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Abstract

Vascular smooth muscle cell migration to the intima from the media and proliferation in the intima play key roles in atherosclerosis
and restenosis after coronary angioplasty. Histamine released from adherent platelets at the injured artery and from mast cells in
atheromas has stimulant actions on both smooth muscle cell migration and proliferation, and histamine receptor antagonists abolish the
effect of histamine in vitro. The aim of this study was to examine the effect of histamine receptor antagonists on intimal thickening.
Endothelial injury in the mouse femoral artery was induced by a photochemical reaction between localized irradiation by green light and
intravenously administered rose bengal. The histamine H receptor antagonist, diphenhydramine, at a dose of 30 mgrkg or the histamine1

H receptor antagonist, cimetidine, at a dose of 200 mgrkg was intraperitoneally administered to mice for 21 days after endothelial2

injury. Twenty-one days after endothelial injury, morphometric analysis was performed to measure the cross-sectional areas of the intima
Ž y3 2 .and media. Diphenhydramine significantly reduced the intimal area to 1.1"0.3 =10 mm compared with the value in the control

Ž y3 2 . Ž y3 2 .group, which was 6.2"1.4 =10 mm , but cimetidine 5.5"1.9, =10 mm did not. Similarly, the ratio of intimal area to
Ž .medial area in the diphenhydramine-treated group but not in the cimetidine-treated group was significantly reduced 83% . In the in vitro

study, cimetidine inhibited neither proliferation nor migration of mouse vascular smooth muscle cells stimulated by platelet-derived
Ž . Ž .growth factor PDGF . In contrast, diphenhydramine significantly P-0.05 inhibited proliferation in a dose-dependent manner, but did

not inhibit migration. These results suggest that diphenhydramine, a histamine H receptor antagonist, reduced the formation of intimal1

hyperplasia, at least in part due to inhibition of cell proliferation. However, cimetidine, a histamine H receptor antagonist, was2

ineffective. Histamine may play a key role in intimal thickening, in part via histamine H receptors in this model. q 1998 Elsevier1

Science B.V. All rights reserved.
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1. Introduction

Percutaneous transluminal coronary angioplasty has be-
come a well-established technique for myocardial revascu-
larization of patients with ischemic heart disease, such as
unstable angina or evolving myocardial infarction. How-
ever, percutaneous transluminal coronary angioplasty re-
mains limited by the restenosis that occurs in approxi-
mately 30–40% of cases despite a successful procedure
Ž .Kaltenbach et al., 1985; Bauters et al., 1996 . The en-
dothelium is inevitably removed and the subendothelium
of an artery is exposed after percutaneous transluminal
coronary angioplasty, which results in platelet adhesion
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and aggregation on the subendothelium at the site of the
inflated artery. Activated platelets have been shown to

Ž .release platelet-derived growth factor PDGF , transform-
ing growth factor b, noradrenaline, adenosine 5X-diphos-

Žphate, serotonin and histamine from a-granules Bottaro et
.al., 1985; Bell and Madri, 1989; Crowley et al., 1994 .

These platelet products are thought to stimulate the migra-
tion of vascular smooth muscle cells to the intima from the
media and their proliferation in the intima. These events
play a key role in the formation of intimal hyperplasia
Ž .Ross, 1986, 1993; Liu et al., 1989 . However, although
much attention has been focused on the contribution of
peptide growth factors, especially PDGF, to the formation
of intimal thickening, little is known about the role of
non-peptide platelet products, such as histamine, in this
process. Recently, the presence of mast cells, which are
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known as the storage sites of histamine, in human coronary
atheromas was demonstrated by immunohistochemistry
Ž .Kaartinen et al., 1996a,b , and we and other investigators
Ž .Mannaioni et al., 1997; Metzler and Xu, 1997 suspect
that histamine released from mast cells as well as platelets
contributes to the formation of intimal thickening. Further-
more, mast cell stabilizers, tranilast and pemirolast, pre-

Žvent intimal hyperplasia not only in rats Kikuchi et al.,
. Ž1996; Miyazawa et al., 1997 but also in humans The

.TREAT study investigators, 1994; Ohsawa et al., 1995 .
ŽHistamine stimulates both the migration Bottaro et al.,

. Ž1985; Bell and Madri, 1989 and the proliferation Bell
.and Madri, 1989 of vascular smooth muscle cells and

Žamplifies the proliferation stimulated by PDGF Crowley
.et al., 1994 . Furthermore, histamine induces the expres-

sion of the adhesion molecule P-selectin on the endothe-
Žlium and induces subsequent leukocyte rolling Asako et

.al., 1994; Eppihimer et al., 1996 , which is a key step in
the transmigration of monocytesrlymphocytes into the
subendothelium. Infiltrated lymphocytes that differentiate
into macrophages release growth factors, such as PDGF
Ž .Morisaki et al., 1992 , transforming growth factor b

Ž .Bahadori et al., 1995 , and basic-fibroblast growth factor
Ž .Greisler et al., 1993 . A histamine H receptor antagonist,1

diphenhydramine, inhibits the amplification of the prolifer-
Ž .ation stimulated by PDGF Crowley et al., 1994 and

inhibits the histamine-induced P-selectin upregulation on
Žthe endothelial cell surface Asako et al., 1994; Eppihimer

.et al., 1996 . A histamine H receptor antagonist, cimeti-2

dine, inhibits the migration of smooth muscle cells stimu-
Ž .lated by histamine Bell and Madri, 1989 and inhibits the

Žproliferation of human colon cancer cells Adams et al.,
.1994 . These effects of histamine receptor antagonists are

thought to be due to an inhibition of the formation of
intimal hyperplasia. Therefore, we investigated the effect
of histamine receptor antagonists, a histamine H receptor1

antagonist, diphenhydramine, and a histamine H receptor2

antagonist, cimetidine, on intimal thickening after endothe-
lial injury in the mouse.

2. Materials and methods

2.1. Materials

Diphenhydramine and cimetidine were purchased from
Ž . ŽWako Osaka, Japan and Fujisawa Pharmaceutical Osaka,
.Japan , respectively. These drugs were used after being

dissolved in and diluted with saline. Recombinant human
Ž .PDGF-BB was obtained from Funakoshi Tokyo, Japan .

ŽFetal bovine serum was from GIBCO BRL Life Tech-
.nologies, Rockville, MD, USA .

2.2. Endothelial injury by photochemical reaction

ICR male mice weighing approximately 20 g were
Ž .purchased from SLC Hamamatsu, Japan and kept in

cages on a 12-h dayrnight cycle and fed a regular chow.
Thirty animals were divided into 3 groups, which included

Ž .a control group ns12 , and were administered diphenhy-
Ž . Ž .dramine ns7 or cimetidine ns8 intraperitoneally

once a day at dosages of 30 and 200 mgrkg, respectively.
Drug administration began the day after endothelial injury
was induced and was continued until the animals were
killed. Intimal thickening in the femoral artery of mice was
produced by photochemically induced endothelial injury as

Ždescribed previously Miyazawa et al., 1997; Kikuchi et
.al., 1998 . Briefly, animals were anesthetized by intraperi-

toneal injection of pentobarbital at a dosage of 80 mgrkg
and a cannula was inserted into the jugular vein for rose
bengal administration. The left femoral artery was care-

Žfully exposed, and a laser flow probe ALF 2100,
.Advance, Tokyo, Japan was attached to monitor blood

Žflow. Trans-illumination with green light wavelength of
.540 nm was achieved using a xenon light with both a

Žheat-absorbing filter and a green filter L4887, Hamamatsu
.Photonics, Hamamatsu, Japan . Irradiation was directed via

an optic fiber positioned 5 mm away from a segment of
intact femoral artery proximal to the flow probe. Irradia-
tion, at a dose of 0.8 Wrcm2, was started when the

Ž .baseline blood flow was stable. Rose bengal 20 mgrkg
was then injected for 5 min and irradiation was continued
for another 10 min. Doses of irradiation and rose bengal
were fixed to give a ratio of intimal area to medial area of
about 0.6 in control animals. Thirty minutes after rose
bengal administration, the wound was closed. The animals
were maintained as described above until they were killed
after recovery from anesthesia. The protocol in this study
was approved by the local ethics committee.

2.3. Histological analysis

The femoral artery was removed from each mouse for
histopathological examination 21 days after endothelial
injury. Vessels were perfusion-fixed in situ with 1% para-
formaldehyde and 2% glutaraldehyde in 0.1 M phosphate-
buffered saline at pH 7.4. Then, the femoral artery was
removed and fixed further by overnight immersion in the
same fixative. The specimens were sectioned transversely
and stained with hematoxylin and eosin for light mi-
croscopy. The cross-sectional areas of the intima and
media were calculated using a computerized apparatus
ŽVideo Micro Meter Model VM-30, Olympus, Tokyo,

.Japan .

2.4. Cell culture

Aortic vascular smooth muscle cells were isolated from
Ž .the thoracic aortas of ICR male mice 8 weeks by enzy-

matic dissociation, using the method of Kobayashi et
Ž .al. 1993 with some modifications. Briefly, the aorta

was incubated with 1.3 mgrml type 1 collagenase and
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Ž .0.3 Urml type 1 elastase Sigma, St. Louis, MO in
Hanks’ solution for 40 min at 378C, the adventitia was
gently removed, and then the aorta was incubated further
with 2 mgrml type 1 collagenase and 3.0 Urml type 1
elastase in Hanks’ solution for 1 h at 378C. Isolated
vascular smooth muscle cells were grown at 378C in

Ž .Dulbecco’s modified Eagle’s medium DMEM sup-
plemented with 10% fetal bovine serum, penicillin
Ž . Ž .100 Urml , streptomycin 50 mgrml and kanamycin
Ž .100 mgrml in a humidified atmosphere of 5% CO in2

air. Vascular smooth muscle cells were used up to the 15th
passage.

2.5. Cell migration

The migration of mouse vascular smooth muscle cells
was assayed by the modified Boyden chamber method,
using a microchemotaxis chamber and a polycarbonate

Žmembrane filter with pores of 8 mm diameter Nucleopore,
.Pleasanton, CA . The drugs were placed in the upper and

lower chambers, and 10 ngrml PDGF-BB was placed in
the lower chamber. Mouse vascular smooth muscle cells
were detached from the culture dish by trypsin treatment,
centrifuged and resuspended at 105 cellsrml in fetal bovine
serum-starved medium containing 0.1% bovine serum al-
bumin. Then, the cell suspensions were loaded into the
upper chamber and incubated for 4 h at 378C in a humidi-
fied atmosphere containing 5% CO in air. The filter was2

Žfixed and stained with diff-quik Green Cross, Osaka,
.Japan . The number of vascular smooth muscle cells that

migrated to the lower surface of the filter was determined
Ž 2 .in 4 fields 0.25 mm by using a light microscope.

2.6. Cell proliferation

Ž 4 .Vascular smooth muscle cells 2=10 rwell were ap-
Žplied to 24-well plates in growth medium DMEM plus

.10% fetal bovine serum . After the vascular smooth mus-
cle cells had grown to 70–80% confluence, they were
rendered quiescent by incubation for 48 h in DMEM
containing 0.1% bovine serum albumin. Medium was re-
placed by serum-free medium, and the cells were stimu-
lated immediately with recombinant human PDGF-BB
Ž .R&D Systems, Minneapolis, MN . During the last 6 h of
the 24-h incubation with growth factor, vascular smooth

w 3 xmuscle cells were labeled with methyl- H thymidine
Ž .Amersham, Braunschweig, Germany at 18.5 kBqrml.

w3 xAfter incubation, the incorporation of H thymidine into
DNA was stopped by removal of the labeled medium.
Then, the cells were washed three times with ice-cold PBS
Ž .y and fixed for 15 min with ice-cold 10% trichloro-

w3 xacetic acid. Acid-insoluble H thymidine was extracted
into 0.2 ml of 0.4 N NaOH, and this solution was mixed

Ž .with 5 ml scintillant Hionic fluor; Packard, Meriden, CT
Žand counted in a liquid scintillation counter LS 5000TS;

.Beckman, Fullerton, CA .

2.7. Statistical analysis

Data represent the mean"S.E.M. values. Statistical
analysis was performed by using a BonferronirDunn type
multiple comparison test followed by analysis of variance
Ž .ANOVA . Differences were considered to be significant
at P-0.05.

3. Results

3.1. Effects of histamine receptor antagonists on intimal
thickening

Twenty-one days after endothelial injury, intimal thick-
ening was observed in the subendothelial layers of the
drug-untreated animals, an example of which is shown Fig.
1a. Intimal thickening in animals receiving diphenhy-

Fig. 1. Light micrographs of representative histological cross-sections
from mouse femoral artery segments 21 days after photochemically

Ž . Ž .induced endothelial injury. a Injured vessel b Injured vessels treated
with diphenhydramine. The internal elastic lamina is indicated by arrows

Ž . Ž . Ž .in a and b . Hematoxylin-eosin stain original magnification =200 .
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Ž . Ž . Ž .Fig. 2. Effects of diphenhydramine and cimetidine on A intimal area, B medial area and C intimarmedia ratio of mouse femoral artery 21 days after
Ž . Ž . Ž .photochemically induced endothelial injury in control ns12 , and animals treated with diphenhydramine ns7 and cimetidine ns8 . Data represent

means"S.E.M. values. )) P-0.01 vs. control.

Ž .dramine was distinctly decreased Fig. 1b compared with
that in the control animals. However, intimal thickening in
animals receiving cimetidine did not differ from that of
control animals. The values obtained for the cross-sec-
tional areas of the intima in the injured femoral arteries are
shown in Fig. 2. The intimal area in the diphenhydramine-
and cimetidine-treated groups was 1.1"0.3 and 5.5"1.9
Ž y3 2 .=10 mm , respectively, with the value in the diphen-

Ž .hydramine-treated group being significantly P-0.01
lower than that in the control group, which was 6.2"1.4
Ž y3 2 .=10 mm , Fig. 2A . The ratio of the intimal area to
the medial area in the diphenhydramine- and cimetidine-
treated groups was 0.11"0.03 and 0.74"0.32, respec-

tively; the value in the diphenhydramine-treated group was
Ž .significantly P-0.01 lower than that in the control

Ž .group 0.64"0.19, Fig. 2C . The medial areas of the
diphenhydramine- and cimetidine-treated groups were al-

Ž .most the same as those of the control group Fig. 2B ,
showing no significant differences among the groups.

3.2. Effects of histamine receptor antagonists on mouse
Õascular smooth muscle cell migration and proliferation
stimulated by PDGF

Ž .PDGF 10 ngrml increased the incorporation of
w3 xH thymidine in mouse vascular smooth muscle cells and

Ž . Ž .Fig. 3. Effects of diphenhydramine hatched columns and cimetidine dotted columns on the migration of mouse vascular smooth muscle cells stimulated
Ž . Ž .by PDGF. Data represent means"S.E.M. values ns8 . Basal: PDGF was not added to the medium. Control: PDGF 10 ngrml alone was added to the

medium.
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Ž . Ž . w3 xFig. 4. Effects of diphenhydramine hatched column and cimetidine dotted column on the incorporation of H -thymidine into mouse vascular smooth
Ž . Žmuscle cells stimulated by PDGF. Data represent as means"S.E.M. values ns7 . Basal: PDGF was not added to the medium. Control: PDGF 10

.ngrml alone was added to the medium. ))) P-0.001 and ) P-0.05 vs. control.

their migration by 20- and 10-fold compared with baseline
values before PDGF treatment, respectively. A histamine
H receptor antagonist, diphenhydramine, inhibited cell1

proliferation stimulated by PDGF in a dose-dependent
Ž .manner, but not cell migration Figs. 3 and 4 . Diphenhy-

Ž .dramine at a dose of 30 mM significantly P-0.001
w3 xreduced the incorporation of H thymidine by 50% com-

pared with control. A histamine H receptor antagonist,2

cimetidine, did not inhibit either the migration or the
Ž .proliferation stimulated by PDGF Figs. 3 and 4 .

4. Discussion

This model non-mechanically induces endothelial cell
injury by a photochemical reaction between green light
irradiation and rose bengal. Photo-excitation of rose bengal
by green light-generated singlet oxygen causes endothelial
injury followed by platelet adhesion, aggregation and the
formation of a platelet-rich thrombus at the site of the

Ž .photochemical reaction Saniabadi, 1994 . In this model,
several platelet factors or growth factors including PDGF,
transforming growth factor b, and basic fibroblast growth
factor, noradrenaline, adenosine 5X-diphosphate, serotonin
and histamine are released from adherent platelets, infil-
trated leukocytes and injured endothelium, and thus these
factors may play a key role in intimal thickening, which
mainly consists of smooth muscle cells and extracellular
matrix.

In this study, the histamine H receptor antagonist,2

cimetidine, did not affect intimal thickening after endothe-
lial injury in the mouse femoral artery. The dose of
cimetidine used in this study was 200 mgrkgrday, which
is comparable to the dose which decreases the size of a

gastric ulcer induced by acetic acid when orally adminis-
Ž .tered to rats Ito et al., 1995 . Furthermore, at the same

dose, cimetidine inhibited the in vivo growth of human
Žcolon cancer stimulated by histamine in the mouse Adams

.et al., 1994 . Our result is consistent with data reported by
Ž .Low et al. 1996 , who demonstrated that cimetidine at a

dose of 350 mgrkgrday did not reduce intimal thickening
in the balloon injury model of rat carotid arteries.

There have been few studies of the effects of histamine
H receptor antagonists on intimal thickening in vivo. In1

this study, we demonstrated that a histamine H receptor1

antagonist, diphenhydramine, markedly reduced intimal
thickening in mouse femoral arteries. The dose used in this
study was 30 mgrkgrday and is comparable to that

Žcausing stet active cutaneous anaphylaxis in mice Inagaki
.et al., 1992 . The intimal area in animals treated with

diphenhydramine was decreased 82% compared with that
in control group. Histamine also induces the recruitment of
rolling leukocytes, which is mediated by adhesion molecule
P-selectin expression on the endothelial cell surface and is
a key step in the transmigration of leukocytes into the
subendothelium of arteries. Diphenhydramine, but not
cimetidine, inhibits P-selectin expression induced by his-
tamine and prevents the histamine-induced recruitment of

Žrolling leukocytes Asako et al., 1994; Eppihimer et al.,
.1996 . We reported that myo-inositol hexaphosphate, a

P-selectin and L-selectin inhibitor, inhibited intimal thick-
ening in the same endothelial injury model via the inhibi-

Ž .tion of leukocyte infiltration Shimazawa et al., 1997 .
Thus diphenhydramine may inhibit the infiltration of
leukocytes into the arterial wall and reduce the release of
growth factors including PDGF, transforming growth fac-
tor b and basic fibroblast growth factor from the infiltrated
leukocytes. Further studies are needed to clarify the role of
histamine in intimal thickening.



( )N. Miyazawa et al.rEuropean Journal of Pharmacology 362 1998 53–5958

PDGF is widely accepted to be involved in intimal
thickening after coronary angioplasty. Therefore, we inves-
tigated if histamine receptor antagonists had a direct effect
on mouse smooth muscle cell migration and proliferation
stimulated by PDGF. Cimetidine inhibited neither the mi-
gration nor the proliferation stimulated by PDGF. In con-
trast, diphenhydramine inhibited cell proliferation, but did

Žnot inhibit the migration. Based on previous reports Glazko
.and Dill, 1949; Yeh, 1986 , the blood concentration of

diphenhydramine in this study was about 10 mM. These
findings suggest that diphenhydramine may reduce intimal
thickening, at least in part due to inhibition of cell prolifer-
ation stimulated by PDGF. In this study, histamine alone
did not cause proliferation and migration of cultured mouse

Ž .smooth muscle cells data not shown . Bottaro et al. and
Bell and Madri reported that histamine induced the migra-
tion of bovine aortic smooth muscle cells, and Bell and
Madri demonstrated that the migration induced by his-
tamine was inhibited by cimetidine, but not by diphenhy-
dramine. The difference between our results and the data
reported by Bottaro et al. and Bell and Madri may be
caused by different species. Histamine is reported to am-
plify the proliferation stimulated by PDGF in vascular

Ž .smooth muscle cells Crowley et al., 1994 . PDGF concen-
trations may increase at the site of injury because PDGF is
released from adherent platelets, infiltrated leukocytes and
injured endothelium. It has been reported that PDGF stim-
ulates the expression of histamine H receptor mRNA1
Ž .Takagishi et al., 1995 . Consequently, the proliferation
stimulated by PDGF may be amplified by histamine via
the induction of histamine H receptors.1

In conclusion, this study indicates that a histamine H1

receptor antagonist, but not a histamine H receptor antag-2

onist, inhibits intimal thickening. Histamine may play a
key role in intimal thickening, in part via histamine H1

receptors in this model.
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