att3-‘mm_ |nte”rvalts for hISt(I)|OgIC anal;;&fs. thr:e right commor; cfar_oild containing 1umol/L sodium orthovanadate and solubilized with 0.5
arteries In all rats were aiso removed for thé measurement of Intach, - ¢ 5 lysis buffer consisting of 20 mmol/L HEPES, 5 mmol/L

medial areas. The samples were fixed with 4% paraformaldehyde for gCl,, 25 mmol/L KCI, 1 mmoliL NaSO,, 1 mmol/L sodium me

hours and subsequently processed for paraffin embedding. The fixe bdate, 10 mmol/LB-glycerophosphate, 5 mmol/L tetrasodium pyro-
tissue samples were stained with Elastica-Masson, and the areas of t %osphyate 250 mmol/L sucrose. 1 mrﬁoI/L adenosingighosphate
intima, measured from the internal elastic lamina to the luminal sur- ATP), 2 mmol/L phenylmethylsulfony! fluoride (PMSF), 0.1 mg/mL

face, and the medial Iayer_ n each sectlon_ Of_ the left common carot protinin, and 1% Triton-X. The total cellular lysates were centrifuged
artery were calculated using a mlcroscoplc |mag§ é}nalyzmg systemat 10,00@ to remove insoluble materials, and then protein concentra-
XL_l.O (Olympus, TOKYO’ Japan). The ratlp of t_he_ intimal area o the tions were determined by the method of Bradféftdhe lysates were

mgdlal area was provided as the area ratio of_|nt|ma/med|a layer (I/Msolubilized in a Laemmli buffer, and the samples were separated by
ratio), and the mean value of each preparation was calculated as iO% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred

valtges.hllladci!goz, |£nrzu?or:|f;ochem|cal sta:clr\mllg%/lv(\:/as pe!’]f_ormted ;N'thlto PVDF membranes. Alternatively, the above lysates were incubated
anti- antivody fo detect the presence o ~Specilic structural, oy, 1 wnL of anti-Pyk2 antibody overnight at 4°C. Then, protein

protein, and bound antibody was visualized by the ABC method andA—Sepharose 6MB was used to precipitate the immune complexes and

3,3f—diaminopenzidine tetrahydrochloride (DAB) as chromogen as de'Was incubated for another 2 hours at 4°C. The pellets were washed

scribed previousiye twice with ice-cold PBS, the bound proteins were then solubilized in a

VSMC Culture Laemmli buffer, and the complexes were separated by 7.5% SDS-
PAGE and transferred to PVDF membranes.

Rat VSMC were harvested from the aortas of male SD rats (150 to  After blocking overnight, the membranes were incubated with the
200 g) by the medial explant technique and cultured in DMEM con- primary antiphosphospecific antibody for ERK 1/2, MEK 1/2, or an-
taining 10% FBS as described previouglyCells within 10 passages tiphosphotyrosine antibody overnight at 4°C and/or with the antibody
were used for the following studies. for ERK 1/2 or Pyk2 for 1 hour at room temperature. The blots were

L washed and then incubated with an anti-rabbit or anti-mouse peroxi-
Measurement of DNA Synthesis in VSMC dase-conjugated immunoglobulin for 1 hour at room temperature. After

The assay was performed as described previdislyith minor this washing, sites of antibody binding were visualized using the ECL
modifications. VSMC were plated at a density ok510* cells per well Western blotting detection system and quantified with a densitometer.
on a 12-well culture plate and grown in DMEM containing 10% FBS
for 48 hours. The medium was then changed to DMEM containing!/mmunoblot Analysis of Nuclear Proteins in VSMC
0.2% bovine serum albumin (BSA) for starvation. After 24 hours of  Extraction of nuclear proteins was performed as described previ-
incubation, the media were aspirated, and the cells were cultured iy,g|y 31 After being starved with DMEM containing 0.2% BSA for 24
DMEM containing 3% FBS with various concentrations (final concen- hoyrs at 37°C, the cells were cultured in DMEM containing 3% FBS
trations 10, 20, 40, 70, and 1Q0nol/L) of pioglitazone solubilized in  yith various concentrations (final concentrations 10, 20, 40, 70, and
dimethylsulfoxide (DMSO) for 16 hours. Then, fCi of [*H]thymi- 100 mol/L) of pioglitazone solubilized in DMSO for another 36 hours
dine was added to each well and incubated for another 4 hours. At thgt 37°C. The cells were scraped and transferred to a microfuge tube.
end of the incubation, the cells were washed, and a high moleculapger being centrifuged at 10,00for 10 seconds, the cells were
mass of fH]thymidine was precipitated by 5% trichloroacetic acid at suspended in 40QL of ice-cold buffer A (10 mmol/L HEPES-KOH
4°C for 20 minutes. The precipitate was washed and solubilized in 504y 7.9, 4°C], 1.5 mmol/L MgCJ, 10 mmol/L KCI, 0.5 mmol/L

uL of a mixture of 0.5N NaOH and 0.1% sodium dodecyl sulfate githiothreitol [DTT], 0.2 mmol/iL PMSF) by flicking the tube. The

(SDS). Aiter the solution had been neutralized with 2800f INHCI, jysates were put on ice for 10 minutes and then vortexed for 10 seconds
radioactivity was measured in a liquid scintillation counter. Protein 54 centrifuged at 10,0@dor 10 seconds. The pellet was resuspended
concentrations were measured by the method of Lowry & al. in 50 pL of ice-cold buffer C (20 mmol/L HEPES-KOH [pH 7.9, 4°C],

. 25% glycerol, 420 mmol/L NaCl, 1.5 mmol/L Mggl0.2 mmol/L
Growth Assay in VSMC ethylenediaminetetraacetic acid [EDTA], 0.5 m%noI/L DTT, 0.2
The cells were prepared as mentioned above and starved witimmol/L PMSF) and incubated on ice for 20 minutes. After being
DMEM containing 0.2% BSA for 24 hours. The media were then centrifuged at 10,0@pfor 2 minutes to remove insoluble materials, the
aspirated and cultured in DMEM containing 5% FBS with various supernatant fractions were used for the determination of protein con-
concentrations (final concentrations 10, 40, and A@@ol/L) of pio- centrations by the method of BradfoitiThese samples were solubi-
glitazone solubilized in DMSO. After incubation for the indicated lized in a Laemmli buffer, separated by 12% SDS-PAGE, and trans-
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ferred to PVDF membranes. After being blocked overnight, the
membranes were incubated with antibody for PCNA, PRAR-
PPAR-+y, or CD36 at room temperature for 1 hour. The blots were
treated to visualize the sites of antibody binding by the same method
and quantified as described.

Other Measurements

Blood samples were taken from the inferior vena cava for measure-
ment of paroxysmal plasma glucose (PPG), immunoreactive insulin
(IRI), and lipid levels on the day rats were killed. Plasma glucose and
IRI levels were examined by a glucoseoxidase method and a polyeth-
ylene glycol method, respectively. Total cholesterol and triglyceride
were measured by an enzymatic method, and high-density lipoprotein
cholesterol (HDL-C) was measured by a precipitation method modified
with the phosphotungstate-MgQmnethod.

Statistical Analysis

Results are expressed as meansSE. Statistical significance was
estimated by 1-way analysis of variance (ANOVA) for the comparison
of the 2 groups, and the differences were considered significant at
P < .05.

RESULTS
Body Weight and Levels of Glucose, IRI, and Lipids

No rats died during the experimental run. Treatment with
pioglitazone modified neither rat body weight (control group
[C], 408.0 = 11.6 g; pioglitazone-treated group [P], 4132
25.1 g) nor serum levels of PPG (C, 159429.8 mg/dL; P,
160.7+ 12.9 mg/dL), IRI (C, 19.8t 7.6 uU/mL; P, 15.9+ 1.7
pU/mL), total cholesterol (C, 48.% 6.5 mg/dL; P, 52.4- 5.9
mg/dL), triglyceride (C, 46.8- 16.2 mg/dL; P, 43.3+ 12.9
mg/dL), and HDL-C (C, 38.1*+ 5.2 mg/dL; P, 40.8+ 5.2

mg/dL). Fig 1. Cross-sections of rat left common carotid artery 14 days

after balloon catheterization. Inmunohistologic stainings with anti-
Effect of Pioglitazone on Histologic findings and Value SMA antibody diluted 1:2,000 with PBS(—) and developed by the ABC
of I/M Ratio method. DAB, 0.4 mg/mL, was used as the counterstain of the ABC

o . ) ) o method, and the antibody-positive staining is shown as black. (A)
The intimal thickening layersonsisted of abundant infiltrated Untreated rat. (B) Rat treated with 10 mg/kg/d of pioglitazone. Ar-

cells. Immunohistochemical staining with anti-SMA antibody rowheads indicate the position of the internal elastic lamina. The
showed that diffusely positive immunoreactivities completely Preparations were examined under 20x magnification.
occupied the intimal thickening layers of all preparations (Fig
1). The findings showed that these layers in our experiment
were composed of VSMC, and we observed a decrease in thEH]thymidine incorporation assay. As shown in Fig tBe
amount of positively stained cells in these layers with thevalues of PH]thymidine incorporation were inhibited by the
treatment of pioglitazone. treatment with pioglitazone dose dependently. At more than 40
Changes in the I/M ratio are shown in Fig 2. Compared with umol/L of pioglitazone, the values were significantly decreased
the I/M ratio in the pioglitazone-treated group, that of rats compared with those in the control group € .01). In addi-
without pioglitazone in the control group was significantly tion, cell viability was more than 98%, as determined by the
higher (P, 0.40+ 0.07, n= 6; C, 0.7G:0.07, n= 6; P <.05).  exclusion of 0.2% Trypan blue at even 1fnol/L of piogli-
Therefore, treatment with pioglitazone resulted in a distincttazone.
change in the size of intimal thickening. The areas of the medial Next, we also examined changes in total cellular protein
layer in the catheterized and intact common carotid arteries didoncentration (Fig 4). The values in the control group were
not differ significantly between the 2 groups (data not shown).gradually increased to 102.3 2.5 ug/mL on day 3 and
These findings indicate that pioglitazone appears to have an99.2 + 2.8 ug/mL on day 5 by stimulation with 5% FBS.
inhibitory effect on the intimal thickening induced by balloon Compared with the control group, values in the pioglitazone-
catheterization. treated groups were decreased dose dependently. The values at
o 10 uwmol/L pioglitazone were significantly decreased even on
Effect of Pioglitazone on Cultured VSMC Growth day 3 P < .05), indicating that pioglitazone itself prevented
To characterize the effect of pioglitazone on rat VSMC VSMC growth. We also measured the values of LDH from the
growth in vitro, we first examined the mitogenic response by anabove cultured media to estimate the cytotoxicity of pioglita-
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Fig 2. Effect of pioglitazone on the value of the I/M ratio from rat = 0 1 3 3
left common carotid artery 14 days after balloon catheterization. Pio Day
(—), untreated-rat group (n = 6); Pio (+), rats treated with 10 mg/kg/d
of pioglitazone group (n = 6). Values are means = SE, and statistical Fig 4. Effect of pioglitazone on changes in total cellular protein
significance was assessed by ANOVA; *P < .05. concentrations in rat VSMC. The concentrations were determined as

described in Materials and Methods. The results were derived from 3
separate experiments, and each experiment was performed in tripli-
I;ﬁa\te. Each bar represents mean = SE; *P < .05, **P < .01 v pioglita-

zone, but these values were not significantly elevated even izone )

100 wmol/L pioglitazone on day 5 (data not shown).

Effect of Pioglitazone on Phosphorylation of ERK 1/2
and Its Upstream, MEK 1/2, in VSMC signal-transduction pathway of ERK, we further examined the

We examined whether pioglitazone could affect the activa_phosphorylation of MEK 1/2, an upstream kinase of ERK#/2,

tion of ERK 1/2 (p44/42) in rat VSMC by immunoblot analysis. in rat VSMC. As shown in Fig 5B, the levels of phosphorylated
The upper panel of Fig 5A shows the effect of pioglitazone onMEK 1/2 were also decreased dose dependently by treatment
the phosphorylation of ERK 1/2. Compared with the control With pioglitazone and significantly suppressed’4%= 4.8%

band, the levels of phosphorylated ERK 1/2 were dose—depenat 40pmol/L, 71.0%: 4.3% at 7Qumol/L, and 66.7%¢ 4.5%

dently decreased by treatment with pioglitazone and signifi-at 100umol/L (lower panel of Fig 5B).

cantly suppressed to 66.4% 5.4% at 40umol/L, 54.4% =+ These data clearly demonstrate that pioglitazone can prevent
7.0% at 70umol/L, and 39.9%* 4.2% at 100umol/L (lower  C€ll growth via a MEK-ERK cascade in rat VSMC.

panel of Fig 5A). In contrast_, pro_teln_ levels of ERK 1/2 were Effect of Pioglitazone on the Phosphorylation

not changed by treatment with pioglitazone (data not shown).of Pyk2 in VSMC

To confirm the identity of the effect of pioglitazone on the o
To evaluate the effect of pioglitazone on the upstream level

of a MEK-ERK cascade in VSMC, we further characterized the
role of Pyk2, which activates the MEK-ERK signal-transduc-

=

g 2000 tion pathway in response to elevation of intracellular calcium
g concentrationd3-34Compared with the control band, the levels
g 1500 of phosphorylated Pyk2 were also decreased dose dependently
5~ by treatment with pioglitazone and significantly suppressed to
g i 1000 75.6%= 6.0% at 40umol/L, 50.4%= 3.2% at 70umol/L, and

Z = 41.8%=* 4.7% at 10Qumol/L (Fig 6A). In contrast, the protein

5 levels of Pyk2 were not changed by treatment with pioglitazone
- 500 (Fig 6B).

>

ﬁ 0 Effect of Pioglitazone on the Levels of Nuclear Proteins

) 10 20 40 70 100 in VSMC

Concentration of Pioglitazone (uM) To estimate the inhibitory effect of pioglitazone on VSMC
growth in the nuclear signaling level, we further investigated
Fig 3. Effect of pioglitazone on DNA synthesis in rat VSMC. The  the |evels of nuclear proteins. As shown in Fig 7, the protein
mitogenic response (DNA synthesis) was determined, as described in
Materials and Methods. The results were derived from 4 separate Ie_Vel Qf P_CNA was dose dependently at_ten_u_atEd by treatment
experiments, and each experiment was performed in triplicate. Each with pioglitazone. The levels were also significantly decreased

bar represents mean = SE; **P < .01 v pioglitazone (—). to 75.5%=* 5.5% at 40umol/L, 58.7%=* 8.3% at 70umol/L,
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Fig 5. Effect of pioglitazone on the phosphorylations of (A) ERK
1/2 (p44/42) and (B) MEK 1/2 in rat VSMC. The samples were sepa-
rated by 10% SDS-PAGE, as described in Materials and Methods. The
quantification of the phosphorylation of ERK 1/2 or MEK 1/2 from 3
separate experiments is shown in the each lower panel, and each bar
represents mean + SE; *P < .05, **P < .01 v pioglitazone (—).

and 24.7%* 6.6% at 100umol/L (lower panel of Fig 7). On
the other hand, pioglitazone could not affect the level of

PPAR-«, PPAR-y, or CD36 in VSMC (data not shown).

DISCUSSION

959

1), which suggested that pioglitazone has a significant inhibi-
tory effect on the content of VSMC in the neointima and the
subsequent intimal thickening. Because blood glucose, IRI, and
serum lipid levels were not changed in the 2 groups, these
factors can be considered insufficient to influence the formation
of intimal thickening. These results were obtained at 10 mg/
kg/d of pioglitazone, a much lower dose than that used in
another study of troglitazone, another member of thiazo-
linedinediones, because their daily doses for rats were as much
as 4 g/kg?! Differences in the ability of the drug to penetrate
VSMC could possibly explain its efficacy to inhibit VSMC
proliferation.

Based on the above in vivo findings, we next examined the
in vitro effect of pioglitazone on the proliferation of rat VSMC.
Similar to the in vivo findings, the values of botPH]thymi-
dine incorporation and total protein content were reduced by
treatment with pioglitazone in a dose-dependent fashion (Figs 3
and 4). In addition, the values of LDH in culture media from
untreated or pioglitazone-treated cells were not changed, indi-
cating that pioglitazone itself can inhibit VSMC proliferation.
In agreement with our findings, Dubey et%dhave shown that
pioglitazone can inhibit the proliferation of renal VSMC in rats

(A) Phosphotyrosine-specific Pyk2
ip : a-Pyk2, ib : -PY-99
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In this study, we show that pioglitazone has an inhibitory
effect even on the early events of atheromatous formation by
the direct suppression of VSMC growth via a MEK-ERK
pathway coupled with Pyk2 in a strict dose-dependent manne
and that the effect is independent of blood glucose, IRI, anc
serum lipid levels. In addition, pioglitazone also suppressec
PCNA levels dose dependently. These favorable results sugge
that pioglitazone could be one of the most promising agents fol
prevemlr.]g the progressmn of vasculgr complications such as Fig 6. Effect of pioglitazone on the levels of (A) phosphotyrosine-
restenosis and possibly atherosclerosis. specific and (B) protein of Pyk2 in rat VSMC. The samples were

First, we examined the in vivo effect of pioglitazone to separated by 7.5% SDS-PAGE, as described in Materials and Meth-
determine whether it could suppress rat intimal thickeningods. The levels of phosphotyrosine-specific or protein of Pyk2 were
induced by balloon catheterization. As shown in Figs 1 and 2 detected by immunoblot analysis using antibody specific for (A)
the I/M ratio in the pioglitazone-treated group was significantly 2?‘::2":;1’;7::3(':;2? o L%Lf;';zoze:“;zt::'my ; hs';::r:"::'f:f;:;"
decreased to 57%(< .05), compared with the control group. ments is shown in each lower panel, and each bar represents mean =
The lesions were composed mainly of SMA-positive cells (Fig SE; *P < .05, **P < .01 v pioglitazone (-).
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ity.23-25 Our results show that the levels of phosphorylated

w

= Pyk2 were decreased dose dependently by treatment with pio-

(=R 4 L

D - glitazone and also significantly suppressed at more than 40
8 120 uwmol/L (Fig 6A), clearly demonstrating that pioglitazone itself

;E‘ = 100 can suppress the proliferation of VSMC via a MEK-ERK

g S 80 pathway coupled with Pyk2.

o O 60 As for the blood pressure-lowering effect by pioglitazone,

o} "5 40 Nakamura et &t using the patch-clamp method, have reported

i |l that pioglitazone could inhibit the 77 mmol/L *Kinduced

= = 20 contraction at more than 1@mol/L pioglitazone in VSMC. In

E_ il | addition, several investigators have recently shown that in

o (-) 10 20 40 70 100 VSMC, insulin can enhance angiotensin Il type 1 (Afecep

Concentration of Pioglitazone ( H*M ) tgr gene expression and the su.bseq.uent angiotensin Il (Ang 1)
signaling* and that the Ang Il signaling through ATeceptor

Fig 7.  Effect of pioglitazone on the levels of PCNA in rat VSMC. uses calcium-dependent Pyk2 for the activation of tyrosine
The samples were separated by 12% SDS-PAGE, as described in kinases in epidermal growth factor receptor and of the down-
Materials and Methods. The quantification of the level of PCNA from stream Signa|g% Suggesting that the up_regu|ation of Ang 1
3 separate experiments is shown in the lower panel, and each bar  gigngling further elevates blood pressures and promotes the
represents mean  SE; *P < .05, **P <.01 v pioglitazone (). hypertrophy and hyperplasia of VSMC in the insulin-resistant

state. In contrast, Takeda et“dlhave revealed that the thiazo-

lidinedione derivatives down-regulate ATeceptor expression
and that these effects were reversible and not caused by cyt@nd the calcium response to Ang Il in VSMC, indicating that
toxity, even with 100umol/L pioglitazone in the presence of the thiazolidinedione derivatives directly influence the activity
0.4% FCS. of VSMC in the vascular wall and decrease blood pressures.

Recently, it was revealed that the MAP kinase superfamilyThus, it is reasonable to assume that the above effect of
plays a crucial role in cell growth, differentiation, or even pioglitazone may contribute to inhibition of VSMC growth in
programmed cell death in response to a diverse of extracellulanur balloon-injured model.
stimuli in eukaryotic cell$? Extensive studies have clarified Itis generally accepted that PCNA is synthesized in the early
that a variety of growth factors and hormones can activate ERKG,; and S phases of the cell cycle and behaves as a marker for
1/2 signal-transduction pathways through GTPase-activatingroliferating cellst244 In this study, we showed that pioglita-
protein of Ras (Ras-GTP), leading to cellular proliferation andzone can suppress the level of PCNA in VSMC (Fig 7) in
differentiation by stimulating transcription factors that induce dose-dependent fashions, suggesting that pioglitazone can at-
the expression af-fosand other growth-responsive gerfé8é  tenuate VSMC growth even at the nuclear level by inducing G
As shown in Fig 5A, pioglitazone clearly inhibited the levels of arrest. In contrast, pioglitazone was not found to affect the level
phosphorylated ERK 1/2 in a dose-dependent fashion and sigef PPAR«, PPAR-+y, or CD36 in VSMC (data not shown).
nificantly reduced the levels at more than dol/L. In addi- Especially, PPARy has been revealed as a promoter of mono-
tion, levels of phosphorylated MEK 1/2, the upstream of ERK cyte/macrophage differentiation and the subsequent secretion
1/2, were also inhibited by the agent in the same fashion a®f CD36*> and as a molecular target for the adipogenic effects
ERK 1/2 (Fig 5B), suggesting that pioglitazone may have anof thiazolidinediones in CV-1 cell$ It is plausible to assume
effect on the change(s) in signal transduction through Ras-GTRhat the discrepancy is based on the difference in cell types.
to a MEK-ERK pathway. In addition, because Eguchi é&f al In conclusion, in this study, we have established that piogli-
have recently reported that the p70 S6 kinase, which regulateszone has an inhibitory effect on intimal thickening by atten-
protein synthesis, is activated through Ras and the subsequenating intimal VSMC proliferation via a MEK-ERK pathway
ERK in VSMC, the decrease in total cellular protein contentscoupling with Pyk2, suggesting that intracellular calcium ki-
by pioglitazone might be considered the consequence of reduasetics play an important role in the pathogenesis of atheroscle-
ing the phosphorylation of p70 S6 kinase through the Ras+osis. Furthermore, the agent consequently resulted in G1 arrest
MEK-ERK pathway. in VSMC, proving that pioglitazone could be effective to

Although the precise molecular mechanism(s) by which pio-prevent the progression of atherosclerotic plaguelike restenosis
glitazone can affect the MEK-ERK pathway remain unclear, after percutaneous transluminal coronary angioplasty. These
one likely contributor is Pyk2, a focal adhesion kinase, becauseesults provide a new insight into the potential cellular and
Pyk2 is activated by various extracellular signals that increasenolecular mechanisms whereby pioglitazone treatment may
intracellular calcium concentration and subsequently activaténave clinical benefits and contribute to the prevention of ath-
the signaling pathway from Ras-GTP to MAP kin&3é4-38In erosclerosis.
addition, several investigators have shown that the changes in
intracellular calcium concentration have an important role in ACKNOWLEDGMENT
regulating ERK activation in the various types of c&l¥and The authors are grateful to Dr H. Ikeda, a research fellow of Phar-
that thiazolidinediones directly inhibit the calcium channel maceutical Research Division, Takeda Chemical Industries, Ltd, for the
functions in VSMC, resulting in decreased vascular contractil-supply of pioglitazone and for his valuable suggestions.
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