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Abstract

Hyperhomocysteinemia has been reported to be an independent risk factor for atherosclerosis and atherothrombosis. However, the
molecular mechanism by which hyperhomocysteinemia can lead to atherosclerosis and atherothrombosis has not been completely described.
Vascular endothelial growth factor (VEGF) has been proposed to play an important role in the progression of atherosclerosis. In the present
study, we hypothesized that hyperhomocysteinemia might be associated with VEGF expression in atherosclerotic lesions. We investigated
VEGF mRNA expression and VEGF secretion by homocysteine (Hey) in differentiated THP-1 macrophages. As a result, it has been revealed
that VEGF mRNA was upregulated by Hcy in a dose- and time-dependent manner in THP-1 macrophages with the increase in VEGF
secretion. Importantly, other sulfur compounds, such as methionine and cysteine, showed no effect on VEGF expression, indicating that
homocysteine specifically induced VEGF. Our findings suggest that hyperhomocysteinemia could promote the development of

atherosclerotic lesions through VEGF induction in macrophages.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hyperhomocysteinemia, elevated plasma homocysteine,
was initially thought to be associated with advanced ath-
erosclerosis in patients with homozygous defects in the
enzymes responsible for homocysteine (Hcy) metabolism,
such as cystathionine B-synthase [1,2]. The clinical obser-
vations from a patient not only with genetic defects, but also
with abnormal cobalamine metabolism, a nongenetic factor,
revealed that hyperhomocysteinemia is associated with
vascular disease [3]. So far, accumulating evidence has
confirmed that hyperhomocysteinemia can cause atheroscle-
rotic vascular disease as an independent risk factor for
atherosclerosis and atherothrombosis [4—6]. Hyperhomo-
cysteinemia is associated with vascular endothelial cell
injury [7], proliferation of vascular smooth muscle cells
[8] and activation of the coagulation cascade [9]. Ross [10]
proposed that dysfunction of endothelial cells, with subse-
quent infiltration of circulating monocytes/lymphocytes, is
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the primary event for atherogenesis. Thus, endothelial cell
injury by hyperhomocysteinemia and consequent cellular
responses to this injury can lead to the formation of
atherosclerotic and atherothrombotic lesions.

Vascular endothelial growth factor (VEGF) has been
known to induce migration and proliferation of endothelial
cells, enhance vascular permeability, stimulate angiogenesis
[11] and modulate thrombogenicity [12]. It has been dem-
onstrated that VEGF activates monocytes and promotes
their migration [13,14]. Importantly, VEGF was remarkably
expressed in activated macrophages, endothelial cells, and
smooth muscle cells in human coronary atherosclerotic
lesions, but not in normal artery [15]. Moreover, Celletti
et al. [16] proposed that VEGF caused an increase in
atherosclerotic plaque size as well as the number of vascular
cells associated with plaque. These data strongly suggest
that VEGF plays a role in the chemotaxis of monocytes/
macrophages in the process of inflammatory reactions of
atherosclerosis.

In these contexts, we hypothesized that hyperhomocys-
teinemia might be associated with expression of VEGF in
the accumulated macrophages of inflammatory lesions
where atherogenesis occurs, resulting in the promotion of
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atherosclerosis and thrombosis. In the present study, to
reveal the involvement of Hey in vascular inflammation,
we investigated the effects of Hcy on VEGF expression in
macrophages.

2. Materials and methods
2.1. Cell culture

THP-1 cells, a human monocytic cell line, were provided
from RIKEN CELL BANK (Cell No. RCB1189). Cells
were cultured in RPMI 1640 medium (ICN Biomedicals,
Inc. Aurora, OH 44202) containing 10% fetal bovine serum
(ICN Biomedicals, Inc.). With HPLC method, we could not
detect Hey in the culture medium. THP-1 cells were
differentiated into macrophages with phorbol 12-myristate
13-acetate (PMA). Briefly, equal quantities of cells (approx-
imately 1 x 10° cells/ml) were suspended into 6- or 12-well
dishes. After suspension, cells were treated with 50 nM
concentration of PMA (Sigma-Aldrich Japan K.K., Tokyo,
Japan) at 37 °C for 48 h.

2.2. Purification of total RNA from THP-1 cells

Differentiated THP-1 cells were stimulated with the
indicated concentrations of p,L-homocysteine (Sigma-
Aldrich), p,L-homocystine (Wako, Japan), L-methionine
(Nacalai Tesque, Japan), L-cysteine (Katayama Chemical,
Japan) for indicated time. After treatments, total RNA was
purified by the acid guanidium thiocyanate—phenol—chlo-
roform (AGPC) method.

2.3. Determination of VEGF mRNA level by
semiquantitative reverse transcriptase-polymerase
chain reaction (RT-PCR)

One-step RT-PCR assays for VEGF and p-actin, an
internal control, mRNA were performed using the PLATI-
NUM® Quantitative RT-PCR THERMOSCRIPT™ One-
Step System (Invitrogen™, Life Technologies) according
to the manufacturer’s instruction. Oligonucleotide primers
used for PCR were designed according to published sources
to flank target sequences shown in Table 1. To detect all

Table 1

Oligonucleotide sequence of VEGF mRNA and B-actin mRNA specific primers

isoforms of VEGF, the primers were designed in exons 1
and 8 to flank all known human VEGF isoforms. cDNA was
synthesized form 1 pg of total RNA and amplified by PCR
according to the protocol as follows: denaturing at 95 °C for
15 s, annealing at 59 °C for 30 s and extension at 68 °C for
1 min. Reaction was repeated 34 cycles for VEGF and 18
cycles for p-actin. PCR products were confirmed by se-
quencing. For semiquantitative analysis of PCR products,
PCR products were separated by electrophoresis in 3%
agarose gels (ultra pure grade, Bio-Rad) and were stained
with ethidium bromide. DNA bands were visualized with
UV light (302 nm) and band intensities were measured by
NIH image computerized densitometry program. Band in-
tensities of the PCR products for VEGF were normalized
with those for R-actin.

2.4. Quantification of VEGF mRNA by real-time RT-PCR
analysis

One set of primers and the fluorescent TagMan® probe
for VEGF mRNA were designed using Primer Expression®
version 1.0 (PE Applied Biosystems Inc.) based on the
sequence from the GenBank database (Accession no.
NM_003376). The oligonucleotide sequences of the primers
and the probe for real-time RT-PCR analyses are shown in
Table 1.

There are several isoforms for VEGF; however, exon 1
to exon 5 is common to all isoforms. In this study, forward
primer was selected in exon 3, and the reverse primer was
in exon 4. The probe spanned exon 3 to exon 4 in order to
detect all isoforms. After amplification using these primers,
the coding for VEGF (988—1062) was confirmed by
sequencing.

VEGF mRNA and p-actin mRNA levels were deter-
mined by quantitative real-time RT-PCR using the ABI-
PRISM® 7700 sequence detection system (PE Applied
Biosystems Inc.). Relative quantification was performed
using the standard curve method according to User Bulletin
#2 for this detection system.

Five hundred nanograms of total RNA was used in this
assay. Each reaction was performed in triplicate wells, using
the following conditions: 30 min at 60 °C, followed by a
total of 40 cycles of two temperature cycles 95 °C for 15 s
and 60 °C for 30 s.

Target gene Sequence Amplicon position
VEGF Forward primer 5Y-TCGGGCCTCCGAAACCATGA-3 686705
Reverse primer 5-CCTGGTGAGAGATCTGGTTC-3' 1315-1334
B-actin Forward primer 5Y-CAAGAGATGGCCACGGCTGCT-3 746760
Reverse primer S-TCCTTCTGCATCCTGTCGGCA-3' 10001020
VEGF for TagMan® analysis Forward primer 5-CCACTGACGAGTCCAACATCAC-3¥ 988-1009
Reverse primer 5-CATCTCTCCTATGTGCTGGCCT-3' 1040—-1062
TagMan® probe 5-(FAM)-TGCAGATTATGCGGATCAAACCTCACC-(TAMRA)-3 1011-1038

Accession number for VEGF mRNA: NM_003376. Accession number for B-actin mRNA: NM_001101.
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2.5. VEGF protein quantification

After incubation of the THP-1 macrophages under the
indicated conditions, the conditioned medium was collected
and centrifuged at 100 X g for 5 min to remove the cells and
cell debris. The supernatant was then used for the measure-
ment of VEGF protein with a QuantiGlo® Human VEGF
ELISA Kit (R&D Systems, Inc., MN, USA). All samples
were measured in duplicate.

2.6. Statistical analysis

All results were expressed as mean = SE. Statistical
analyses of the data were performed by one-way analysis
of variance and Fisher’s Protected Least Significant Differ-
ence (PLSD) test. A value of P<0.05 was considered
significant. The experiments presented are representative
of at least three separate experiments.

3. Results

3.1. The effects of Hcy on VEGF mRNA levels in THP-1
macrophages

Three splicing variants of VEGF mRNA were observed
in THP-1 macrophages. Splicing variants of VEGF mRNA,
expressed in THP-1 macrophages, are controversial. To
identify the splicing variants in THP-macrophages, we
performed sequencing, and identified PCR products of
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Fig. 1. Hcy upregulates VEGF;,;, VEGF¢5 and VEGFgo in THP-1
macrophages. THP-1 macrophages were incubated in the presence (lane 2)
or absence (lane 1) of 200 uM Hcy for 24 h. After total RNA were prepared
from THP-1 macrophages, RT-PCR was performed for VEGF (upper) and
R-actin (lower). PCR products for VEGF (upper) showed 517, 649 and 721
bp, corresponding to VEGF 51, VEGF,¢5 and VEGF g9, respectively. All
isoforms of the mRNA levels for VEGF were enhanced by Hcy treatment.
PCR products of 275 bp corresponded to p-actin (lower).
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Fig. 2. Hey induces VEGF mRNA expression in THP-1 macrophages in a
dose- and time-dependent manner. THP-1 macrophages were incubated
with various concentrations of Hcy for indicated time periods. VEGF
mRNA expression was determined by an ABI PRISM® 7700 detection
system using the relative standard curve method. Each of the VEGF mRNA
levels were represented as fold induction relative to the VEGF mRNA level
at time 0. The experiments were performed in triplicate. Results are
expressed as mean + S.E. of values from three independent experiments.
*P<0.05 and **P<0.01—significantly different compared with nontreat-
ment of each group (ANOVA, Fisher’s PLSD).
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Fig. 3. Hcy specifically upregulates VEGF mRNA. To investigate the
possibility of a thiol effect on the induction of VEGF mRNA, L-cysteine
(Cys), L-homocysteine (Hcy) and L-homocystine (HS-SH) were tested for
their ability to induce the VEGF expression. All compounds were studied at
100 uM. After 24 h of treatment, there was no increase in mRNA levels of
VEGF with L-cysteine or L-homocystine. *P<0.01, significantly different
compared with nontreatment. N.S., not significantly different (ANOVA,
Fisher’s PLSD).
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517, 649 and 721 bp corresponded to splicing variants
VEGF,;, VEGF,45 and VEGF g9, respectively. We could
also confirm the PCR product of B-actin, which had 275 bp
(Fig. 1).

We then analyzed if VEGF mRNA level in THP-1
macrophages might be altered by Hcy (Fig. 1). As ana-
lyzed by semiquantitative RT-PCR, VEGF,;, VEGF s
and VEGF g5 splicing variants are constitutively expressed
in THP-1 macrophages, and the intensity for VEGF,; was
the highest. All of the mRNA levels for VEGF;,;,
VEGF 45 and VEGF39 were enhanced by 200 pM of
24-h Hcy treatments.

Next we examined the effects of Hcy on VEGF mRNA
expression from THP-1 macrophages by real-time RT-PCR.
THP-1 macrophages were incubated with various concen-
trations (0, 30, 100 and 200 pM) of Hcy for 6, 12 and 24
h (n =3 for each set of conditions). Each of the VEGF mRNA
levels was represented as value of fold induction relative to
the VEGF mRNA level at time 0 h when Hey treatments were
started (Fig. 2). Hey increased VEGF mRNA levels both in a
dose- and time-dependent manner. VEGF mRNA increased
significantly 6 h after Hcy stimulation.

3.2. Effects of other sulfur compounds on VEGF expression

It was reported that homocysteine is the only plasma
thiol compound that is considered as a risk factor for
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Fig. 4. Hey upregulates VEGF protein from THP-1 macrophages. THP-1
macrophages were incubated with Hey (0, 30, 100 and 200 pM) for 24 h
(n=3 for each set of conditions). After the incubation of the THP-1
macrophages, the conditioned medium was collected and used for the
measurement of VEGF protein with ELISA. The experiments were
performed in triplicate. Results are expressed as mean + S.E. of values
from three independent experiments. *P<0.01 and **P<0.001, signifi-
cantly different compared with nontreatment (ANOVA, Fisher’s PLSD).

preclinical cardiovascular disease [17]. Therefore, we eval-
uated the possible effects of plasma thiol compounds such
as homocysteine, cysteine and homocystine on the induction
of VEGF mRNA. p,L-homocysteine, D,L.-homocystine and
L-cysteine were tested at 100 uM for this study. After 24 h of
treatment, there was no significant increase in mRNA levels
of VEGF with cysteine or homocystine (Fig. 3).

3.3. Effects of Hcy on the secretion of VEGF protein

VEGF levels were determined in culture medium by
ELISA. VEGF concentration was 0 in medium prepared
for this study (data not shown). As shown in Fig. 4, Hecy
significantly increased VEGF secretion in a dose-dependent
manner after treatment for 24 h. This study demonstrated
that pathological concentrations of Hcy not only upregu-
lated VEGF mRNA but also triggered the secretion of
VEGF protein from THP-1 macrophages.

4. Discussion

In this study, we demonstrated that Hcy increased both
the expression of VEGF mRNA and protein in THP-1
macrophages in a dose-dependent and a time-dependent
manner. We also confirmed that among plasma thiol com-
pounds, only Hcy exclusively induced VEGF mRNA in
THP-1 macrophages. Our results suggest that hyperhomo-
cysteinemia induces VEGF expression in macrophages in
the process of arteriosclerosis. Many prospective epidemi-
ological studies have indicated that hyperhomocysteinemia
is involved in atherogenesis. Because VEGF has been
reported to be abundant in atherosclerotic lesions [15] and
involved in the progression of atherosclerosis [16], it is
supposed that hyperhomocysteinemia may be associated
with the induction of VEGF expression, which contributes
to atherosclerotic plaque progression.

Monocytes/macrophages play a central role in athero-
genesis and the development of atherosclerotic plaque
progression [18]. In the present study, we used THP-1 cells
as a macrophage model because more than 90% of THP-1
cells become terminally differentiated with PMA activation
and demonstrate macrophage-like characteristics [19-23].
We then showed here that the stimulation of THP-1 macro-
phages with Hey, but not with other sulfur compounds, such
as homocystine, methionine and cysteine, leads to VEGF
induction. Taken together with the previous report that
macrophages are one of the major sources for producing
VEGF in atherosclerotic plaque [24], our present data
proposed that macrophages could be major target of Hcy,
in atherosclerosis, leading to VEGF expression, as well as
oxidized low-density lipoprotein [25] and prostaglandin E,
[26]. The previous study demonstrated that Hcy activates
NF-«B in THP-1 cells in vitro [27]. Furthermore, recent data
have provided the evidence for the in vivo activation of NF-
kB and downstream inflammatory marker expression in
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atherosclerotic lesion in hyperhomocysteinemic apolipopro-
tein E (apoE)-deficient mice [28], indicating the patholog-
ical significance of Hcy in NF-«B activation. Notably, in
human macrophages, VEGF expression is regulated by NF-
kB, a proinflammatory transcriptional factor [29]. Collec-
tively, these contexts could support our hypothesis that Hey
is involved in vascular inflammation with VEGF expression
in macrophages.

Hyperhomocysteinemia is a condition where total plasma
Hcy levels in the fasting state are higher than normal (5—15
uM) [30,31]. Plasma Hcy level is affected not only by genetic
defects of Hcy metabolism but also by various nongenetic
factors such as nutritional deficiency of cobalamin, folate,
pyridoxine or choline as well as other disease and some
medications [31-34]. Fifteen to thirty micromolars of plasma
Hcy is described as moderate hyperhomocysteinemia, 30—
100 pM as intermediate, and more than 100 uM as severe
hyperhomocysteinemia [30,31,35]. Importantly, our results
showed that VEGF was upregulated in THP-1 macrophages
by concentrations as low as 30 uM of Hcy, that is the same
concentrations of patients with moderate hyperhomocys-
teine. Consistently, accumulating epidemiological evidence
has demonstrated that moderate hyperhomocysteinemia is an
independent risk factor for atheromatous vascular disease
[32,33,36]. Therefore, our data biologically support the
possibility that macrophage-derived VEGF by Hcy stimula-
tion promotes atherosclerosis in patients with moderate to
intermediate hyperhomocysteinemia.

In summary, we have demonstrated for the first time that
Hcy induces VEGF expression in macrophages. VEGF then
may contribute to drive plaque formation by its various
effects on the vascular endothelium in atherosclerotic lesion.
Our findings suggest the possible involvement of hyper-
homocysteinemia in the development of atherosclerosis
lesions through VEGF induction in macrophages. It is
proposed that pharmacological intervention in Hcy/VEGF
signaling pathway is promising therapeutics against the
progression of atherosclerotic lesion.
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