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ABSTRACT — Arsenic is an environmental pollutant and is a possible risk factor for vascular diseases 
such as atherosclerosis. Vascular proteoglycans (PGs) are key molecules in the initiation and progression 
of atherosclerosis. We previously demonstrated that arsenite, but not arsenate, decreases the synthesis of 
both heparan sulfate proteoglycans (HSPGs) and chondroitin/dermatan sulfate proteoglycans (CS/DSPGs) 
in cultured vascular endothelial cells. In the present study, we aimed to identify the PG molecules whose 
expression is decreased by arsenite, using a culture system of bovine aortic endothelial cells. The results 
indicate that a 24-hr treatment of arsenite significantly decreases the mRNA levels of a large HSPG perle-
can, small HSPGs—syndecan-1, -2 and -3—, and a small CS/DSPG biglycan in vascular endothelial cells 
without nonspecific cell damage; the expression of syndecan-4 mRNA was unaffected by arsenite. The 
decreased expression of perlecan, syndecan-1 and biglycan genes began after 3 hr of arsenite treatment. 
However, arsenate did not change the mRNA expression levels of perlecan and biglycan in the cells. 
These results suggest that the inhibition of synthesis by arsenite occurs in particular types of proteogly-
cans, i.e. perlecan, syndecan-1, -2, -3, and biglycan in vascular endothelial cells.
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INTRODUCTION

Proteoglycans (PGs) are a heterogeneous group of 
molecules that are predominant constituents of both the 
extracellular matrix and the cell surface. PGs have the 
common structure of a core protein, to which one or 
more glycosaminoglycan chains are covalently attached  
(Ruoslahti, 1988). Vascular endothelial cells predom-
inantly synthesize a large heparan sulfate proteogly-

can (HSPG), perlecan, and a small chondroitin/derma-
tan sulfate proteoglycan (CS/DSPG), biglycan (Saku 
and Furthmayr, 1989; Kaji et al., 2000; Yamamoto et al., 
2005). In addition, we showed that cultured bovine aortic 
endothelial cells express the small HSPGs, syndecan-1, 
-2, -3, and -4 (Hara et al., 2018) as well as perlecan and 
biglycan. These vascular PGs exhibit multiple functions, 
such as extracellular matrix assembly, lipid metabolism, 
permeability and thrombosis, in vascular tissue through 
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the interaction with diverse biologically active substanc-
es (Camejo, 1981; Berenson et al., 1984).

Arsenic is an environmental pollutant that exists widely 
around the world. Health impairment due to arsenic pol-
lution of groundwater is currently noted among residents 
worldwide (Nordstrom, 2002). Epidemiological studies 
have shown that arsenic is a possible risk factor for vas-
cular diseases related to atherosclerosis and blood circula-
tion disorder (Moon et al., 2013; Tseng et al., 1995; Chen 
et al., 1988). It has been also demonstrated that exposure 
to several arsenic compounds, including arsenite, accel-
erates the progression of atherosclerosis in apolipopro-
tein E-deficient mice, a model of human atherosclerosis 
(Simeonova et al., 2003; Srivastava et al., 2009; Negro 
Silva et al., 2017; Makhani et al., 2018). Atherosclerosis 
is initiated by functional damages in vascular endotheli-
al cells followed by monocyte/macrophage invasion into 
under the endothelium tissue and vascular smooth muscle 
cell transformation and hyperplasia in the intima of the 
vascular wall (Ross, 1993).

We have previously shown that arsenite, but not arse-
nate, decreases the synthesis of both HSPGs and CS/
DSPGs in cultured bovine aortic endothelial cells  
(Fujiwara et al., 2005, 2012) using diethylaminoethyl-
Sephacel column chromatography of radiolabeled PG 
molecules. However, type(s) of PGs of which synthe-
sis is inhibited by arsenite is unclear. The purpose of the 
present study is to identify the PG types using a culture 
system of bovine aortic endothelial cells.

MATERIALS AND METHODS

Materials
Vascular endothelial cells derived from bovine aorta 

were purchased from Cell Applications (San Diego, CA, 
USA). Dulbecco’s modified Eagle’s medium (DMEM) 
and fetal bovine serum were obtained from Nissui  
Pharmaceutical (Tokyo, Japan) and Biowest (Nuaille, 
France), respectively. TrueLine cell culture dishes and 
plates were purchased from Nippon Genetics (Tokyo, 
Japan). 3-(4,5-dimethylthiazol-2-thiazolyl)-2,5-diphe-
nil-2H-tetrazolium bromide (MTT) was purchased from 
Dojindo Laboratories (Kumamoto, Japan). CytoTox96® 
non-radioactive cytotoxicity assay, a lactate dehydro-
genase (LDH) assay kit, was purchased from Promega 
(Madison, WI, USA). ISOGEN II reagent was obtained 
from Nippon Gene (Tokyo, Japan). ReverTra Ace qPCR 
RT Master Mix and THUNDERBIRD SYBR qPCR Mix 
were purchased from Toyobo (Osaka, Japan). Sodium 
arsenite (NaAsO2), sodium arsenate (Na2HAsO4), dime-
thyl sulfoxide (DMSO) and other reagents were obtained 

from Fujifilm Wako Pure Chemical (Osaka, Japan).

Cell culture
Vascular endothelial cells were cultured in DMEM sup-

plemented with 10% fetal bovine serum in 100-mm dish-
es at 37°C in a humid atmosphere of 5% CO2 in the 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 
fresh serum-free DMEM. The cell layer was then incu-
bated with arsenite at 0, 1, 2, 5, 10, or 20 µM at 37°C for  
3 or 24 hr in fresh serum-free DMEM. Separately, the cell 
layer was incubated with arsenate at 5 µM for 24 hr in 
fresh serum-free DMEM.

Cell viability assay
MTT assay was used to estimate cell viability, as 

described previously (Denizot and Lang, 1986). Briefly, 
cells were exposed to arsenite in a 24-well culture plate, 
then treated with 5 mg/mL MTT (1/20 volume) for anoth-
er 2 hr at 37°C. After removing the medium, DMSO was 
added to dissolve MTT formazan. Absorbance at 570 nm 
was measured using a Multiskan FC microplate reader 
(Thermo Fisher Scientific, Waltham, MA, USA).

LDH leakage assay
LDH leakage assay was used to estimate cytotoxici-

ty as described previously (Ichikawa et al., 2019). After 
incubation with arsenite, the conditioned medium was 
harvested, and an aliquot of the medium was used to 
measure LDH activity with a CytoTox96® non-radioac-
tive cytotoxicity assay kit. The absorbance of each sam-
ple was measured at 490 nm using a Multiskan FC micro-
plate reader (Thermo Fisher Scientific).

Real-time RT-PCR analysis
Total RNA extraction from cultured cells and sub-

sequent real-time RT-PCR analysis were performed as 
described previously (Takahashi et al., 2018). Briefly, after 
incubation with arsenite or arsenate, the culture medium 
was removed and the cell layer was washed twice with 
cold phosphate buffered saline and 300 µL cold ISOGEN 
II reagent was added to each culture well. Cells were col-
lected by scraping and homogenized by pipetting. The 
RNA quality was ensured by spectrophotometric analy-
sis (OD260/280) using NanoDrop Lite spectrophotome-
ter (Thermo Fisher Scientific). Reverse transcriptome was 
performed using ReverTra Ace qPCR RT Master Mix and 
GeneAmp PCR system 9700 (Thermo Fisher Scientific). 
Real-time PCR was performed with the THUNDERBIRD 
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SYBR qPCR Mix using 0.5-µM primers and LightCy-
cler 96 (Roche, Tokyo, Japan). The thermal treatment was 
95°C for 10 min, and 45 cycles of 95°C for 10 sec and 
60°C for 30 sec. The PCR primers (Table 1) were pur-
chased from Eurofins Genomics (Tokyo, Japan). The fold 
change for each gene was assessed after normalization of 
the intensity value to that of glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH).

Statistical analysis
All statistics were performed using Excel software 

(Microsoft, Redmond, WA, USA) with the Statcel3 add-
in (OMS, Tokyo, Japan). Data are expressed as the mean 
± SEM. The statistical significance of the data was deter-
mined using one-way ANOVA with the post-hoc Bonfer-
roni/Dunn test or Student’s t-test as appropriate. P-values 
less than 0.05 were considered statistically significant.

RESULTS

First, the cytotoxicity of arsenite to vascular endotheli-
al cells was evaluated by the MTT assay and LDH leak-
age assay. As shown in Fig. 1, arsenite at 10 µM or less 
did not cause a significant decrease in the cell viability 
(left panel) or increase in the LDH activity (right pan-
el), suggesting that arsenite at 10 µM and less does not 
exhibit cytotoxicity to vascular endothelial cells, although 
arsenite at 20 µM was cytotoxic.

Figure 2 shows the perlecan, syndecan-1, syndecan-2, 
syndecan-3, syndecan-4, and biglycan mRNAs in vascu-
lar endothelial cells after exposure to arsenite at 10 µM 
or less for 24 hr. Under this nontoxic experimental con-
dition, arsenite significantly decreased the mRNA levels 
of HSPG2 (perlecan), SDC1 (syndecan-1), SDC2 (synde-
can-2), SDC3 (syndecan-3), and BGN (biglycan). How-
ever, the SDC4 (syndecan-4) mRNA level was unaffect-
ed by arsenite (Fig. 2A). In addition, the decrease in the 
mRNA levels of HSPG2 (perlecan), SDC1 (syndecan-1), 

Table 1.   Oligonucleotide primers used for real-time PCR.
Gene Forward Primer (5′-3′) Reverse Primer (5′-3′) Product Size (bp)
HSPG2 (Perlecan) AGCCGAGCCATGGATTTCAA AACATATTGGAGCCGGTGCA 124
SDC1 (Syndecan-1) CAGTCAGGAGACAGCATCAG CCGACAGACATTCCATACC 153
SDC2 (Syndecan-2) CCAGATGAAGAGGACACAAACG CCAATAACTCCGCCAGCAA 101
SDC3 (Syndecan-3) CAAGCAGGCGAGCGTC GGTGGCAGAGATGAAGTGG 183
SDC4 (Syndecan-4) TTGCCGTCTTCCTCGTGC AGGCGTAGAACTCATTGGTGG 117
BGN (Biglycan) GCTGCCACTGCCATCTGAG CGAGGACCAAGGCGTAG 168
GAPDH TGTTTGTGATGGGCGTGAAC ACGATGCCAAAGTGGTCATG 124

Fig. 1.  Cell viability of vascular endothelial cells (left panel) and leakage of LDH into the medium from the cells (right panel) after 
exposure to sodium arsenite (NaAsO2). Confluent cultures of bovine aortic endothelial cells were incubated for 24 hr with 
NaAsO2 (1, 2, 5, 10, and 20 µM). Data are represented as mean ± SEM of four samples. Statistical significance when com-
pared to  0 µM NaAsO2: **p < 0.01.
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and BGN (biglycan) by arsenite at 5 µM began after a 
3-hr treatment (Fig. 2B).

The effects of arsenite and arsenate on endothelial per-
lecan and biglycan mRNA expression were compared 

(Fig. 3). After a 24-hr incubation, arsenite at 5 µM signif-
icantly decreased both HSPG2 (perlecan) and BGN (big-
lycan) mRNA levels in vascular endothelial cells. How-
ever, arsenate at 5 µM did not influence either HSPG2 

Fig. 2.  Effect of sodium arsenite (NaAsO2) on mRNA levels of PG molecules in vascular endothelial cells. (A) Confluent cultures 
of bovine aortic endothelial cells were incubated for 24 hr with NaAsO2 (2, 5, and 10 µM). mRNA levels of PG molecules 
(HSPG2, SDC1, SDC2, SDC3, SDC4, and BGN) and GAPDH were measured by real-time RT-PCR. Data are represented as 
mean ± SEM of four samples. Statistical significance when compared to 0 µM NaAsO2 : **p < 0.01. (B) Confluent cultures 
of the cells were incubated for 3 hr with NaAsO2 (5 µM). mRNA levels of PG molecules and GAPDH were measured by 
real-time RT-PCR. Data are represented as mean ± SEM of three samples. Statistical significance when compared to corre-
sponding control: *p < 0.05; **p < 0.01.
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(perlecan) or BGN (biglycan) mRNA levels.

DISCUSSION

We have previously shown that arsenite decreas-
es the synthesis of both HSPGs and CS/DSPGs in cul-
tured bovine aortic endothelial cells (Fujiwara et al., 
2005, 2012). Although the cells predominantly synthe-
size perlecan and biglycan (Saku and Furthmayr, 1989; 
Kaji et al., 2000), the PG type(s) of PGs, of which syn-
thesis is inhibited by arsenite, has not been identified. In 
the present study, it was shown that arsenite significantly 
decreases the gene expression of perlecan and biglycan in 
cultured bovine aortic endothelial cells without nonspe-
cific cell damage. In addition, the gene expression of syn-
decan-1, -2, and -3 was also inhibited by arsenite, while 
that of syndecan-4 was not influenced. These results sug-
gest that arsenite inhibits the synthesis of perlecan and 
syndecans (syndecan-1, -2, and -3) in HSPGs and bigly-
can in CS/DSPGs in vascular endothelial cells. Howev-
er, pentavalent arsenate did not influence the gene expres-
sion of perlecan and biglycan, indicating that the trivalent 
form of arsenic is important for inhibition of endotheli-
al PG synthesis. In contaminated water, arsenic is present 
in both the inorganic pentavalent form arsenate and triva-
lent form arsenite (Vahter, 2002). Pentavalent form arse-
nate ingested through drinking water is rapidly reduced 
in the blood to trivalent form arsenite, which can be fur-
ther metabolized to mono- and dimethylated deriva-
tives (Vahter, 2002; Abernathy et al., 1999; Ellinsworth, 

2015). It is possible that trivalent methylated arsenicals, 
such as methylarsonous acid (MMAIII), which are inter-
mediate metabolites in the methylation process of inor-
ganic arsenic, may also influence vascular PG synthesis 
because MMAIII exhibits a more highly toxic effect than 
inorganic arsenite on vascular endothelial cells (Hirano et 
al., 2004) and promotes atherosclerosis formation (Negro 
Silva et al., 2017).

Vascular endothelial cells have an anticoagulant prop-
erty that contribute to the prevention of atherosclero-
sis. Perlecan and biglycan, which are major PGs in vas-
cular endothelial cells, exhibit anti-thrombin activity 
through activation of antithrombin III and heparin cofac-
tor II, respectively (Mertens et al., 1992; Whinna et al., 
1993). Perlecan is also required to inhibit thrombosis 
after deep vascular injury (Nugent et al., 2000). Fibrob-
last growth factor-2 and vascular endothelial growth fac-
tor are heparin-binding growth factors (Yayon et al., 
1991; Gitay-Goren et al., 1992) and important regulators 
of the vascular endothelial cell growth and repair proc-
ess after vascular endothelium injury. Thus, arsenite may 
induce thrombosis and vascular endothelium dysfunction 
by the inhibition of endothelial perlecan, syndecan-1, -2, 
-3, and biglycan expression to promote the progression of 
atherosclerosis.

In cultured vascular endothelial cells, arsenite induc-
es cellular redox modulation, transcription factor activa-
tion, and gene expression relevant to endothelial dysfunc-
tion through reactive oxygen species (ROS) (Simeonova 
and Luster, 2004). For example, it has been demonstrated 

Fig. 3.  Effects of sodium arsenite (NaAsO2) and sodium arsenate (Na2HAsO4) on mRNA levels of HSPG2 (perlecan) and BGN 
(biglycan) in vascular endothelial cells. Confluent cultures of bovine aortic endothelial cells were incubated for 24 hr with 
NaAsO2 (5 µM) and Na2HAsO4 (5 µM). mRNA levels of HSPG2, BGN, and GAPDH were measured by real-time RT-
PCR. Data are represented as mean ± SEM of three samples. Statistical significance when compared to control: *p < 0.05,  
**p < 0.01.
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that arsenite activates activator protein-1 (AP-1), nucle-
ar factor-κB (NF-κB), and NF-E2-related factor2 (Nrf2) 
(Kumagai and Sumi, 2007). We have recently shown that 
copper(II) bis(diethyldithiocarbamate) (Cu(edtc)2), an 
activator of Nrf2 (Fujie et al., 2016), induces the expres-
sion of syndecan-4 in bovine aortic endothelial cells 
(Hara et al., 2018). Additionally, syndecan-4 induction by 
Cu(edtc)2 depends on the activation of p38 mitogen-acti-
vated protein kinase (MAPK) but not the Smad2/3, Nrf2, 
or epidermal growth factor receptor pathways. We report-
ed that 1,10-phenanthroline (o-Phen) and dichloro(1,10-
phenanthroline)zinc (Zn-Phen) also induce syndecan-4 
expression in bovine aortic endothelial cells through acti-
vation of the hypoxia-inducible factor-1α/β pathway 
(Hara et al., 2017). In the present study, we examined the 
involvement of ROS production in the inhibitory effect of 
PG synthesis by arsenite using a ROS scavenger Trolox, 
but the scavenger did not attenuate the inhibitory effect 
of arsenite in at least the gene expression of perlecan and 
biglycan (data not shown). Further studies are needed to 
elucidate the mechanism of arsenite-induced inhibition of 
PG synthesis.

In the present study, we aimed to identify the PG mol-
ecules whose gene expression is decreased by arsenite in 
vascular endothelial cells. In conclusion, the present data 
suggested that the inhibitory effect of arsenite on the syn-
thesis of HSPGs and CS/DSPGs may be due to decreased 
gene expression of perlecan, syndecan-1, -2, -3, and big-
lycan in vascular endothelial cells. Although the molecu-
lar mechanism of the arsenite-induced inhibitory effect is 
not still clear, the inhibition of endothelial PG synthesis 
by arsenite may cause functional damage of vascular tis-
sue and may relate to the progression of vascular disease, 
including atherosclerosis.
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