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INTRODUCTION

Atherosclerosis is a vascular lesion which is
hypothesized to be initiated by dysfunction and in-
jury of vascular endothelial cells followed by hy-
perplasia of vascular smooth muscle cells in the in-
tima of vascular wall by a complicated mechanism.1)

Thus, the repair of damaged vascular endothelium
without delay is important for prevention of athero-
sclerosis. Basic fibroblast growth factor (FGF-2) is
crucially involved in endothelial repair through pro-
motion of cell growth and migration in an autocrine
fashion; the growth factor is leaked from severely
damaged or dead endothelial cells and stimulates the
cell proliferation near the damaged site.2) Heparin

or heparan sulfate chains are required for both bind-
ing of FGF-2 to its cell surface receptor and exhibi-
tion of the biologic activites.3,4) The glycosaminogly-
cans (GAGs) directly form the FGF-2 and FGF-re-
ceptor complexes and consequently the receptor dim-
mers; the ternary complex formation transduces the
receptor tyrosine-kinase activation.5) However, regu-
lation of vascular endothelial cell proliferation by
changes in GAG metabolism has been only incom-
pletely understood.

Proteoglycans (PGs) are a heterogeneous group
of proteins that have anionic GAG side chains such
as heparan sulfate and chondroitin/dermatan sulfate
covalently bound to core proteins as shown in
Fig. 1.6) Vessel PGs are involved in the pathogen-
esis of vascular diseases as well as in the vascular
properties of viscoelasticity, permeability, lipid me-
tabolism, homeostasis, thrombosis, and matrix as-
sembly.7) Vascular endothelial cells express two sub-
classes of heparan sulfate PGs (HSPGs); one is the
high Mr subclass which includes a large HSPG
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Lead and cadmium are toxic heavy metals that have been shown to be possible risk factors of atherosclerosis in
epidemiological and experimental studies. Since excess extracellular matrix, including proteoglycans, accumulates
changing the composition and the structure in the atherosclerotic vascular wall, the effects of lead and cadmium on
the proteoglycan synthesis in vascular cells have been studied using a cell culture system. The following results were
obtained: Lead does not destroy endothelial cell layers but markedly inhibits the repair of the injured cell layers,
which results from a lower response to endogenous basic fibroblast growth factor caused by inhibition of the synthe-
sis of perlecan, a large heparan sulfate proteoglycan, in vascular endothelial cells. Lead selectively inhibits the
synthesis of versican, a large chondroitin sulfate proteoglycan, in vascular smooth muscle cells only at a high cell
density. Cadmium induces the synthesis of biglycan and decorin, small dermatan sulfate proteoglycans, in vascular
smooth muscle cells only at a low cell density, while inhibiting the synthesis of other proteoglycan molecules. It is
therefore suggested that lead and cadmium may influence the developmental process of atherosclerosis through
disrupting the regulation of proteoglycan synthesis in vascular cells.
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perlecan8) and the other is the low Mr subclass which
includes the small HSPGs syndecans and glypican.9)

Perlecan is the major product of HSPGs in the cells,10)

and markedly promotes the binding of FGF-2 to its
cell surface FGF receptor, although other small
HSPGs competitively act on this promotion.11,12) En-
dothelial cells also constitutively synthesize a large
chondroitin sulfate PG (CSPG) versican13) and a
small leucine-rich dermatan sulfate PG (DSPG)
biglycan.14) On the other hand, the major types of
PGs synthesized by vascular smooth muscle cells
are versican,15,16) a small DSPG decorin and
biglycan14,17) with a low expression of perlecan.8)

Epidemiological and experimental evidence sug-
gests that exposure to environmental heavy metals
such as lead and cadmium constitutes a risk factor
for cardiovascular disease including atherosclerosis
(Table 1).18–39) Although there are numerous reports
that show cardiovascular lesions induced by heavy
metals, the majority of the reports are about the ef-
fects of lead and cadmium. Little is known, how-
ever, about the mechanisms by which lead and cad-
mium exhibit vascular toxicity at the cell molecular
levels. Our laboratory has investigated the toxic ef-
fects of lead and cadmium on the physiological func-
tion of vascular cells. The results indicate that these
metals induce various functional damages of both
vascular endothelial and smooth muscle cells, in-
cluding the proliferation and the secretion of fibrin-
olytic proteins.40–42) The present report reviews our
recent study on the abnormalities of vascular cell
functions, including abnormal metabolism of PGs,
induced by lead and cadmium.

Toxic Effect of Lead on the Maintenance of Vas-
cular Endothelial Monolayers

The physiological maintenance of endothelial
momolayers is important for prevention of athero-
sclerosis. Lead does not destroy endothelial mono-
layers43) but strongly inhibited the repair of de-
endothelialized areas which had been artificially in-
jured, when the repair was evaluated by morpho-
logical observation and the cell numbers appearing
in the injured area.44) It is speculated that lead dis-
turbs the repair of endothelium damaged by hyper-
tensive, environmental, nutritional and other factors.
In fact, lead enhanced cadmium-induced a forma-
tion of de-endothelialized areas on the monolayers.43)

Since vascular endothelial cell proliferation is one
of the most important events in the repair process of
damaged endothelium, we next investigated the ef-
fect of lead on the proliferation of the cells.45) The
results show that lead markedly reduces the incor-
poration of [3H]thymidine into the acid-insoluble
fraction of growing endothelial cells without non-
specific cell damage; other heavy metals including
zinc, copper, manganese and nickel do not exhibit
such an inhibition, indicating that lead is a unique
metal that inhibits endothelial cell proliferation with-
out nonspecific cell damage. In addition, lead in-
hibited the proliferation even when the cells were
stimulated by exogenous FGF-2. Lead may disturb
the repair process in endothelial cell layers which is
promoted by FGF-2 leaked from severely damaged
or dead cells at the damaged sites.

Mechanism for Lead Inhibition of Vascular En-
dothelial Cell Proliferation

To address the question whether inhibition of
endothelial cell proliferation by lead depends on
endogenous FGF-2 or not, we investigated the re-
sponse of growing endothelial cells to FGF-2 after
exposure to lead.46) In the presence of FGF-2 neu-
tralizing antibody, lead failed to inhibit
[3H]thymidine incorporation by the cells. The stimu-
lation of the [3H]thymidine incorporation by exog-
enous FGF-2 was markedly reduced when the cells
had been pretreated with lead. Taking these results
together, it is suggested that the inhibitory effect of
lead on endothelial cell proliferation may be due to
a lower response of the cells to endogenous FGF-2.
When the distribution of endogenous FGF-2 in the
cell layer after exposure to lead was examined, the
metal significantly reduced the amount of the growth
factor bound to the cell surface HSPGs but not that
bound to FGF-receptor and accumulated within the

Fig. 1. Major Types of PGs Synthesized by Vascular Cells
Major PGs synthesized by vascular cells are perlecan as a large

HSPG, versican as a large CSPG, and biglycan and decorin as small
leucine-rich DSPGs. Vascular endothelial cells mainly express perlecan
and biglycan, and vascular smooth muscle cells express versican,
biglycan and decorin with a low expression of perlecan.
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cells. Although lead slightly inhibited the direct bind-
ing of [125I]FGF-2 to cell surface HSPGs, the metal
markedly suppresses the incorporation of [35S]sulfate
into heparan sulfate in the cell layer and the condi-
tioned medium. In addition, the inhibition of
[3H]thymidine incorporation by lead was completely
restored by addition of heparin to the medium. It is
therefore indicated that lead induces a lower response
of vascular endothelial cells to FGF-2 through a
strong inhibition of heparan sulfate synthesis rather
than inhibition of the binding of FGF-2 to its cell
surface receptor. In other words, the mechanism for
lead inhibition of endothelial cell proliferation in-
cludes a reduction of the availability of endogenous
FGF-2 through a lower ability of HSPGs to bind
FGF-2 in the cell layers.

In order to clarify particular changes of HSPGs
induced by lead, we next characterized HSPGs syn-
thesized by growing endothelial cells after exposure
to lead by biochemical techniques.47) diethylamino-
ethyl (DEAE)-Sephacel ion exchange chromatog-
raphy of [35S]sulfate-labeled PGs revealed that lead
markedly decreased the accumulation of HSPGs but

not CS/DSPGs in the cell layer and the conditioned
medium. When the HSPGs were separated on the
basis of their hydrodynamic size by a Sepharose CL-
4B column, it was revealed that lead markedly re-
duced the radioactivity in the high Mr subclass rather
than the low Mr subclass of HSPGs. In addition,
Sepharose CL-6B chromatography of the large
HSPGs showed that lead does not influence the
length of their heparan sulfate chains. Analysis of
core proteins labeled with 35S-labeled amino acids
by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis indicated that lead markedly de-
creased the amount of a large HSPG core protein
with a molecular mass of approximately 400 kDa.
This core protein was identified as perlecan by West-
ern blot analysis. It is thus suggested that the char-
acteristic change of endothelial PGs after exposure
to lead is a decrease in the number of perlecan mol-
ecules without a change in length of heparan sulfate
chains. These findings suggest, then, that lead does
not destroy endothelial cell layers but markedly in-
hibits the repair of the injured cell layers, which re-
sults from a lower response to endogenous FGF-2

Table 1. Lead- and Cadmium-Induced Vascular Disorders

Element Reported by Vascular disorder

Lead Dingwall-Fordyce, I. and Lane, R. E. 1963 Cerebrovascular accident18)

Revis, N. W. et al. 1980 Atherosclerosis19)

Revis, N. W. et al. 1981 Atherosclerosis and hypertension20)

Pirkle, J. L. et al. 1985 Hypertension21)

Tomera, J. F. and Harakal, C. 1986 Vasoconstriction in vitro22)

Perry, H. M. et al. 1988 Hypertension23)

Lal, B. et al. 1991 Cardiotoxicity and hypertension24)

Schwartz, J. 1991 Cardiovascular disease25)

Watts, S. W. et al. 1995 Vasoconstriction in vitro26)

Houtman, J. P. 1996 Cardiovascular disease27)

Houston, D. K. and Johnson, M. A. 1999 Hypertension28)

Cadmium Perry, H. M., Jr. and Schroeder, H. A. 1955 Hypertension29)

Schroeder, H. A. and Vinton W. H., Jr. 1962 Hypertension30)

Glauser, S. C. et al. 1976 Hypertension31)

Revis, N. 1978 Hypertension32)

Perry, H. M., Jr. et al. 1979 Hypertension33)

Revis, N. W. et al. 1980 Atherosclerosis19)

Revis, N. W. et al. 1981 Atherosclerosis and hypertension20)

Niwa, A. and Suzuki, A. 1982 Hypertension34)

Perry, H. M., Jr. et al. 1983 Hypertension35)

Aalbers, T. G. and Houtman, J. P. 1985 Atherosclerosis36)

Evans, D. H. and Weingarten, K. 1990 Vasoconstriction in vitro37)

Subramanyam, G. et al. 1992 Atherosclerosis38)

Houtman, J. P. 1993 Atherosclerosis39)

Houtman, J. P. 1996 Cardiovascular disease27)
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caused by inhibition of perlecan synthesis in vascu-
lar endothelial cells (Fig. 2; upper panel).

Effects of Lead on PG Synthesis of Vascular
Smooth Muscle Cells

Although endothelial cell perlecan contributes
to the physiological maintenance of vascular endot-
helium through the regulation of FGF-2, other types
of PGs, especially CS/DSPGs, accumulate and their
composition variously changed in the atherosclerotic
vascular wall; vascular smooth muscle cells are the
cell type responsible for this accumulation and com-
positional change.48,49) In the vascular wall, low den-
sity lipoprotein (LDL) is bound to GAG chains of
CS/DSPGs,50) and the formation of LDL-PG com-
plexes enhanced the accumulation of cholesteryl
ester within macrophages present in atherosclerotic
regions.51) According to the response-to-retention
hypothesis, the binding and retention of LDL by CS/
DSPGs of vascular smooth muscle cells are believed
to be critical in the initiation of atherosclerosis.52)

CS/DSPGs such as versican, biglycan and decorin
synthesized and secreted by vascular smooth muscle
cells are generally implicated in the development
and progression of atherosclerosis, whereas endot-
helial HSPG perlecan functions as a preventive fac-
tor for the disease.

To investigate the effect of lead on the forma-
tion of extracellular matrix in the vascular wall, we
characterized PGs synthesized by dense cultures of
vascular smooth muscle cells after exposure to the
metal.53) Lead significantly decreased the [35S]sulfate
incorporation into GAGs accumulated in the cell
layer and the conditioned medium, indicating that
the synthesis of GAGs is inhibited by the metal in
vascular smooth muscle cells as well as endothelial
cells. [35S]Sulfate-labeled PGs were separated into
three peaks on DEAE-Sephacel chromatography and
only the peak with the highest charge density was
markedly decreased by lead in both the cell layer
and the medium. The highly charged PGs were eluted
near the void volume on Sepharose CL-2B molecu-
lar sieve chromatography and were sensitive to chon-
droitin ABC lyase on Sepharose CL-6B chromatog-
raphy, indicating that lead selectively inhibits the
synthesis of large and highly charged CS/DSPGs
rather than HSPGs. However, the length of chon-
droitin sulfate chains of the CS/DSPGs was unaf-
fected by lead. On the other hand, analysis of core
proteins labeled with 35S-labeled amino acids by
SDS-polyacrylamide gel electrophoresis showed that
lead decreased the amount of a large CS/DSPG with
a core protein of approximately 450 kDa; the core
protein was identified as CSPG versican core by

Fig. 2. A Possible Mechanism for Lead Inhibition of Vascular Endothelial Cell Proliferation (Upper Panel) and Lead- and Cadmium-
Induced Alterations of PGs in Extracellular Matrix of Vascular Smooth Muscle Cells (Lower Panel)

Lead strongly inhibits the synthesis of perlecan that promotes the binding of endogenous FGF-2 to the receptor in vascular endothelial cells. In
vascular smooth muscle cells, lead selectively inhibits the synthesis of versican at a high cell density, whereas cadmium specifically induces that of
biglycan and decorin at a low cell density.
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Western blot analysis. In addition, lead did not in-
fluence the fine structure of the chondroitin sulfate
chains when the disaccharide units of the GAG
chains were analyzed by fluorophore-assisted car-
bohydrate electrophoresis.54) It is therefore suggested
that lead inhibits the synthesis of the versican core
protein in vascular smooth muscle cells without any
change in chondroitin sulfate side chains. As a re-
sult, versican-poor extracellular matrix is induced
by lead in vascular smooth muscle cells (Fig. 2;
lower panel). The effect of lead on the PG synthesis
in vascular smooth muscle cells is therefore com-
pletely different from that in vascular endothelial
cells in which perlecan synthesis is selectively in-
hibited by the metal. Although the mechanism is
unclear, it was clarified that lead disrupts the PG
synthesis in vascular cells in a cell-type dependent
manner.

Effects of Cadmium on PG Synthesis of Vascular
Smooth Muscle Cells

To investigate whether the effect of lead on vas-
cular smooth muscle cell PG synthesis is specific
for lead or not, we determined the effect of cadmium
on the PG synthesis.55) Cadmium as well as lead is a
possible risk factor for atherosclerosis. Sparse and
dense cultures of the cells were metabolically labeled
with [35S]sulfate in the presence of cadmium at
noncytotoxic levels. It was found that cadmium sig-
nificantly decreased the incorporation of [35S]sulfate
into GAGs in both the cell layer and the conditioned
medium in sparse cultures but not in dense cultures.
[35S]Sulfate-labeled PGs were separated into three
peaks on DEAE-Sephacel chromatography, and the
middle peak between low and highly charged PG
peaks was markedly increased by cadmium in the
cell layers of sparse vascular smooth muscle cells;
however, no alteration was observed in dense cul-
tures. Sepharose CL-4B molecular sieve chromatog-
raphy and Sepharose CL-6B chromatography
showed that the cadmium-induced PGs was small
CS/DSPGs, and the hydrodynamic size and the
length of the chondroitin/dermatan sulfate chains in
the PGs were not changed by the metal. In addition,
fluorophore-assisted carbohydrate electrophoresis
analysis showed that cadmium did not change the
sulfation pattern of disaccharides in chondroitin/
dermatan sulfate chains.54) The small CS/DSPGs
were identified as biglycan and decorin by Western
blot analysis. Furthermore, it was shown that cad-
mium raised the level of decorin core mRNA but
not that of biglycan core mRNA when analyzed by

reverse transcription polymerase chain reaction, sug-
gesting that the metal stimulates the synthesis of
biglycan and decorin at the post-transcriptional level
including stabilization of the mRNA, and transcrip-
tional level, respectively. However, cadmium de-
creased other cell layer-associated PGs that were
separated from biglycan and decorin by DEAE-
Sephacel chromatography in the sparse cells; as a
result, the overall amount of GAGs was decreased
in both the cell layer and the conditioned medium.
It is thus suggested that low levels of cadmium in-
crease DSPGs, biglycan and decorin without any
change in structure of dermatan sulfate chains in the
extracellular matrix of vascular smooth muscle cells
only when the cell density is low, whereas other cell
layer-associated PGs, such as versican, were de-
creased by the metal (Fig. 2; lower panel). Although
it is not certain whether lead and cadmium directly
induce atherosclerosis in human vessels, these met-
als may be involved in the progression and forma-
tion of the vascular lesion through change in the
composition of extracellular matrix, which includes
PGs derived from vascular smooth muscle cells in
the intima of vascular walls in different manners.

CONCLUSION

Regulation of PG synthesis is different between
physiological and pathological conditions, and de-
pends on the cell type and the cell density. Our re-
sults demonstrate that lead inhibits the repair of the
injured cell layers, which results from a lower re-
sponse to endogenous FGF-2 caused by inhibition
of perlecan synthesis in vascular endothelial cells.
They also show that lead selectively inhibits the syn-
thesis of versican in vascular smooth muscle cells at
a high cell density, whereas cadmium specifically
induces that of biglycan and decorin at a low cell
density. These observations reveal the effects of
heavy metals on PG synthesis to be specific for each
of them as well as cell-type and cell-density depen-
dent. We propose that the pathogenesis of lead- and
cadmium-induced atherosclerosis involves the ab-
normal PG metabolism in vascular cells. Abnormal
metabolism of extracellular matrix in vascular cells
by lead and cadmium is considered to be helpful for
understanding the toxic effects of heavy metals in
not only vascular tissue but also other tissues that
are the targets of heavy metals.
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