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Abstract

Heparin-binding EGF-like growth factor (HB-EGF) is a
potent chemoattractant and mitogen for smooth muscle cells
(SMC) in culture. To elucidate whether IB-EGF is impli-
cated in the pathogenesis of human atherosclerosis, we ex-
amined immunohistochemical localization of HB-EGF in
human aortic walls and atherosclerotic plaques. The medial
SMCof the aorta in babies and children synthesized HB-
EGF protein, while the number of SMCproducing HB-
EGFwas dramatically decreased in young and middle-aged
adults. In atherosclerotic plaques, however, marked produc-
tion of HB-EGF protein was detected in SMCand macro-
phages of the plaques. Furthermore, EGF receptors, to
which HB-EGF is known to bind, were detected in plaque
SMC. These data suggest that HB-EGF may be implicated
in the migration and proliferation of SMCthat occurs in
the normal development of arterial walls, and in the forma-
tion of atherosclerotic plaques. (J. Clin. Invest. 1995.
95:404-411.) Key words: HB-EGF * atherosclerosis * mac-
rophages * SMC* EGF receptor

Introduction

The process of atherogenesis in the arterial wall is characterized
by the formation of fibrous fatty lesions that are a result of
inflammatory processes such as the infiltration of monocyte-
derived macrophages and T lymphocytes, and the proliferation
of neointimal smooth muscle cells (SMC)' which have mi-
grated in from the media (1). It has been suggested that cells
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in the atherosclerotic lesion such as endothelial cells, macro-
phages, SMC, and T lymphocytes produce growth factors that
are involved in the progression of the lesions of atherosclerosis
to a fibrous plaque or an advanced, complicated lesion (2). One
growth factor that in particular is implicated in atherogenesis
is PDGF, a potent chemoattractant for monocytes and SMCas
well as a potent SMCmitogen (3). It has been suggested that
PDGFreleased from degranulated platelets during thrombosis
is responsible for stimulating SMCmigration into the intima
and for subsequent SMCproliferation (3). However, the source
of PDGFcould also be macrophages, endothelial cells, and
SMCall of which synthesize this growth factor (3, 4). In situ
hybridization of PDGFA and B chain mRNAsin mesenchymal
cell-like cells of atherosclerotic plaques (5) and immunohisto-
chemistry of PDGFB chain protein in the atherosclerotic lesion
(6) indicate a significant role of PDGFin the process of athero-
genesis.

Another possible growth factor that could be involved in
atherogenesis is basic fibroblast growth factor (bFGF), a potent
mitogen for SMCproduced by endothelial cells, SMC, and
macrophages (7). It has been suggested that bFGF is in part
responsible for intimal cell proliferation associated with athero-
sclerotic lesions since it is a potent stimulator of SMCprolifera-
tion and has been implicated in the proliferation of SMCand
intimal thickening after balloon catheter injury of rat carotid
artery ( 8 ).

Furthermore it has been shown that the cell types associated
with atherosclerotic lesion synthesize other SMCgrowth regula-
tors besides PDGFand bFGF, including IGF-1 (9), TGF-,f
(10-15), IL-1 (16, 17), and TNF-a (18).

Heparin-binding EGF-like growth factor (HB-EGF) is a
newly discovered potent SMCmitogen and chemoattractant
which was originally identified in human macrophage-condi-
tioned medium (19, 20). HB-EGF is a member of the EGF
family and is synthesized as a transmembrane precursor
(proHB-EGF), a characteristic of members of the EGF family
proteins, which is processed to the mature 86-amino acid form
of HB-EGF. The mature HB-EGF which spans residues 63-
148 of proHB-EGF has two characteristic domains; a highly

hydrophilic domain with an affinity for heparin in the NH2-
terminal region and an EGF-like domain with - 35%homology
to human EGF in the COOH-terminal region (20-22). HB-
EGF has been shown to interact with the same high affinity
receptors as EGFon human fetal SMC(23) and bovine aortic
SMC(24). A heparin-binding domain of HB-EGF spanning
residues 93-113 of proHB-EGF has been shown to interact
with heparan sulfate proteoglycans on the surfaces of bovine
aortic SMCand to modulate binding to EGFreceptor (24). It
has been suggested that the heparin-binding property of HB-
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EGF, which is lacking in EGF, may be responsible for its greatly
enhanced migration activity (33-fold) and mitogenic activity
(40-fold) for bovine aortic SMCas compared with EGF (20,
24). HB-EGFis comparable with PDGFin that it is synthesized
by macrophages and SMC, and is also a potent mitogen and
chemoattractant for SMC(20, 24). These properties of HB-
EGFprompted us to investigate whether it was associated with
the pathogenesis of atherosclerosis.

Methods

Tissue materials. Thoracic and abdominal aortae were obtained from
31 individuals at autopsy aged 2 mo-80 yr, some of which had athero-
sclerosis.

Preparation of antibodies against proHB-EGF. Antibodies recog-
nizing mature and proHB-EGF were produced by immunizing female
white New Zealand rabbits with a synthetic peptide H-1 (HB-EGF
precursor COOH-terminal residues 185-208) and H-6 (HB-EGF pre-
cursor residues 54-73). A cysteine residue was introduced in each
peptide at its COOH-terminal site and conjugated to ovalbumin (Sigma
Chemical Co., St. Louis, MO) by sulfosuccinimidyl 6-(3-[2-pyridyldith-
io]propionamido)hexanoate (sulfo-LC-SPDP) (Pierce, Rockford, IL) ac-
cording to a manufacturer manual. The protein was emulsified with
complete Freund adjuvant (Difco Laboratories Inc., Detroit, MI) before
injection into the rabbits. Neither antibody H-1 nor H-6 has amino acid
sequence homology with other members of the EGF family proteins
such as EGF, TGF-a and amphiregulin (25). H-1 does not cross react
with mature HB-EGF purified from U-937 cell-conditioned medium by
Western blotting and immunoprecipitates 35S-labeled proHB-EGF. H-6
cross reacts with purified U-937-derived mature HB-EGF (21). Neither
antibody detected EGF, TGF-a, or amphiregulin by Western blotting
(Higashiyama, S., and N. Taniguchi, manuscript submitted for publica-
tion). In this study, we used both H-1 and H-6 antibodies.

Immunohistostaining. For immunohistochemical detection of HB-
EGF, tissues from aortic walls obtained at autopsy within 5 h of death
were fixed with 5% phosphate-buffered formalin for 5 h at 40C. After
a wash in PBS, the tissues were decalcified in decalcifying solution B
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 3 d at 4°C.
Paraffin sections (- 4 Arm) were deparaffinized, treated with 3% H202
solution for 10 min, and were washed in distilled water for 5 min and
in 0.05 MTris-HCl buffer, pH 7.6, for 5 min. After incubation with
normal swine serum for 20 min at room temperature, a three-step immu-
noperoxidase method was performed using a rabbit anti-HB-EGF anti-
serum (H-1 or H-6) diluted 1/200 in Tris buffer containing 1% BSA
(for 30 min at room temperature), swine anti-rabbit immunoglobulins
(DAKO, Glostrup, Denmark) diluted 1/200 in Tris buffer containing
1% BSA (for 20 min at room temperature), and peroxidase-labeled,
rabbit anti-peroxidase immunoglobulins (PAP) complexes (for 20 mi,
at room temperature). The tissue sections were visualized with 3-amino-
9-ethylcarbazol (AEC) (both from DAKO) in 0.1 Macetate buffer, pH
5.2, in the presence of 0.3% H202. As a negative control, the primary
antiserum (H-I or H-6) was replaced by normal rabbit serum (DAKO),
or preabsorbed with excess amount of the peptide antigen. For detection
of EGF-receptors (EGFR), tissue sections were incubated in 0.1% H202
in methanol for 10 min, washed in PBS for 20 min and then incubated
in 0.05% saponin (Wako Pure Chemical Industries, Ltd.) in distilled
water for 30 min at room temperature. To detect the localization of
EGFR, the avidin-biotin complex (ABC) method of OSI@ immunohis-
tochemistry was used. Sections were incubated with 0.5% normal goat
serum for 20 min at room temperature, and then with rabbit anti-human
EGFRpolyclonal antibody raised against the peptide which corresponds
to 1005-1016 residues of EGFRdiluted 1/20 in PBS containing 1%
BSA for 60 min at room temperature. After a wash in PBS, sections
were incubated with biotinylated goat anti-rabbit IgG diluted 1/200 in
PBS containing 1% BSA, and OSI® ABCreagent (all from Oncogene
Science, Inc., Manhasset, NY) for 30 min at room temperature. The
tissue sections were visualized by incubation in peroxidase substrate
solution containing DAB (3,3 '-diaminobenzidine)/nickel chloride

Table I. Clinical Status or Cause of Death in Subjects
With or Without Atherosclerosis

Case Atherosclerosis
No. Age, sex Clinical status or cause of death (plaque formation)

1 2mo,F
2 4mo,F
3 6 mo, F
4 10, M
5 10, F
6 24, M
7 33, M
8 38, M
9 42, M

10 44, M

11 48, M
12 52, F
13 53, M
14 54, M
15 55, M
16 55, M

17 56, M
18 60, F
19 60, M
20 60, M
21 62, M

22 66, F
23 68, M
24 71, M
25 72, M
26 75, M
27 75, M
28 75, M
29 78, M
30 76, M
31 80, M

Herniation of diaphragm
Intestinal intussusception
Down syndrome, cardiac anomaly
Leukemia
Trauma
Trauma
Leukemia
Hypertrophic cardiomyopathy
Aplastic anemia
Sudden death (clinical status;

unknown)
Gastric cancer
Colon cancer
Trauma
Rectal cancer, diabetes mellitus
Esophageal cancer
Hepatocellular carcinoma, liver

cirrhosis
Hepatocellular carcinoma
Trauma
Esophageal cancer
Pancreas cancer
Angina pectoris, cardiac and renal

failure
Diabetes mellitus, renal failure
Gastric cancer
Myocardial infarction
Pancreas cancer
Myocardial infarction, hypertension
Cerebellar infarction
Cardiac tamponade, hypertension
Prostate cancer
Multiple cerebral infarction
Colon cancer

+

+

+

+

+

+

+

+

+

+

+

M, male, F, female. The presence or absence of atherosclerosis was
examined in the thoracic and abdominal aorta.

(Zymed Labs, Inc., San Francisco, CA) for 10-20 min at room tempera-
ture.

Identification of cell types. To identify macrophages and SMCin
atherosclerotic aorta, deparaffinized tissue sections were incubated with
0.3% H202 in methanol, washed in PBS for 20 min, and incubated with
0.1% trypsin in PBS for 30 min at room temperature. Sections were
then incubated with 1.5% normal horse serum for 20 min at room
temperature, and incubated with a mouse monoclonal antibody against
human macrophages (CD-68, KPI; DAKO) diluted 1/200 in PBS con-
taining 0.5% BSA, or a mouse monoclonal antibody against an a-
isoform of SMCactin (histofine; Nichirei Co. Ltd., Tokyo, Japan).
After washing in PBS, the ABCmethod was used to detect macrophages
and SMCusing biotinylated horse anti-mouse IgG diluted 1/2,000 in
PBS for 30 min at room temperature and vecstatin® ABC reagent
(both from Vector Labs Inc., Burlingame, CA) for 30 min at room
temperature. Positive reaction was visualized as described in the method
for detecting EGFR.

Results
Clinical status. Clinical status or cause of death of each individ-
ual was listed in Table I. None of them died from any severe
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infectious disease which might induce or alter the production
of HB-EGF protein in SMCof aortic wall. When thoracic and
abdominal aorta were opened up, the entire portion was exam-
ined grossly. Presence or absence of atherosclerosis was deter-
mined by whether typical atherosclerotic lesions such as fibrous
plaque, fibro-fatty plaque, and advanced lesion with occasional
calcification were observed. When the vessel examined was
atherosclerotic, at least five different tissues of the plaque le-
sions (- 4 cm2) and three tissues of nonatherosclerotic portion
(- 4 cm2) were excised from different areas.

Immunohistochemical detection of HB-EGF in arterial
walls without atherosclerotic plaques. In a 4-mo-old baby, in-
tense immunostaining of HB-EGFwas detected in medial SMC
and endothelial cells of the aorta. Intima consisted of endothelial
cell layer and thin connective tissue space where cell infiltrate
was rarely observed. Both antibodies H-I and H-6, which recog-
nize cytoplasmic domain (proform of HB-EGF) and extracellu-
lar domain (proform and mature form of HB-EGF), respec-
tively, demonstrated almost the same staining pattern (Fig. 1,
a and b). The positive immunohistochemical staining was com-
pletely abrogated when these antibodies were preabsorbed by
excess amounts of each antigen peptide (Fig. 1 c). On the other
hand, in the aortic wall of a 24-yr-old adult showing mild intimal
thickening, the number of medial SMCimmunostained posi-
tively for HB-EGF was markedly decreased (Fig. 2, a and b).
The number of medial SMCproducing HB-EGF tended to in-
crease gradually in parallel with the increase of age. In a 60-
yr-old adult without atherosclerosis, we could recognize that
SMCpositively stained for HB-EGF in the media especially of
intimal side were increased in number (Fig. 2, c and d). How-
ever, HB-EGF-positive SMCin the media appeared to be sub-
stantially increased in the aorta of individuals with atherosclero-
sis compared with young and middle-aged adults without ath-
erosclerosis (Fig. 2, e and f). The number of medial SMC
positively stained for HB-EGF was analyzed quantitatively in
31 individuals and summarized in Fig. 3. The percentage of
HB-EGF-positive cells in medial SMCwas greatly elevated in
groups of babies and young children (2 mo-10 yr) compared
with young and middle-aged adults. In the adult group (26
individuals), the relationships between the presence or absence

100

80-

_ ,

*60 A *.°
go-4

0. A

40 -

0~~~
0~~~ I0

0 20 40 60 80

Age (years old)

Figure 3. Percentage of HB-EGF-positive cells in the medial SMCin
31 subjects of various age. Each point express the percentage of HB-
EGF-positive SMCin babies and children (A) (2 mo-10 yr), adults
without atherosclerotic plaques (o) (24-72 yr) and adults with athero-
sclerotic plaques (.) (54-80 yr). Immunostaining for HB-EGF was
carried out using antibody H-1, and followed by counter-staining for
the nucleus with Mayer's hematoxylin. The number of nuclei of HB-
EGF-positive SMCwhich showed positive red or red-brown immuno-
histochemical reaction in the cytoplasm and total SMCwere counted
using a tablet measure unit for micromeasurement (krypton-40; Flovel,
Tokyo, Japan) in the intimal side area of medial walls (0.5 mm2). Each
point is the average of three different areas.

of atherosclerosis and the percentage of HB-EGF-positive cells
or aging were examined by a multiple regression analysis. The
multiple correlation coefficient was 0.802, indicating that both
parameters, the percentage of HB-EGF-positive cells and
aging, are related to the presence of atherosclerosis by positive
regression coefficient respectively, and are statistically signifi-
cant (P = 0.0016 and P = 0.01 17, respectively).

Immunohistochemical detection of HB-EGF in atheroscle-
rotic plaques. Thickness of the intima in aortic wall was gradu-

Figure 1. HB-EGF localization in a baby aorta. The thoracic aorta of a 4-mo-old baby (case No. 2) was immunostained for HB-EGF using two
kinds of polyclonal antibodies H-1 (a) and H-6 (b), which recognize cytoplasmic domain of proHB-EGF and extracellular domain of mature and
proHB-EGF, respectively. (a and b) The intima consists of an endothelial cell lining which is continuous to the internal elastic lamina (a, arrowhead).
Almost all the SMCin the media of the aortic wall showed intense staining of HB-EGF(red-brown color). The staining pattern and the localizationof
HB-EGF-positive cells by H-l and H-6 antibodies were essentially the same, although slightly intense staining could be obtained by antibody H-
1. Endothelial cells were also immunostained positively for HB-EGF (b, arrow). (c) Immunostaining was completely abolished by incubation of
anti-HB-EGF H-6 serum preincubated with the synthetic peptide antigen. Both anti-HB-EGF H-1 serum preincubated with the synthetic peptide
antigen and normal rabbit serum also showed the same results (data not shown). M, media. Counter-staining for the nucleus (blue color) was
carried out by Mayer's hematoxylin. (a, b, and c: original magnification X250).
Figure 2. Localization of HB-EGF in adult aortae with and without atherosclerosis. Immunostaining for HB-EGF was carried out by H-6 antibody.
(a and b) In the aorta of a 24-yr-old male (case No. 6) without atherosclerosis, medial SMCwith positive immunostaining for HB-EGF (b,
arrowhead) were markedly decreased in number compared with baby aorta shown in Fig. 1. Intima showed mild thickening and some of the intimal
cells were HB-EGF-positive (b, double arrowhead). (c and d) Normal aorta without any atherosclerotic lesion from a 60-yr-old male (case No.
19) showed diffusely thickened intima. Medial SMCwith positive immunostaining for HB-EGF (d, arrowhead) were slightly increased in number
compared with young adult shown in Fig. 2, a and b. Small round HB-EGF-positive cells in the subendothelial region, and HB-EGF-positive
cells of various shape just above the media (d, double arrowhead) were recognized. (e and f) In the aorta of a 60-yr-old male with atherosclerosis
(case No. 21), medial SMCwith positive HB-EGF staining (f, arrowhead) were further increased even in a region of diffusely thickened intima
(not a region of plaque formation) in the aorta with atherosclerotic plaque compared with those in normal aorta of the same age in c and d. Intimal
cells were markedly increased in number, and numerous cells showed intense immunostaining for HB-EGF (f, double arrowhead). I, intima; M,
media. Counter-staining for the nucleus (blue color) was carried out by Mayer's hematoxylin. (a, c, and e: original magnification X90. b, d andf:
original magnification x 180).
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Figure 4. Localization of macrophages, SMC, and HB-EGF-positive cells in aorta with an atherosclerotic plaque. Macrophages (a), SMC(b),
and HB-EGF (c) stainings were carried out in the aorta with atherosclerotic plaque from a 60-yr-old female (case No. 18). (a) Macrophages were

recognized accumulating into the plaque. (b) In addition to medial SMC, numerous cells with positive immunostaining for a-smooth muscle cell
actin were observed in the plaque. (c) Many of the cells in the plaque were positive for HB-EGF protein detected by anti-HB-EGF H-6 antibody,
and both macrophages and SMCappeared to be HB-EGF positive, although some foam cells rich in lipid materials showed vacuolated cytoplasm
and were faintly stained by the antibody. I, intima; M, media. Counter-staining for the nucleus in (a) and (b), and (c) was carried out by methyl
green and Mayer's hematoxylin, respectively. (a, b, and c: original magnification x35).
Figure 5. HB-EGF protein localization in two types of cells in atherosclerotic plaques. Atherosclerotic plaques of an 80-yr-old female (case No.
31) (a, b, and c) and a 60-yr-old female (case No. 18) (d, e, and f ) were analyzed for HB-EGF (a, c, d, and f ), macrophages (b) and SMC(e)
immunostaining. (a) Positive immunostaining for HB-EGF using anti-HB-EGF H-1 antibody was observed in many cells in the central part of
atherosclerotic plaque. These cells showed various shapes and sizes, and appear to be heterogeneous in cell population (original magnification
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ally increased with the increase of age ("physiological" intimal
thickening), that appeared to be the result of the accumulation
of both extracellular matrices and intimal cells derived from
circulating blood mononuclear cells and medial SMC(Fig. 2)
(2). In atherosclerotic plaques, however, numerous cells includ-
ing foam cells could be observed, and the number of intimal
cells was much larger than that of normal aorta (Figs. 2 and
4). Immunohistochemical staining for macrophage and SMC
demonstrated that both cell types were the major cell constituent
in the atherosclerotic plaque (Fig. 4, a and b). HB-EGFstaining
in the consecutive section revealed that numerous cells were
strongly positive for HB-EGF protein (Fig. 4 c). These cells
appeared to be macrophages and SMCfrom the results of mac-
rophage- and SMC-specific staining, although lipid-laden foam
cells were sometimes faintly recognized by anti-HB-EGF anti-
bodies due to loss of the major part of the cytoplasm that is
composed of lipid accompanied by the antigen during the pro-
cessing of tissue samples. From the results of the staining pat-
tern, at least two types of cells stained positively for HB-EGF
were observed. One was a small cell of various shapes with
intense and homogeneous staining of cytoplasm, the other a
relatively large round-shaped or fibroblast-like cell with a fine
granular staining pattern. However, it was difficult to determine
the cell types from the difference in these staining patterns with
low power magnification. Weanalyzed cell types in plaques
positively stained for HB-EGF by the staining of mirror image
sections with high power magnification.

Identification of cell types in plaques. To identify HB-EGF-
positive cells in the plaque, sections were stained with mono-
clonal antibodies against macrophage- and SMC-specific anti-
gens. Macrophages in the plaque were both round-shaped cells
located closely to a cluster of foam cells as well as spindle-
shaped cells located around the lipid core region especially of
the luminal side (Fig. 5, a and c). In a set of mirror image
sections (Fig. 5, b and c), most of the cells that stained posi-
tively for macrophages (Fig. 5 b) also stained positively for
HB-EGF (Fig. S c). Many of the SMCalso had a spindle shape,
but were smaller in size than macrophages or foam cells. Round
and plump SMCwere often recognized in the region just above
the media (Fig. 5, d and f ). In a set of mirror image sections
(Fig. 5, e andf ), the SMCof the plaques were immunostained
positively for the SMC(Fig. 5 e) and HB-EGF protein (Fig. 5
f ) located in this region showed the most intense staining for
this protein. Taken together, these results revealed that at least
two types of cells, one a macrophage and the other a SMC,
could be potential sources of HB-EGFprotein synthesis in ath-
erosclerotic legions.

Immunohistochemical detection of EGFreceptor (EGFR) in
atherosclerotic plaques and aortic medial SMC. Since our previ-
ous studies have shown that cultured human fetal vascular SMC
(23) and bovine aortic SMC(24) expressed EGFRand that the
biological activity of HB-EGF for cultured SMCwas mediated
through the EGFRsignaling pathway (24), EGFRavailability

in the aorta was evaluated. In atherosclerotic individuals, SMC
in the intima were positive for EGFRstaining, especially in the
area just above the media. Furthermore, EGFRwas detected in
atherosclerotic plaque SMCand in medial SMC(Fig. 6 a).
However, in some atherosclerotic individuals, EGFRwas stained
faintly (Fig. 6 b) or even negative in the medial SMCin our
immunohistochemical studies. These results are consistent with
HB-EGF synthesized in plaque macrophages being able to inter-
act with EGFRon SMCin a paracrine manner, and/or SMC
stimulating themselves in an autocrine manner. In nonatheroscle-
rotic individuals, however, the detection level of EGFRin both
intimal and medial SMCwas extremely low (Fig. 6 d).

Discussion

This study clearly demonstrated that HB-EGF, one of the
growth factors of the EGF family, is expressed in SMCand
macrophages in human aortic walls. Based on immunostaining
results showing that HB-EGFlevels of 12 individuals with vari-
ous stages of atherosclerosis were higher than in normal adults,
we speculate that HB-EGF might be continuously produced by
sources such as SMCand macrophages, and stimulate SMC
proliferation by autocrine and paracrine mechanisms. Wealso
propose that HB-EGF synthesized by SMCand macrophages
may be associated with the pathogenesis of atherosclerosis, es-
pecially with neointimal SMCmigration, proliferation, and ac-
cumulation in the lesions of atherosclerosis. Within the EGF
family, this activity may be specific for HB-EGF since it has
been reported that gene expression level of TGF-a in the
plaques of atherosclerosis is undetectable (5) and our immuno-
histochemical examination done in parallel with this study did
not show positive TGF-a staining in any cells of the aortic wall
(data not shown), and so far, no involvement of other members
of the EGF family with atherosclerosis has been reported.

It is not known which regulatory factors are capable of
inducing the expression of the HB-EGF gene in atherogenesis.
Lysophosphatidylcholine (26), a major component of oxidized
LDL (oxLDL), and thrombin (27) have been demonstrated to
increase HB-EGF mRNAlevel and protein production in cul-
tured macrophages and SMC, respectively. It has been sug-
gested that oxLDL is a highly potent trigger of atherogenesis
and may cause endothelial injury resulting in the formation of
thrombin (28). Thus induction of HB-EGF by these factors is
consistent with a role of this growth factor in atherogenesis.
Since it has been reported that PDGF, bFGF, and HB-EGF itself
upregulates HB-EGF gene expression in cultured SMC(29),
the release of numerous growth-regulatory molecules and cyto-
kines from a network established between cells recruited into
the lesion may enhance HB-EGF production leading to activa-
tion, proliferation, and migration of SMC. It would be interest-
ing to know how much expression of HB-EGF occurs in the
hypertensive state of SMCsince angiotensin II has been re-
ported to upregulate HB-EGFgene expression in rat SMC(30).

x 120). (b and c) A set of paired mirror image sections showed the immunostaining of macrophages (b) and HB-EGF (c). These are consecutive
to the section showing a low power view in a, and the region where these high power views are from is indicated by an arrow in a. The same
macrophage is pointed out by an arrow in b and c. b and c: original magnification x400. (d) Numerous number of HB-EGF-positive cells could
be also recognized in the region just above the media. Many of these cells showed intense immunostaining for HB-EGF protein. I, intima; M,
media. (original magnification x 120). (e andf ) A set of paired mirror image sections showed the immunostaining of SMC(e) and HB-EGF (f ).
The same SMCis pointed out by a double arrow in e and f . These sections are from the medial side of the plaque indicated by an arrow in d. e
andf: original magnification X400.
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Figure 6. Expression of EGFRin athero-
sclerotic plaques. Immunostaining of
EGFRwas carried out on the neointimal
SMCin the plaque from a 71-yr-old
male (case No. 24) (a) and in the medial
wall under the plaque from a 60-yr-old
female (case No. 18) (b). (a) Neointi-
mal SMCof various shapes (arrow-
head) especially in the medial side re-
gion of the plaque showed more intense
staining compared to medial SMC. I, in-
tima; M, media. (b) Slightly disarranged
medial SMCshowed faint immunostain-
ing for EGFR. Staining intensity was dif-
ferent from case to case, and was nega-
tive in some cases. (c) Negative control
for the section "b" using normal rabbit
serum instead of anti-EGFR antibody.
(d) In the normal aortic wall, medial
SMCpositively stained for EGFRwere
rarely seen, although EGFRappeared to
be expressed in some intimal cells (ar-
rowhead). I, intima; M, media. Counter-
staining for the nucleus (light green)
was carried out by methyl green. (a, b,
and c: original magnification X250, d:
original magnification x 180).
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HB-EGFcould be involved in SMCmigration and prolifera-
tion not only in the process of atherogenesis but also in the
normal development of aortic walls, since HB-EGF synthesis
is high in the arterial walls of the neonate compared with the
adult.

In contrast, HB-EGF needs to bind EGFRexpressed on
target cells to induce various biological events. In the aortic wall
of atherosclerotic individuals, EGFRwere expressed strongly in
intimal SMCas compared with the extremely low level of
EGFRstaining in normal adult aortae. It is of interest that the
intimal SMC of atherosclerotic individuals consistently ex-
pressed EGFR, while the medial SMCdid not always express
this receptor at least from the results of immunohistochemical
analyses. To elucidate the pathogenesis of atherosclerosis, it
seems to be important to know the regulatory mechanism of
the expression of EGFRin SMCof the arterial wall as well.

Studies on the regulatory mechanism of HB-EGF gene ex-
pression and protein production might result in the formulation
of HB-EGF inhibitory strategies useful for preventing the devel-
opment of atherosclerosis. Possible anti-HB-EGF strategies in-
clude neutralizing antibodies and antisense oligonucleotides.
Antibodies have been used to block PDGFand bFGF in a
balloon injury model (31-33). An antisense to c-myb has a
similar activity (34). Thus, it may be feasible to block HB-
EGFas well.
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