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Rabbit smooth muscle cells (SMC) express types I and
II scavenger receptors (ScR) that are up-regulated by
platelet secretion products. In the current studies we
investigated the effect of growth factors secreted by
platelets on ScR activity in rabbit and human SMC.
Platelet-derived growth factor (PDGF BB) and trans-
forming growth factor B, (TGF-B,) at 10 ng/ml increased
ScR activity in rabbit SMC (by approximately 4- and
2-fold, respectively) but not in human SMC. Epidermal
growth factor (EGF) or insulin-like growth factor I
(IGF-I) alone had little effect on SMC ScR activity. The
growth factors had synergistic effects on ScR activity
and on types I and IT ScR mRNA expression. In rabbit
SMC, PDGF BB, EGF, and TGF-p, together stimulated
ScR activity 12-fold. In human SMC, EGF and TGF-8,,
together with either IGF-I or PDGF BB, stimulated re-
ceptor activity approximately 7-fold. Growth factor-me-
diated induction of ScR activity in rabbit and human
SMC was blocked by the tyrosine kinase inhibitor tyr-
phostin 47, whereas the induction of ScR activity in
rabbit but not human SMC was blocked by the protein
kinase C inhibitor MDL.29,152. Studies using neutraliz-
ing antibodies demonstrated that TGF-, is the predom-
inant factor in in vitro preparations of platelet secretory
products which regulates ScR activity. The growth fac-
tors that act synergistically in regulating ScR activity in
vitro are all present in atherosclerotic lesions, where
they are produced by macrophages, endothelial cells,
SMC, and platelets. The data suggest that these growth
factors may regulate ScR activity in SMC in vivo and
contribute to foam cell formation.

One characteristic feature of atherosclerotic lesions is the
unregulated accumulation of lipoprotein-derived cholesterol
and cholesteryl esters in macrophages and smooth muscle cells
of the arterial intima. Lipid is deposited in these cells as drop-
lets that give the cells a foamy appearance when viewed by
phase-contrast microscopy (1-4). The mechanism of lipid accu-
mulation and foam cell formation is not known with certainty;
however, lipid accumulation in macrophages has been postu-
lated to result from the scavenger receptor-mediated internal-
ization of modified lipoproteins (5—-8). We have demonstrated
recently that smooth muscle cells also express scavenger recep-
tors, and we have postulated a similar mechanism for lipid
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accumulation in these cells (9-12).

The expression of the scavenger receptor in both macro-
phages and smooth muscle cells can be induced during athero-
genesis. Whereas circulating monocytes do not express scav-
enger receptors, scavenger receptor expression is induced to
high levels when the monocytes adhere to the endothelium,
penetrate between the endothelial cells, and differentiate to
macrophages in the subendothelial space (2, 4, 13, 14). During
atherogenesis, smooth muscle cells migrate from the media to
the intima of the arterial wall, where they proliferate and
accumulate lipid, becoming foam cells. Scavenger receptor ac-
tivity is detected in smooth muscle cells in the intima but not in
normal vascular smooth muscle cells (15-17), demonstrating
that smooth muscle cell scavenger receptor activity is up-reg-
ulated in atherosclerotic lesions. The factors contributing to the
regulation of smooth muscle cell scavenger receptor activity in
vivo are unknown.

We have shown that scavenger receptor activity in rabbit
smooth muscle cells is induced in vitro by incubation of the cells
with phorbol esters, serum, or secretion products from platelets
(10). The expression of types I and II scavenger receptors in
smooth muscle cells is normally quite low; however, incubation
of the cells with phorbol esters increases receptor activity up to
20-fold (10-12). Types I and II scavenger receptor cDNAs have
been cloned from a cDNA library prepared from phorbol ester-
treated rabbit smooth muscle cells (18). Incubation of rabbit
smooth muscle cells with secretion products from human plate-
lets, stimulated with thrombin or with the calcium ionophore
A23187, also results in up to a 5-6-fold increase in receptor
activity (10-12). These data suggest that platelet secretory
products present in serum or at sites of platelet aggregation
may contribute to the regulation of smooth muscle cell scav-
enger receptor activity.

In the present studies we examined the effect of several
known platelet secretory products on scavenger receptor activ-
ity in human and rabbit smooth muscle cells. The results dem-
onstrate that platelet-derived growth factor (PDGF)! BB, epi-
dermal growth factor (EGF), insulin-like growth factor I (IGF-
D), and transforming growth factor g, (TGF-B,), growth factors
present in atherosclerotic lesions (19—23), synergistically stim-
ulate types I and II scavenger receptor gene expression and
receptor activity in both human and rabbit smooth muscle
cells.

! The abbreviations used are: PDGF, platelet-derived growth factor;
EGF, epidermal growth factor; IGF-I, insulin-like growth factor I; TGF-
B, transforming growth factor B;; Dil, 1,1'-dioctadecyl-3,3,3',3'-tetra-
methylindocarbocyanine perchlorate; LDL, low density lipoproteins;
Ac-LDL, acetyl low density lipoproteins; FACS, fluorescence-activated
cell sorter; TNF-a, tumor necrosis factor «; IFN-v, interferon vy.
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EXPERIMENTAL PROCEDURES

Materials—Heat-inactivated fetal bovine serum was obtained from
HyClone Laboratories (Logan, UT). Dulbecco’s modified Eagle’s me-
dium, Dulbecco’s phosphate-buffered saline, penicillin, and streptomy-
cin were obtained from Life Technologies, Inc. Two human aortic
smooth muscle cell lines and growth medium with (SmGM 2) or without
(SmBM) serum were purchased from Clonetics (San Diego). Serotonin,
fibrinogen, and fibronectin were purchased from Sigma. Human recom-
binant EGF, IGF-I, PDGF, and TGF-B, were purchased from Life Tech-
nologies, Inc. Polyclonal anti-PDGF antibody and monoclonal antibod-
ies against EGF and IGF-I were obtained from Upstate Biotechnology
Inc. (Lake Placid, NY). Polyclonal antibody against TGF-B, was ob-
tained from Promega (Madison, WI). Tyrphostin 47 and tyrphostin 1
were purchased from Boehringer Mannheim and BIOMOL Research
Laboratories, Inc. (Plymouth Meeting, PA), respectively. The protein
kinase C inhibitor MDL.29,152 (4-propyl-5-(4-quinolinyl)-2-[*H]-ox-
azolone) was a gift from the Marion Merrell Dow Research Institute
(Cincinnati, OH) (24). Fresh human platelet-rich plasma was obtained
from the Peninsula Blood Bank (San Mateo, CA). The fluorescent probe
1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil)
was purchased from Molecular Probes, Inc. (Eugene, OR). Sodium
[*2T]iodide was purchased from Amersham Corp.

Lipoproteins—Low density lipoproteins (LDL) (d = 1.02-1.05 g/ml)
were obtained from human plasma (1 mg/ml EDTA) by sequential
density gradient ultracentrifugation and then dialyzed against saline
EDTA (0.15 m NaCl, 0.01% EDTA) (25). The LDL were iodinated by the
method of Bilheimer et al. (26) or labeled with the fluorescent probe Dil
as described (27, 28). The '?°I-LDL and Dil-labeled LDL were then
acetylated as described (29).

Cell Culture Experiments—The New Zealand White rabbit smooth
muscle cell line SMC.3 was provided by Drs. Lisa Minor and George
Rothblat at the Medical College of Pennsylvania in Philadelphia. Hu-
man smooth muscle cells were grown in SmGM 2. Rabbit smooth
muscle cells were grown in Dulbecco’s modified Eagle’s medium con-
taining 10% heat-inactivated fetal bovine serum, penicillin (100 units/
ml), and streptomycin (100 pg/ml). For experiments, the medium was
aspirated, and the cells were preincubated at 37 °C for 16 h in serum-
free Dulbecco’s modified Eagle’s medium or SmBM containing either
growth factors or platelet secretory products prepared as described (10).
The cells were then washed three times with SmBM or Dulbecco’s
modified Eagle’s medium, incubated with Dil-labeled acetyl-LDL (Ac-
LDL) (5 pg/ml) for 8 h at 37 °C, and processed for fluorescence-activated
cell sorter (FACS) analysis as described (10).

For lipoprotein metabolism assays, the cells were treated with
growth factors as described above. After three washes with serum-free
medium, the cells were incubated with '2°I-labeled Ac-LDL (5 pg/ml) at
37 °C for 16 h. Cell-associated radioactivity (i.e. bound and internalized
lipoprotein) and trichloroacetic acid-soluble lipoprotein degradation
products in the medium were quantitated as described (30). Nonspecific
degradation (i.e. the amount of degradation obtained in the presence of
a 100-fold excess of unlabeled Ac-LDL) has been subtracted from all
data.

RNase Protection Assay—A specific DNA template was generated by
polymerase chain reaction amplification from a vector containing rabbit
type II scavenger receptor cDNA sequences (18) (a gift from Dr. Mason
Freeman of Massachusetts General Hospital, Boston). Amplification
was accomplished using oligonucleotide primers corresponding to bases
764-783 (sense) and 1014-1041 (antisense) of the rabbit scavenger
receptor cDNA. A 29-base T7 promoter sequence was added at the 5’
end of the antisense primer, and a random 21-base sequence was added
to the 5’ end of the sense primer. A 3?P-labeled antisense RNA probe
was generated using T7 polymerase. The labeled probe of the expected
size (307 bases) was purified by gel electrophoresis. The RNase protec-
tion assays were performed on total RNA isolated from cells. Using this
probe, a 277-base pair fragment will be protected by mRNAs for both
the types I and II scavenger receptor.

Western Blot Analysis and Neutralization Experiments—For West-
ern blot analysis, platelet secretory products (40—60 ug) were sepa-
rated on a nonreducing sodium dodecyl sulfate-polyacrylamide (15%)
slab gel and electrophoretically transferred to nitrocellulose (12, 31).
The nitrocellulose membranes were then subjected to immunoblotting
using antibodies against PDGF, EGF, IGF-I, and TGF-B; according to
the manufacturer’s instructions. Recombinant PDGF BB, EGF, IGF-I,
and TGF-B, were used as positive controls and in the quantitation of
growth factors in the platelet secretory products.

To neutralize their activity, platelet secretory products (40 pg/ml)
were preincubated for 1 h at 37 °C with blocking antibodies to the
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growth factors (concentrations indicated in the legend to Fig. 4) before
addition to the cells. The concentrations of anti-PDGF and anti-TGF-B;
antibodies used were sufficient to block the effect of recombinant PDGF
BB (50 ng/ml) and TGF-B; (20 ng/ml) on scavenger receptor activity in
rabbit smooth muscle cells, respectively. The concentrations of anti-
IGF-I and anti-EGF antibodies used were sufficient to block the effect of
IGF-I (20 ng/ml) and EGF (10 ng/ml) on smooth muscle cell proliferation
measured by assaying the mitochondrial dehydrogenase activity as
described (Boehringer Mannheim).

RESULTS

Our previous studies have shown that types I and II scav-
enger receptors are expressed by rabbit smooth muscle cells
and that incubation of the cells with platelet secretory products
up-regulates receptor activity (10). Upon activation, platelets
have been reported to secrete a number of products, including
fibronectin, fibrinogen, serotonin, and the growth factors
PDGF, EGF, TGF-B,, and IGF-I (32). To determine whether
these secretory products stimulate scavenger receptor activity
in smooth muscle cells, we preincubated rabbit or human
smooth muscle cells with them for 16 h at 37 °C and examined
the uptake of Dil-labeled Ac-LDL by fluorescence microscopy.
Fibrinogen (10-70 ng/ml), fibronectin (10-70 ng/ml), and sero-
tonin (10—70 ng/ml) had little effect on scavenger receptor
activity, whereas preincubation with the combination of the
four growth factors significantly enhanced the uptake of Dil-
labeled Ac-LDL by both rabbit and human smooth muscle cells
(data not shown).

To obtain a quantitative estimate of the increase in receptor
activity induced by the growth factors and to assess the effect
of each growth factor individually, additional experiments were
performed. The cells were preincubated with the recombinant
growth factors either alone or in combination, and the uptake
of Dil-labeled Ac-LDL was assessed by FACS analysis. When
Dil-labeled lipoproteins are internalized by cells and degraded,
the Dil is quantitatively retained in the lysosomes. The amount
of Dil in the cells is therefore directly proportional to the
amount of lipoprotein metabolized (28). In rabbit smooth mus-
cle cells (Fig. 1A), PDGF BB (10 ng/ml) stimulated the inter-
nalization of Dil-labeled Ac-LDL by 3.7-fold, whereas neither
PDGF AA (10-70 ng/ml) nor PDGF AB (10-70 ng/ml) had any
effect on the uptake of Dil-labeled Ac-LDL (data not shown).
TGF-B; (10 ng/ml) up-regulated scavenger receptor activity
~2-fold. The growth factors IGF-I (20 ng/ml) or EGF (10 ng/ml)
had little effect on receptor activity when added to cells alone at
the concentrations shown here or at concentrations up to 100
ng/ml (data not shown). However, when these growth factors
were added in combination, synergistic effects were observed.
The four combinations, IGF-I and TGF-3,, EGF and PDGF BB,
TGF-B, and PDGF BB, and EGF and TGF-B,, stimulated re-
ceptor activity to a significantly greater extent than that ob-
served with any growth factor alone. The greatest synergistic
effect with two growth factors was with EGF and TGF-B,, in
which receptor activity was increased 7.5-fold. An even greater
increase in receptor activity (12-fold) was obtained with a com-
bination of the three growth factors EGF, TGF-B,, and PDGF
BB. Addition of IGF-I with the three growth factors had little,
if any, additional effect on receptor activity.

In human smooth muscle cells the growth factors also had
synergistic effects on scavenger receptor activity (Fig. 1B).
Whereas IGF-I, EGF, TGF-B,, and PDGF BB alone had little
effect on receptor activity, EGF and TGF-B; together had a
substantial effect, up-regulating receptor activity approxi-
mately 3.4-fold. The addition of either IGF-I or PDGF BB,
together with these two growth factors, increased receptor ac-
tivity up to 7-fold. The addition of a fourth growth factor had no
additional stimulatory effect. A similar effect of the combina-
tion of growth factors was obtained with a second human aortic
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Fic. 1. Fluorescence-activated cell sorter analysis showing the
effect of growth factors on the uptake of Dil-labeled Ac-LDL by
rabbit and human smooth muscle cells (SMC). Cells were prein-
cubated in serum-free medium for 16 h at 37 °C with or without EGF
(10 ng/ml), PDGF BB (10 ng/ml), TGF-B; (10 ng/ml), and IGF-I (20
ng/ml) either alone or in combination. The cells were then incubated
with Dil-labeled Ac-LDL (5 pg/ml) for 8 h at 37 °C. After incubation the
cells were subjected to FACS analysis as described under “Experimen-
tal Procedures.” The relative fluorescence intensity, which is propor-
tional to the uptake of Dil-labeled Ac-LDL, was determined for each
group of cells. The data are reported as the fold increase in the uptake
of Dil-labeled Ac-LDL, which represents the average fluorescent inten-
sity of each group normalized to the fluorescent intensity of the control
smooth muscle cells incubated in the absence of growth factors. The
data are the mean * standard deviation (n = 3). In this experiment
platelet secretory products (40 ug/ml) stimulated scavenger receptor
activity ~4-fold (data not shown). Panels A and B represent the effect of
the growth factors on scavenger receptor activity in rabbit and human
smooth muscle cells, respectively.

smooth muscle cell line (data not shown). The growth factors,
therefore, had similar effects on human and rabbit smooth
muscle cell scavenger receptor activity, except that PDGF was
more potent in the rabbit cells, and IGF-I had more of an effect
in the human cells.

The effect of the recombinant growth factors on the internal-
ization of both Ac-LDL and native LDL by rabbit and human
smooth muscle cells was examined to determine if the regula-
tion of receptor activity was specific for the scavenger receptor
or if LDL receptor activity was also increased. In rabbit smooth
muscle cells scavenger receptor activity was stimulated by the
mixture of the four growth factors (PDGF BB, EGF, TGF-8,,
and IGF-I), whereas LDL receptor activity was not increased
(Fig. 2A). In contrast, in human smooth muscle cells, the up-
take of both Ac-LDL and native LDL was up-regulated by the
combination of the four growth factors (Fig. 2B).

Whereas the internalization of Dil-labeled Ac-LDL has been
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Fic. 2. Comparison of the effect of growth factors on the in-
ternalization of Dil-labeled Ac-LDL and Dil-labeled LDL by rab-
bit and human smooth muscle cells (SMC). Rabbit (panel A) or
human (panel B) smooth muscle cells were preincubated with medium
alone or with medium containing a combination of EGF, PDGF BB,
TGF-B,;, and IGF-I for 16 h at 37 °C before assessing their ability to
internalize the Dil-labeled lipoproteins (as described in the legend to
Fig. 1). Values are the fold increase in the uptake of Dil-labeled Ac-LDL
or LDL relative to the internalization observed in cells grown in the
absence of growth factors. The data are reported as the mean * the
range for two independent experiments.

shown to be proportional to the amount of Ac-LDL internalized
and degraded in other systems, it was important to determine
directly whether the enhanced uptake of Dil-labeled Ac-LDL
induced by the growth factors also led to increased lipoprotein
metabolism in these studies. For this purpose, the smooth
muscle cells were pretreated with the combination of the four
growth factors, and the effect on the metabolism of *2°I-Ac-LDL
was determined. The degradation of 12°I-labeled Ac-LDL was
enhanced 3.8-fold in human smooth muscle cells incubated
with the growth factors at 37 °C for 16 h, and the cellular
association of 12°I-Ac-LDL, which represents bound and inter-
nalized 12°I-Ac-LDL, was enhanced 2.9-fold (data not shown).
These data therefore confirm the results of the FACS analysis
(Fig. 1B) and demonstrate growth factor-mediated enhanced
internalization and degradation of Ac-LDL by human smooth
muscle cells. Similar results were obtained in rabbit smooth
muscle cells (data not shown).

Previously we have shown that expression of types I and II
scavenger receptor was increased by phorbol ester treatment of
rabbit smooth muscle cells (11, 12). To determine whether the
enhancement of scavenger receptor activity by these growth
factors is due to an induction of types I and II scavenger
receptor expression, we performed RNase protection assays to
examine scavenger receptor mRNA levels using a probe specific
for both the types I and II isoforms. In this particular study
scavenger receptor mRNA was not detected in rabbit smooth
muscle cells under basal tissue culture conditions (Fig. 3).
However, treatment of the smooth muscle cells with the com-
bination of the four growth factors for 16 h increased the
expression of both types I and II scavenger receptor mRNA.
Similar induction of scavenger receptor mRNA expression was
observed in human smooth muscle cells (data not shown).

To determine the mechanism of growth factor stimulation,
we first tested the effect of a tyrosine kinase inhibitor on the
stimulatory effect of the growth factors on scavenger receptor
activity. Incubation of rabbit smooth muscle cells with growth
factors led to a 12-fold increase in scavenger receptor activity
that was essentially abolished by tyrphostin 47, a tyrosine
kinase inhibitor (Table I). Tyrphostin 1, an inactive analog of
tyrphostin 47, had little effect. In human smooth muscle cells
the growth factor-induced increase in receptor expression was
also blocked by tyrphostin 47 (Table I). These data demonstrate
that the growth factor-mediated induction of scavenger recep-
tor activity in both rabbit and human smooth muscle cells
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Fic. 3. RNase protection assay of total RNA from control and
growth factor-treated rabbit smooth muscle cells. Total RNA (10
ng) isolated from the control smooth muscle cells and from smooth
muscle cells treated with a mixture of EGF, PDGF BB, TGF-B,, and
IGF-I for 16 h at 37 °C (as described in the legend to Fig. 1) was
subjected to RNase protection assay under the conditions described
under “Experimental Procedures.” bp, base pairs.

TABLE 1
Effects of the tyrosine kinase inhibitor tyrphostin 47 and the protein
kinase C inhibitor MDL.29,152 on the growth factor-mediated
regulation of scavenger receptor activity in smooth muscle cells

The cells were preincubated (as described in the legend to Fig. 1) with
a mixture of EGF, PDGF BB, IGF-I, and TGF-p, alone or together with
tyrphostin 47, a tyrosine kinase inhibitor (50 uM), tyrphostin 1, an
inactive analog of tyrphostin 47 (50 um), or MDL.29,152, a protein
kinase C inhibitor (100 um). Receptor activity was then assessed by
examining the uptake of Dil-labeled Ac-LDL as described in the legend
to Fig. 1. The data are reported as the fold increase in receptor activity
(mean * range for two independent experiments) over the activity
observed in the absence of the growth factors.

Fold increase in receptor activity

Treatment Rabbit smooth

muscle cells

Human smooth
muscle cells

Growth factors alone 119+ 0.5 6.0+ 0.1

Growth factors + 1.9+02 1.2+0.1
tyrphostin 47

Growth factors + 10.3 £ 0.2 6.1 +04
tyrphostin 1

Growth factors + 0.6 £0.1 6.6 = 0.8

MDL.29,152

requires tyrosine kinase activity.

In some cases tyrosine kinase-mediated signal transduction
is associated with protein kinase C activation, and we have
shown that protein kinase C is involved in the up-regulation of
scavenger receptor activity in rabbit smooth muscle cells (10).
For these reasons we examined the effect of protein kinase C
inhibitors on growth factor-induced up-regulation of scavenger
receptor activity. Coincubation of rabbit smooth muscle cells
with growth factors together with MDL.29,152 (50 or 100 um),
a protein kinase C inhibitor (24), abolished the stimulatory
effect of the growth factors on scavenger receptor activity
(Table I). This result suggests that protein kinase C functions
in the signal transduction pathway leading to receptor up-
regulation in rabbit smooth muscle cells. In contrast,
MDL.29,152 (at concentrations up to 150 um) did not block
stimulation of scavenger receptor activity by growth factors in
human smooth muscle cells (Table I). The MDL.29,152 (50 um)
did, however, block the phorbol ester-induced stimulation of
scavenger receptor activity in human smooth muscle cells and
blocked the phorbol ester-induced differentiation (adhesion) of
the human monocyte cell line THP-1, demonstrating that the
inhibitor was active in human cells (data not shown). The data
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TaBLE IT
Quantitation of TGF-B,, PDGF, EGF, and IGF-I in human platelet
secretory products

Western blot analysis was performed under the conditions described
under “Experimental Procedures.” The amount of each growth factor in
platelet secretory products was estimated by densitometric scanning of
Western blots using recombinant growth factors run on the same gel as
standards.

Growth factors Concentration in platelet secretory products

nglpg
TGF-B, 0.35
PDGF 0.11
EGF Undetectable (<0.03)
IGF-1 Undetectable (<0.03)

suggest differences between the mechanism of regulation of
scavenger receptor activity by growth factors in human and
rabbit smooth muscle cells.

Our data clearly demonstrate that PDGF BB, EGF, IGF-I,
and TGF-B, in combination synergistically stimulate scavenger
receptor activity in smooth muscle cells. We next performed
experiments to determine whether these growth factors are the
components in our preparation of platelet secretory products
responsible for stimulation of scavenger receptor activity. We
first estimated the amount of the four growth factors present in
platelet secretory products using Western blot analysis. The
platelet secretory products contained approximately 0.35 ng of
TGF-B4, 0.11 ng of PDGF, and less than 0.03 ng of EGF and
IGF-I/ug (Table II). Therefore, 40 ug of platelet secretory prod-
ucts, the level that gave maximum stimulation of scavenger
receptor activity, contained ~4.4 ng of PDGF, ~14 ng of TGF-
By, and less than 1 ng each of EGF and IGF-I. We next per-
formed neutralization experiments to determine whether these
growth factors play any functional role in mediating the stim-
ulatory effect of platelet secretory products on scavenger recep-
tor activity. As shown in Fig. 4, an anti-PDGF antibody, used at
a concentration sufficient to block the effect of recombinant
PDGF BB, did not block the stimulatory effect of platelet se-
cretory products on scavenger receptor activity. Antibodies spe-
cific for EGF and IGF-I also had little effect. Anti-TGF-B,
antibody, on the other hand, blocked the stimulatory effect of
platelet secretory products by ~70%, suggesting that TGF-8; is
one of the active components in platelet secretory products.
However, approximately 30% of the stimulatory activity re-
mained, and the addition of anti-PDGF and anti-TGF-B; to-
gether or the addition of a mixture of the four antibodies did not
result in a greater inhibition of the stimulatory effect than that
observed with anti-TGF-B; alone. These data indicate that
TGF-p, is responsible for 70% of the stimulatory effect of plate-
let secretory products on scavenger receptor activity and that
the remaining 30% of the activity is not mediated by the growth
factors tested.

Two additional experiments support the conclusion that
PDGF is not the active component in platelet secretory prod-
ucts. First, when 4.4 ng of recombinant PDGF BB (the amount
of PDGF estimated to be present in 40 ug of platelet secretory
products, which gives maximum stimulation of receptor activ-
ity) was used to treat the rabbit smooth muscle cells, it failed to
stimulate scavenger receptor activity, indicating that the
amount of PDGF in 40 ug of platelet secretory products is too
low to be responsible for the effect of platelet secretory products
in our in vitro studies (see Fig. 5). Second, an antagonist to
PDGF (Trapidil, 100 ug/ml) which blocked the effect of recom-
binant PDGF (50 ng/ml) (33) failed to block the stimulatory
effect of platelet secretory products on scavenger receptor ac-
tivity (data not shown). We also tested the ability of recombi-
nant TGF-B; (14 ng) and PDGF (4.4 ng) (the amounts present
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FiG. 4. Ability of blocking antibodies to neutralize the stimu-
latory effect of platelet secretory products on scavenger recep-
tor activity. Smooth muscle cells (SMC) were preincubated with 40 pug
of platelet secretory products in the absence or presence of blocking
antibodies against PDGF (33 ug/ml), EGF (13 ug/ml), IGF-I (10 pg/ml),
and TGF-B; (8 ng/ml) for 16 h at 37 °C and then assayed for their ability
to internalize Dil-labeled Ac-LDL. The data are reported as the mean +
the range for two independent experiments.

Rabbit SMC

Internalization of Dil-labeled Ac LDL
(Fold Induction)

Control 40 pg/ml 44 ng/ml 14 ng/ml 4.4 ng/ml
PSP PDGF BB TGF-p1 PDGF BB
+
14 ng/mil
TGF-B1

Fic. 5. Effect of platelet secretory products, PDGF BB, and
TGF-B, alone or in combination on scavenger receptor activity
in rabbit smooth muscle cells (SMC). Smooth muscle cells were
pretreated with 40 pg/ml of platelet secretory products (PSP) or with
either recombinant PDGF BB or TGF-B; alone or together, at the
concentrations indicated, for 16 h at 37 °C and then assayed as de-
scribed in Fig. 1.

in the maximally active concentration of platelet secretory
products) alone and together to up-regulate scavenger receptor
activity (Fig. 5). Neither TGF-B; nor PDGF alone or in combi-
nation increased receptor activity to the level obtained with the
platelet secretory products, again suggesting that there are
other factors besides TGF-B; in platelet secretory products
which can increase receptor activity either alone or in combi-
nation with TGF-B;.

DISCUSSION

We have shown previously that types I and II scavenger
receptor activity in rabbit smooth muscle cells can be up-regu-
lated by phorbol esters, platelet secretory products in serum,
and secretion products from activated platelets (10-12). In
addition, it has been reported that tumor necrosis factor «
(TNF-a) and interferon y (IFN-vy) increase scavenger receptor
activity in rabbit smooth muscle cells (17). In the current stud-
ies we demonstrated that growth factors stimulate scavenger
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receptor activity in both human and rabbit smooth muscle
cells. PDGF BB and TGF-B, increased scavenger receptor ac-
tivity approximately 4- and 2-fold, respectively, in rabbit
smooth muscle cells but not in human smooth muscle cells.
EGF or IGF-I, when used alone, had little effect on scavenger
receptor activity in either human or rabbit smooth muscle cells.
However, when incubated with the cells in combination, these
growth factors showed synergistic effects on scavenger receptor
activity. In rabbit smooth muscle cells PDGF BB and either
EGF or TGF-B4, and EGF together with TGF-B,, had synergis-
tic effects in raising scavenger receptor activity, and the addi-
tion of all three growth factors together increased receptor
activity 12-fold. In human smooth muscle cells EGF and
TGF-B; clearly had a synergistic effect on the induction of
scavenger receptor activity, and the addition of either IGF-I or
PDGF BB together with these two growth factors increased
receptor activity up to 7-fold. We demonstrated that the in-
crease in scavenger receptor activity in both rabbit and human
smooth muscle cells by the growth factors is correlated with an
increase in type I and II scavenger receptor mRNA expression.
We have shown previously that the scavenger receptor ex-
pressed by the smooth muscle cells had properties essentially
identical to those of the bovine macrophage types I and II
scavenger receptors (11, 12).

In rabbit smooth muscle cells the growth factors specifically
increased scavenger receptor activity with no effect on LDL
receptor activity. In striking contrast to this, in human smooth
muscle cells both scavenger receptor and LDL receptor activi-
ties were increased. Other investigators have demonstrated
previously that growth factors (such as TGF-B and PDGF)
stimulate LDL receptor activity in human smooth muscle cells
(34, 35). The reasons for the difference in regulation of LDL
receptor activity in the rabbit and human smooth muscle cells
remain to be determined; however, they could be related to
differences in the signal transduction pathways in the rabbit
and human cells or to differences in transcription factor bind-
ing sites in the human and rabbit LDL receptor genes.

Our results concerning regulation of scavenger receptor ac-
tivity by growth factors differ slightly from those of Inaba et al.
(36, 37), in which they observed a stimulatory effect of PDGF
BB or EGF alone on scavenger receptor activity in human
smooth muscle cells. We noted a slight stimulatory effect of
PDGF BB alone but did not see an effect of EGF alone in two
lines of human smooth muscle cells. The difference in these
results may be related to the difference in experimental condi-
tions or may simply reflect differences in the properties of
various lines of human smooth muscle cells.

Whereas scavenger receptor activity in smooth muscle cells
is regulated over a wide range, in differentiated macrophages
scavenger receptor activity can be regulated in a narrow range
by various growth factors and cytokines. Incubation of macro-
phages with macrophage colony-stimulating factor results in
an increase in scavenger receptor activity (38), whereas incu-
bation of macrophages with TGF-B; (39), IFN-y (40—42), and
TNF-«a (43) reduces receptor activity. The reason for the differ-
ential effects of IFN-y, TNF-«, and TGF-B, on scavenger recep-
tor activity in smooth muscle cells and macrophages is un-
known. The regulation of scavenger receptor activity in smooth
muscle cells and macrophages, however, is fundamentally dif-
ferent. In macrophages scavenger receptor expression is con-
stitutively stimulated, and they express a high level of receptor
activity. In smooth muscle cells scavenger receptor expression
is low in the absence of stimulation.

As we have shown, platelet secretory products regulate scav-
enger receptor activity in smooth muscle cells. Platelet secre-
tory products can also affect scavenger receptor activity in
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macrophages. It has been reported that activated platelets
secrete a protein-like factor that stimulates scavenger receptor
activity in macrophages (44) and that platelets secrete a ligand
for the scavenger receptor which competitively inhibits the
binding of modified LDL to the scavenger receptor (45, 46).
Several platelet secretory products, including serotonin, fibrin-
ogen, fibronectin, and PDGF, inhibit scavenger receptor activ-
ity in human monocyte-derived macrophages (47). The current
data demonstrating that growth factors present in platelet
secretory products stimulate scavenger receptor activity in
smooth muscle cells suggest that platelets in atherosclerotic
lesions could modulate lipid accumulation in both smooth mus-
cle cells and macrophages.

The recent studies of Li et al. (17) demonstrate that after
balloon injury, the aorta smooth muscle cells in the neointima
of hypercholesterolemic rabbits express scavenger receptors,
whereas smooth muscle cells in the media do not. These data
clearly demonstrate that scavenger receptor expression is up-
regulated in smooth muscle cells in atherosclerotic lesions. The
factors leading to scavenger receptor regulation in smooth mus-
cle cells in vivo are unknown. However, following deendotheli-
alization induced by balloon injury, extensive platelet deposi-
tion would occur, making growth factors secreted by activated
platelets available to regulate scavenger receptor activity (48—
50). In fact, platelets are not the only source of growth factors
in the atherosclerotic lesion. Injured endothelial cells, acti-
vated macrophages, and smooth muscle cells themselves all
secret growth factors that we have demonstrated to stimulate
scavenger receptor activity in smooth muscle cells (22). It has
been shown that the expression of PDGF, IGF-I, TGF-B;, and
EGF is increased in atherosclerotic lesions (19-23, 51, 52),
suggesting that they could play a role in regulation of scav-
enger receptor activity in smooth muscle cells. Although plate-
lets are not an early component of atherosclerotic lesions, in the
absence of deendothelialization, macrophages are. In fact,
macrophages are the primary component of early fatty streak
lesions, present initially in vast excess to the migrating and
proliferating smooth muscle cells. These macrophages are
known to secret PDGF, EGF, IGF-I, and TGF-B,, as well as
IFN-y and TNF-«a (22), all of which regulate scavenger receptor
activity in smooth muscle cells in vitro. We propose that these
growth factors and cytokines are responsible for the regulation
of scavenger receptor activity in atherosclerotic lesions.

Thus far, little is known about the mechanisms of stimula-
tion of scavenger receptor activity in macrophages and smooth
muscle cells. Wu et al. (53) have shown that scavenger receptor
expression in human monocyte-derived macrophages is regu-
lated via a signal transduction pathway involving ras, Apl
(csjun and junB), and ets domain proteins. Our preliminary
data show that stimulation of scavenger receptor activity by
growth factors requires cellular tyrosine kinase activity in both
human and rabbit smooth muscle cells. It has been shown that
the binding of EGF, IGF-I, and PDGF to their corresponding
receptors activates receptor-associated tyrosine kinase activity
followed by a host of intracellular signal events including acti-
vation of the ras-mitogen-activated protein kinase pathway,
which in turn can activate jun family proteins (54). It will be
important to determine whether or not the ras-mitogen-acti-
vated protein kinase pathway and jun proteins are involved in
the growth factor-induced stimulation of scavenger receptor
activity in smooth muscle cells.

It has been proposed that modified LDL is the atherogenic
ligand for types I and II scavenger receptor on macrophages
which causes the massive accumulation of lipid and foam cell
formation (5-8, 55-58). We have demonstrated that smooth
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muscle cells express types I and II scavenger receptors that
bind, internalize, and degrade modified LDL (10-12), suggest-
ing that the scavenger receptor-mediated uptake of modified
LDL by smooth muscle cells may also lead to lipid accumula-
tion and foam cell formation in vivo as proposed in macro-
phages. The data in the current study suggest that growth
factors secreted by cells in developing atherosclerotic lesions
could stimulate scavenger receptor activity in smooth muscle
cells and contribute to lipid accumulation and foam cell
formation.
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