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INTRODUCTION

Proteoglycans (PGs) are a heterogeneous group
of molecules that are prominent constituents of both
the extracellular matrix and the cell surface and have
the common structure of a core protein, to which
one or more glycosaminoglycan (GAG) chains are
covalently attached.1) Vascular endothelial cells pre-
dominantly synthesize and secrete the large heparan
sulfate PG (HSPG), perlecan,2) and the small chon-
droitin/dermatan sulfate PG (CS/DSPG), biglycan.3)

Vascular PGs are involved in the pathogenesis of
vascular diseases as well as in the regulation of ar-
terial properties such as vascular permeability, lipid
metabolism, hemostasis, thrombosis, and extracel-
lular matrix assembly.4–7) In addition, PGs influence
the regulation of vascular endothelial and smooth
muscle cell functions by modulating growth factor
availability and function.8–10)

Atherosclerosis is a vascular lesion which is ini-
tiated by functional damage in vascular endothelial
cells followed by vascular smooth muscle cell hy-

perplasia in the intima of the vascular wall.11) We
have previously shown that the environmental pol-
lutants lead and cadmium, which have been shown
to induce atherosclerosis,12,13) exhibit specific toxic-
ity in vascular endothelial and smooth muscle cell
functions such as the proliferation, fibrinolysis, and
extracellular matrix formation.14) In addition, we
found that the lead-induced inhibitory effect on en-
dothelial cell proliferation is due to a lower response
of the cells to endogenous fibroblast growth factor-
2 (FGF-2) caused by suppression of perlecan syn-
thesis in the cells.15) Cadmium also perturbs the syn-
thesis of PGs in vascular endothelial16,17) and smooth
muscle cells.18) Based on these findings, we have
proposed that the mechanisms underlying vascular
toxicity of heavy metals involve abnormal PG me-
tabolism in vascular cells.19)

Epidemiological studies have shown that arsenic
as well as cadmium and lead is a possible risk factor
for vascular disease related to atherosclerosis. In the
United States, it has been reported that there is a
correlation between standard mortality ratios for
cardiovascular disease and arsenic levels in drink-
ing water.20,21) In addition, exposure to arsenic in ar-
tesian well water is associated with “Blackfoot dis-
ease”22) and with increased mortality from cardio-
vascular cerebrovascular disease.23–26) The inorganic
pentavalent form of arsenic (arsenate) is the predomi-
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nant type of arsenic found in drinking water. Arsen-
ate is reduced to the trivalent form (arsenite) in vivo,
which can be further metabolized to mono- and
dimethylated derivatives.27) Among inorganic
arsenics, arsenite is in general the most toxic form.28)

It is likely that the cellular mechanisms and regula-
tory pathways for vascular disease in response to
arsenite may involve dysfunction of vascular cells,
including inflammatory, coagulating activity and
impairs nitric oxide homeostasis.29)

Arsenite accelerates atherosclerosis in
apolipoprotein E-deficient mice, a model of human
atherosclerosis.30,31) We hypothesized that arsenite
perturbs the regulation of PG synthesis in vascular
cells during the progression of atherosclerosis. In
the present study, we investigated the synthesis of
PGs in cultured bovine aortic endothelial cells after
exposure to sodium arsenite. It was found that
sodium arsenite suppresses the synthesis of both
HSPGs and CS/DSPGs in the cells.

MATERIALS AND METHODS

Materials –—–  Vascular endothelial cells derived
from bovine aorta were purchased from Dainippon
Pharmaceutical (Osaka, Japan). Dulbecco’s modi-
fied Eagle’s medium (DMEM) and ASF 301 me-
dium were obtained from Nissui Pharmaceutical
(Tokyo, Japan) and Ajinomoto (Tokyo, Japan), re-
spectively. Tissue culture dishes and plates were from
Iwaki (Chiba, Japan). [35S]Na2SO4 (carrier-free) and
fetal bovine serum were from MP Biomedicals
(Irvine, CA, U.S.A.). [4,5-3H]Leucine (4.44 TBq/
mmol) was purchased from Moravek Biomedicals
(Brea, CA, U.S.A.). PD-10 columns (disposable
Sephadex G-25M) were from Amersham-Pharmacia
Biotech (Little Chalfont, U.K.). Sodium arsenite
(NaAsO2), arsenic trioxide (As2O3), sodium arsen-
ate (Na2HAsO4), DEAE-Sephacel, benzamidine, Tris
base and phenylmetanesulfonyl fluoride were pur-
chased from Sigma-Aldrich (St. Louis, MO, U.S.A.).
The lactate dehydrogenase (LDH) kit and urea were
from Wako Pure Chemical Industries (Osaka, Japan).
Cetylpyridinium chloride (CPC) and other reagents
were obtained from Nacalai Tesque (Kyoto, Japan).
Morphological Examination –—–  Vascular endot-
helial cells were cultured in DMEM supplemented
with 10% fetal bovine serum in 100 mm dishes at
37°C in a humid atmosphere of 5% CO2 in air until
confluence. They were then transferred into 24-well
culture plates and cultured until confluence in

DMEM supplemented with 10% fetal bovine serum.
The medium was discarded and the cell layer was
washed twice with serum-free ASF 301 medium. The
cell layer was then incubated at 37°C for 48 hr in
fresh serum-free ASF 301 medium with sodium ar-
senite (0.1, 0.2, 0.5, 1 or 2 µM). After incubation,
the medium was discarded and the cell layer was
washed with Ca2+, Mg2+-free phosphate-buffered
saline (CMF-PBS), fixed with methanol, and stained
with Giemsa.
Dissociative PG Extraction –—–  Confluent cultures
of vascular endothelial cells (passages 11–18) were
incubated at 37°C for 8, 24 or 48 hr in serum-free
ASF 301 medium with sodium arsenite (0.1, 0.2, 0.5,
1 or 2 µM), arsenic trioxide (2 µM) or sodium ar-
senate (2 µM) in the presence of [35S]sulfate (1 MBq/
ml). After incubation, the conditioned medium was
harvested and solid urea was added to a concentra-
tion of 8 M. The cell layer was washed twice with
ice-cold CMF-PBS and extracted with 8 M urea so-
lution (pH 7.5) containing 0.1 M 6-aminohexanoic
acid, 5 mM benzamidine, 10 mM N-ethylmaleimide,
2 mM EDTA, 0.1 M phenylmethanesulfonyl fluo-
ride, 0.1 M NaCl, 50 mM Tris base and 2% Triton
X-100 at 4°C for 15 min. The layer was then har-
vested by scraping with a rubber policeman. The
medium and cell extracts were chromatographed on
PD-10 columns equilibrated with 8 M urea buffer
(pH 7.5) containing 2 mM EDTA, 0.1 M NaCl, 0.5%
Triton X-100 and 50 mM Tris base to obtain high
molecular mass (> 3 kDa) macromolecules.
Incorporation of [35S]Sulfate into GAGs –—–  The
incorporation of [35S]sulfate into GAGs was deter-
mined by the CPC precipitation method.32) Briefly,
aliquots of the medium and cell extracts were spot-
ted on filter papers and washed five times for 1 hr in
1% CPC with 0.05 M NaCl. The radioactivity of
precipitated proteoglycans on the dried filter paper
was measured by liquid scintillation counting.
Characterization of PGs –—–  To separate PGs on
the basis of differences in charge density, the mac-
romolecules were applied to DEAE-Sephacel (5 ml
of resin) in 8 M urea buffer (pH 7.5) containing
2 mM EDTA, 0.25 M NaCl, 0.5% Triton X-100 and
50 mM Tris base. Unbound radioactivity was re-
moved from the column by washing with 30 ml of
the buffer. Bound radioactivity was eluted from the
column with a linear gradient of 0.25–0.7 M NaCl
in the urea buffer (total volume of 50 ml).
Nonspecific Cell Damage –—–  Confluent cultures
of vascular endothelial cells were prepared in 24-
well plates. The cells were incubated at 37°C for
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48 hr in 0.25 ml of fresh serum-free ASF 301 me-
dium with sodium arsenite (0.1, 0.2, 0.5, 1 or 2 µM),
arsenic trioxide (2 µM) or sodium arsenate (2 µM).
After incubation, the conditioned medium was har-
vested and an aliquot of the medium was used for
the assay of LDH activity, an indicator of cell death.
Protein Synthesis –—–  Confluent cultures of vascu-
lar endothelial cells in 6-well culture plates were
incubated at 37°C for 48 hr in the presence of so-
dium arsenite (0.1, 0.2, 0.5, 1 or 2 µM) in 1 ml of
serum-free ASF 301 medium and labeled with
[3H]leucine (50 kBq/ml) during the last 3 hr of in-
cubation. After incubation, the medium was dis-
carded and the cells were washed twice with ice-
cold CMF-PBS; the cells were scraped off with a
rubber policeman in the presence of 0.75 ml CMF-
PBS. The culture well was washed with 0.75 ml
CMF-PBS and the wash was combined with the cell
suspension. The cell homogenate was prepared by
sonication and the incorporation of [3H]leucine into
the 5% trichloroacetic acid-insoluble fraction of the
cell homogenate was determined by liquid scintilla-
tion counting. A portion of the cell homogenate was
used for the determination of DNA content by a fluo-
rometric method33) to express the incorporated ra-
dioactivity as dpm/µg DNA.
Statistical Analysis –—–  Data were analyzed for
statistical significance by analysis of variance
(ANOVA) and Bonferroni’s multiple t-test. p-Val-
ues of less than 0.05 were considered to indicate sta-
tistically significant differences.

RESULTS

Figure 1 shows the morphological appearance
of cultured vascular endothelial cells after exposure
to sodium arsenite at 2 µM or less for 48 hr. Neither
a decrease in cell number nor degenerative change
was observed in the cells even after treatment with
sodium arsenite, suggesting that sodium arsenite
does not exhibit cytotoxicity to vascular endothelial
cells.

Figure 2 shows the accumulation of [35S]sulfate-
PGs in the cell layer and the conditioned medium of
vascular endothelial cells after exposure to sodium
arsenite. After a 48-hr incubation, sodium arsenite
at 0.5 µM and more significantly decreased the PG
accumulation in both the cell layer and the condi-
tioned medium. The decrease in the PG accumula-
tion by sodium arsenite at 2 µM occurred after 24 hr
and longer in the cell layer and after 48 hr in the

conditioned medium. These results suggest that so-
dium arsenite inhibits the synthesis of PGs in vas-
cular endothelial cells, although the inhibitory ef-
fect is not marked.

The [35S]sulfate-labeled PGs were submitted to
a DEAE-Sephacel column to separate the PGs into
HSPGs and CS/DSPGs based on charge density dif-
ferences (Fig. 3). In the cell layer, either with or
without sodium arsenite treatment, the incorporated
[35S]sulfate radioactivity eluted from the column by
the NaCl gradient in two peaks, at approximately
0.4 and 0.5 M; these two peaks have been previously
confirmed to contain HSPGs and CS/DSPGs,34,35)

respectively. It was revealed that sodium arsenite
significantly decreased the radioactivity of both
HSPGs and CS/DSPGs (80 and 54%, respectively,
of the control). In the conditioned medium, PGs were
also eluted by NaCl at approximately 0.4 and 0.5 M;
sodium arsenite decreased the radioactivities of
HSPGs and CS/DSPGs (85 and 92%, respectively,
of the control). These results indicate that sodium
arsenite inhibits the synthesis of both HSPGs and
CS/DSPGs in vascular endothelial cells.

Table 1 shows the incorporation of [3H]leucine
into the acid-insoluble fraction and the leakage of
lactate dehydrogenase in vascular endothelial cells
treated with sodium arsenite at 2 µM or less for 48 hr.
It was shown that sodium arsenite did not change

Fig. 1. Morphological Appearance of Vascular Endothelial Cells
after Exposure to Sodium Arsenite (Original Magnifi-
cation × 40)

Confluent cultures of bovine aortic endothelial cells were incubated
at 37°C for 48 hr in the presence of sodium arsenite. A, Control; B,
sodium arsenite (0.1 µM) treatment; C, sodium arsenite (0.2 µM) treat-
ment; D, sodium arsenite (0.5 µM) treatment; E, sodium arsenite (1 µM)
treatment; F, sodium arsenite (2 µM) treatment.



464 Vol. 51 (2005)

the [3H]leucine incorporation and increased the LDH
leakage, suggesting that sodium arsenite-induced
inhibition of endothelial PG synthesis was due to
neither inhibition of whole protein synthesis nor
nonspecific cell damage.

The effects of sodium arsenite, arsenic trioxide,
another trivalent arsenic compound, and sodium ar-
senate on endothelial PG synthesis were compared
(Table 2). After a 48-hr incubation, arsenic trioxide
as well as sodium arsenite, significantly decreased
the accumulation of [35S]sulfate-labeled PGs in both

the cell layer and the conditioned medium, suggest-
ing that arsenic trioxide also inhibits PG synthesis
in vascular endothelial cells. However, arsenic tri-
oxide significantly increased the activity of LDH that
had leaked into the conditioned medium from the
cells, indicating that arsenic trioxide-induced inhi-
bition of endothelial PG synthesis results from non-
specific cell damage. On the other hand, sodium ar-
senate did not influence either PG synthesis or the
LDH leakage.

Fig. 3. DEAE-Sephacel Ion Exchange Chromatography of [35S]Sulfate-Labeled PGs Extracted from the Cell Layer and the Condi-
tioned Medium of Vascular Endothelial Cells after Exposure to Sodium Arsenite with a Linear Gradient of 0.25–0.7 M NaCl in
8 M Urea Buffer

Confluent cultures of bovine aortic endothelial cells were incubated at 37°C for 48 hr with sodium arsenite (2 µM) in the presence of [35S]sulfate.

Fig. 2. Incorporation of [35S]Sulfate (A) and Time Course of the Incorporation (B and C) into GAGs Accumulated in the Cell Layer and
the Conditioned Medium of Vascular Endothelial Cells after Exposure to Sodium Arsenite

Confluent cultures of bovine aortic endothelial cells were incubated at 37°C for 48 hr with sodium arsenite (0.1, 0.2, 0.5, 1 or 2 µM) (A) or incubated
at 37°C for 8, 24 or 48 hr with sodium arsenite (2 µM) (B and C) in the presence of [35S]sulfate. Values are means ± S.E. of four samples. Significantly
different from the corresponding control, *p < 0.05; **p < 0.01.
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DISCUSSION

In the present study, it was shown that sodium
arsenite significantly inhibits PG synthesis in vas-
cular endothelial cells without nonspecific cell dam-
age. Although the synthesis of both HSPGs and CS/
DSPGs was inhibited, the inhibition was not due to
suppression of whole protein synthesis. In contrast,
sodium arsenate did not show such an inhibitory ef-
fect, and arsenic trioxide decreased PG synthesis
with exhibiting cytotoxicity. These results indicate
that the effect of arsenic on endothelial PG synthe-
sis is different among the chemical forms.

Sodium arsenite decreased the accumulation of
HSPGs in the cell layer and the conditioned medium
to a similar degree (80 and 85%, respectively, of the
control). On the other hand, the accumulation of CS/
DSPGs in the cell layer was 54%, while that in the
conditioned medium was 92% after treatment with
sodium arsenite, suggesting that sodium arsenite

inhibits not only the synthesis of both HSPGs and
CS/DSPGs but also disturbs the association of CS/
DSPGs to the cell layer. As the result, inhibition of
the accumulation of PGs in the cell layer may occur
earlier than that in the conditioned medium.

There is a strong interrelationship between ath-
erosclerosis and thrombosis. Vascular endothelial
cells have anticoagulant and fibrinolytic properties
that contribute to the prevention of vascular lesions
such as atherosclerosis. Arsenite inhibits tissue-type
plasminogen activator synthesis with induction of
plasminogen activator inhibitor-1 synthesis in cul-
tured human microvascular endothelial cells, result-
ing in a lower fibrinolytic activity of the cells.36) The
major PGs synthesized by vascular endothelial cells
are perlecan and biglycan,2,3,35) which exhibit anti-
thrombin activity through activation of antithrom-
bin and heparin cofactor II, respectively.37,38) Thus,
arsenite may contribute to thrombosis in atheroscle-
rosis by the reduction of endothelial PG synthesis

Table 1. Leakage of LDH into the Medium from Cultured Vascular Endothelial Cells
and the Incorporation of [3H]Leucine into the Acid-Insoluble Fraction of
the Cells after Exposure to Sodium Arsenite

LDH activity [3H]Leucine

(IU/l) (dpm × 10−2/µg DNA)

Control 21.2 ± 1.80 15.7 ± 0.93

0.1 µM arsenite 16.7 ± 0.27* 14.8 ± 0.44

0.2 µM arsenite 16.9 ± 0.57* 15.3 ± 0.62

0.5 µM arsenite 16.0 ± 0.65** 15.6 ± 0.54

1 µM arsenite 18.4 ± 0.96 16.6 ± 0.55

2 µM arsenite 22.6 ± 0.47 15.6 ± 0.25

Confluent cultures of bovine aortic endothelial cells were incubated at 37◦C for 48 hr
with sodium arsenite (0.1, 0.2, 0.5, 1, and 2 µM) in the presence or absence of [3H]leucine
during the last 3 hr of the incubation. Values are means ± S.E. of four samples. Significantly
different from the corresponding control, *p < 0.05; **p < 0.01.

Table 2. Incorporation of [35S]Sulfate into GAGs Accumulated in the Cell Layer and the
Conditioned Medium of Cultured Vascular Endothelial Cells and the Leakage of
LDH into the Medium from the Cells after Exposure to Sodium Arsenite, Arsenic
Trioxide, and Sodium Arsenate

[35S]Sulfate (dpm × 10−3/well) LDH activity

Cell layer Medium (IU/l)

Control 4.63 ± 0.15 13.6 ± 0.33 6.61 ± 0.33

Sodium arsenite 4.02 ± 0.10* 11.8 ± 0.33* 7.22 ± 0.26

Arsenic trioxide 3.36 ± 0.09** 12.1 ± 0.33* 13.94 ± 0.37**

Sodium arsenate 4.31 ± 0.15 12.3 ± 0.32 6.08 ± 0.44

Confluent cultures of bovine aortic endothelial cells were incubated at 37◦C for 48 hr with
sodium arsenite, arsenic trioxide, and sodium arsenate (each 2 µM) in the presence of [35S]sulfate.
Values are means ± S.E. of four samples. Significantly different from the corresponding control,
*p < 0.05; **p < 0.01.
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as well as the reduction of endothelial fibrinolytic
activity.

When vascular endothelium is injured, FGF-2
leaks from the damaged endothelial cells and the
growth factor then promotes repair of the damaged
endothelium via stimulation of proliferation and
migration of the cells near the damaged site in an
autocrine fashion.39) Perlecan markedly promotes the
binding of FGF-2 to its cell surface receptor.8) We
have previously demonstrated that lead inhibits the
repair of wounded endothelial cell layers, which re-
sult from a lower response to endogenous FGF-2
caused by inhibition of perlecan synthesis in the
cells.15,19) It is likely that arsenite may inhibit the re-
pair process of endothelium as does lead, although
it does not injure the endothelial monolayers. In fact,
arsenite stimulates the growth of cultured vascular
endothelial cells after confluence40,41) but inhibits the
log-phase growth of the cells.42)

It was reported that vascular disease, such as
Blackfoot’s disease, occurred around well waters
containing between 4.8 and 15.6 µM arsenite in ar-
eas of Taiwan.43) The human blood concentration of
arsenite is three to nine times lower than the envi-
ronmentally relevant level of arsenite in drinking
water.44) These results suggest that the blood con-
centration of arsenite can be between approximately
0.5 and 5 µM. In addition, epidemiologically, chronic
exposure to arsenite at concentrations exceeding
0.25 µM in drinking water is associated with in-
creased mortality from cardiovascular disease.45) In
the present study, it was shown that sodium arsenite
at concentrations of 0.5 µM and more inhibited the
synthesis of PGs in vascular endothelial cells. There-
fore, it is suggested that inhibition of endothelial PG
synthesis by arsenite can contribute to vascular dis-
eases such as atherosclerosis in human beings.

In conclusion, the present data demonstrate the
inhibitory effect of sodium arsenite on the synthesis
of HSPGs and CS/DSPGs in vascular endothelial
cells. The inhibition of endothelial cell PG synthe-
sis by arsenite may contribute to the progression of
atherosclerosis through reduction of the endothelial
anticoagulant activity and the ability of the cells to
respond to FGF-2 during the repair of damaged en-
dothelium.
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