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Mitochondrial Mechanism of Microvascular
Endothelial Cells Apoptosis in Hyperhomocysteinemia
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Abstract An elevated level of homocysteine (Hcy) limits the growth and induces apoptosis. However, the mech-
anism of Hcy-induced programmed cell death in endothelial cells is largely unknown. We hypothesize that Hcy induces
intracellular reactive oxygen species (ROS) production that leads to the loss of transmembrane mitochondrial potential
(Dcm) accompanied by the release of cytochrome-c from mitochondria. Cytochrome-c release contributes to caspase
activation, such as caspase-9, caspase-6, and caspase-3, which results in the degradation of numerous nuclear proteins
including poly (ADP-ribose) polymerase (PARP), which subsequently leads to the internucleosomal cleavage of DNA,
resulting cell death. In this study, rat heartmicrovascular endothelial cells (MVEC)were treatedwith different doses ofHcy
at different time intervals. Apoptosis was measured by DNA laddering and transferase-mediated dUTP nick-end labeling
(TUNEL) assay. ROS production and MP were determined using florescent probes (2,7-dichlorofluorescein (DCFH-DA)
and 5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-benzamidazolocarbocyanin iodide (JC-1), respectively, by confocal
microscopy. Differential gene expression for apoptosis was analyzed by cDNA array. The results showed that Hcy-
mediated ROS production preceded the loss of MP, the release of cytochrome-c , and the activation of caspase-9 and -3.
Moreover the Hcy treatment resulted in a decrease in Bcl2/Bax ratio, evaluated by mRNA levels. Caspase-9 and -3 were
activated, causing cleavage of PARP, a hallmark of apoptosis and internucleosomal DNA fragmentation. The cytotoxic
effect of Hcy was blocked by using small interfering RNA (siRNA)-mediated suppression of caspase-9 in MVEC.
Suppressing the activation of caspase-9 inhibited the activation of caspase -3 and enhanced the cell viability andMP.Our
data suggested thatHcy-mediatedROSproduction promotes endothelial cell death in part by disturbingMP,which results
in subsequent release of cytochrome-c and activation of caspase-9 and 3, leading to cell death. J. Cell. Biochem. 98:
1150–1162, 2006. � 2006 Wiley-Liss, Inc.
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Hyperhomocysteinemia is an independent
risk factor for cardiovascular disease, stroke,
and peripheral vascular disease [Jacobsen,
1998; Hankey and Eikelboom, 1999; Fallon
et al., 2001; Suhara et al., 2004]. There are
three ranges of hyperhomocysteinemia: moder-
ate (16–30 mM), intermediate (31–100 mM), and
severe (>100 mM) [Cheng and Kaplowitz, 2004].
Extracellular thiols are oxidized, and only a
fraction of total plasma homocysteine (Hcy) is in

the reduced form in vivo and in vitro. Previous
studies from our laboratory and others have
suggested the ability of Hcy to damage the
endothelium and cause cardiovascular disease
and stroke. However, this effect of Hcy is
multifactorial with differential and specific
effects on both the endothelial and vascular
smooth muscle cells. For example, Hcy at doses
of 0.1–1.0 mM markedly inhibits endothelial
cell growth over time in vitro; in contrast,
vascular smooth muscle cells respond to similar
concentrations of Hcy with an increase in cyclin
D1 and cyclin A mRNA expression and a
resulting marked increase in cell proliferation
[Tsai et al., 1994].

Hcy is a thiol-containing amino acid for-
med during the intracellular demethylation
of methionine and causes multifold effects
through the reactivity of its sufhydryl group.
Increase in levels of Hcy impairs cellular
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function and leads to loss of endothelial anti-
thrombotic function, lipid peroxidation, im-
pairment of platelet aggregation, enhanced
oxidative stress, and apoptosis (programmed
cell death) [Blom et al., 1995; Tawakol et al.,
1997; Carsten and Kenneth, 2004]. These
unfavorable vascular effects of Hcy are a result
of the generation of reactive oxygen species
(ROS) [Kotamraju et al., 2000; Tyagi et al.,
2005], which play a critical role in endothelial
damage and dysfunction [Olszewski and
McCully, 1993; Abdelfatah et al., 2002].

ROS acts as an upstream factor for mitochon-
drial membrane depolarization [C. Sidoti-de
Fraisse et al., 1998]. Increased production of
ROS is implicated in loss of mitochondrial
membrane potential (MP) (DCm) [Leist et al.,
1997; Crompton, 1999] and induction of mem-
bers of Bcl2 protein family. Mitochondrial
releases cytochrome-c and caspases that leads
to eventual endothelial cell apoptosis and car-
diac dysfunction [Kumar and Jugdutt, 2003].

Apoptosis or programmed cell death, an
evolutionarily conserved and genetically con-
trolled active cell suicide process, maintains
cellular and tissue homeostasis of multicellular
organisms. Apoptosis can be initiated through
two pathways. First, the extrinsic pathway, is
activated by extracellular signals that interact
with cell surface receptors (surface receptor-
mediated). Second, the intrinsic pathway, is
mitochondrial-dependent, involving Bcl2 pro-
tein family, and the caspases (i.e., caspase-9,
caspase-6, caspase-3) [Danial and Korsmeyer,
2004; Lowe et al., 2004a,b]. The Bcl2 family of
proteins consists of anti-apoptotic members,
Bcl2 and Bcl-Xl and pro-apoptotic members,
Bax, Bak, and BH3. Caspases, a group of
cysteine proteases, have been identified in both
Caenorhabditis elegans (ced-3) and mammalian
cells; and are known to be essential for apoptosis
[Cohen, 1997; Thornberry, 1998; Budihardjo
et al., 1999]. All caspases are synthesized as
enzymatically inert zymogens and are activated
by autocatalytic cleavage or by activation of
other caspases. Among the various caspases,
caspase-9 and caspase-3 appear to be important
in apoptosis [Porter and Janicke, 1999; Kuida,
2000]. Activation of Bax and Bak results in the
release of cytochrome-c from mitochondria
[Cheng et al., 2001; Wei et al., 2001], which
binds to Apaf-1 and promotes activation of
procaspase-9, forming the apoptosome and
resulting in caspase-9 activation [Li et al.,

1997; Green and Reed, 1998]. The activated
caspase-9 cleaves downstream caspases such as
caspase-3 and caspase-6. Effector caspases like
caspase-3, 6, and 7 are responsible for initiating
the events that lead to the hallmarks of
apoptosis, including chromatin condensation,
DNA fragmentation, cleavage of poly (ADP-
ribose) polymerase (PARP), and formation of
apoptotic bodies [Porter and Janicke, 1999].

Previously, we demonstrated that Hcy-
mediated endothelial dysfunction was amelio-
rated by caspase inhibitor [Mujumdar et al.,
2001]. In this study, we show that Hcy induces
ROS production, which in part instigates the
intrinsic apoptotic pathway during hyperhomo-
cysteinemia leading to programmed cell death.

METHODS

Materials

Dulbecco’s modified Eagle’s medium, penicil-
lin, streptomycin, L-glutamate, and heparin
were obtained from Gibco-Invitrogen. Complete
MCDB131 media was from VEC Technology,
NY. Antibodies for cytochrome-c, Caspase-3, 9,
PARP, and b-actin were obtained from Cell
Signaling Corp. RNeasy kit was from Qiagen.
Bio-Rad protein assay reagents were obtained
from Bio-Rad (Hercules, CA). DL-Hcy and all
other reagents were obtained from Sigma,
unless indicated otherwise.

Cell Culture

Rat heart microvascular endothelial cells
(MVEC) were isolated as described previously
[Tyagi et al., 1995]. The cells were grown on a
fibronectin coated 75-cm2 flask in MCDB131
medium containing 20% fetal bovine serum,
100 units/ml penicillin, 100 mg/ml streptomycin,
3 ng/ml basic fibroblast growth factor, and
5 units/ml heparin at 378C under 5% CO2,
95% air. The cells used in this study were
between passages 7 and 10.

Cell Viability Assay

Cell viability was determined by the crystal
violet staining method as described previously
[Kim et al., 1997]. Briefly, MVEC were plated at
a density of 105 cells/well in 6-well plates in 2 ml
of MCDB131 containing 20% fetal bovine serum
until cell density reached to 70–80% confluence.
Cells were cultured with serum-free medium
for 6 h and switched to MCDB131 medium
containing 0.5% fetal bovine serum. Cells were
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treated with different doses (0.25 mM–1 mM) of
Hcy for 12 h. The viable cells were stained by a
crystal violet staining. Plates were washed and
the cells were lysed with 1% SDS solution, and
dye uptake was measured at 550 nm using a
96-well microplate reader. Cell viability was
calculated from relative dye intensity compared
with untreated cells.

DNA Fragmentation Assay

DNA fragmentation assays were performed
by electrophoresis on 1.8% agarose gel. In brief,
MVEC (2� 105) were plated in 10-cm2 dish with
MCDB 131 medium containing 20% FCS until
cell density reached to 70–80% confluence.
Cells were cultured with serum-free media for
6 h and switched to MCDB 131 medium con-
taining 0.5% FCS. The cells (2� 105 cells/ml)
were cultured in complete medium and treated
for 12 h with different doses (0.25 mM–1 mM) of
Hcy. At the end of the incubation period, the
cells were washed twice in PBS. Cellular DNA
was extracted and analyzed by DNA fragmen-
tation kit (Calibiochem). After electrophoresis,
gels were stained with ethidium bromide and
the DNA fragments were visualized and coun-
ted under ultraviolet light.

Measurements of Reactive Oxygen Species

Intracellular ROS generation was measured
by using 2, 7-dichlorofluorescein (DCFH-DA).
In brief, MVEC were treated with Hcy (0.5 mM)
for 12 h and incubated with10 mM H2 DCFH-DA
for 60 min at 378C. Fluorescence was measured
by in situ labeling using a confocal microscope
with fluorescein isothiocyanate filter as des-
cribed previously [Tyagi et al., 2005].

Quantitation of Mitochondrial
Membrane Potential (DCm)

Inner MP was assessed using the 5,50,6,
60-tetrachloro-1,10,3,30-tetraethylbenzimidazol-
carbocyanine iodide (JC-1; Molecular Probes,
Inc.). MVEC were grown to confluence on glass
chamber slides (Lab Tak) and treated with
0.5 mM Hcy for 12 h. After treatment, cells were
incubated in the dark for 15 min at 378C in
Dulbecco’s modified Eagle’s medium containing
10 mg/ml of JC-1 dye. Cells were washed and
DCm was determined by confocal microscope.
JC-1 is a radiometric, dual-emission fluorescent
dye and localizes within the mitochondria in
proportion to DCm and forms aggregates that

fluoresces red (excitation 550 nm; emission 600
nm). When DCm dissipates, JC-1 dye leaks into
the cytoplasm and fluoresce green (excitation
485 nm; emission 535 nm). Inner MP normalized
to the number of cells was calculated by dividing
mitochondrial (red) fluorescence by cytosolic
(green) fluorescence [Walford et al., 2004].

Quantitation of Nuclei by
40, 6-diamidino-2-phenylindole (DAPI) Staining

Morphological changes in the nuclear indica-
tive of apoptosis (i.e., chromatin condensation
and nuclear fragmentation) were detected by
staining with the DNA-binding fluorochrome
(DAPI). MVEC were grown on glass chamber
slides and treated with 0.5 mM Hcy for 12 h.
Cells were washed twice with PBS and fixed by
incubation in 4% paraformaldehyde for 30 min.
Following washing, cells were incubated in
DAPI solution (1 mg/ml) for 30 min in the dark.
Cells were then washed with PBS and subjected
to confocal microscope (Olympus).

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick-End Labeling (TUNEL)Assay

The TdT-mediated dUTP nick end labeling
technique was used to detect in situ nuclear
DNA fragmentation [Kotamraju et al., 2000].
This assay is based on labeling of 30-free
hydroxyl ends of the fragmented DNA with
fluorescein-dUTP catalyzed by terminal deox-
ynucleotidyl transferase. In brief, untreated
and treated cells with 0.5 mM Hcy for 22 h were
fixed on coverslip and then incubated with
terminal transferase and avidin-labeled-dUTP,
followed by further incubation with FITC-
labeled anti-avidin antibody according to the
manufacturer’s recommendation (TUNEL
apoptosis detection kit, Upstate cell signaling
solutions). Apoptotic cells exhibit a strong
nuclear green fluorescence that can be detected
by using a standard fluorescein isothiocyanate
filter [Dhanasekaran et al., 2004].

Detection of Cytochrome-c Release

MVEC confluent cells were treated with
various concentration of Hcy (0.25 mM–1 mM)
with different time point (6–24 h). After treat-
ment, cells were harvested and re-suspended
in ice-cold mitochondrial fractionation buffer
(20 mM HEPES, 1 mM sodium EDTA, 10 mM
KCl, 1 mM dithiothreitol, 10 mM aprotinin,
10 mM phenylmethylsulfonyl fluoride, and
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250 mM sucrose). After homogenization using a
Dounce homogenizer, cytosolic fractions were
centrifuged at 12,000g for 20 min at 48C [Kim
et al., 1997]. The cytosolic proteins (40 mg) were
loaded onto a 15% SDS–PAGE and transferred
to nitrocellulose membrane and hybridized with
antibodies against cytochrome-c and b-actin
was used as a loading control. The protein
bands were visualized by exposure to X-ray film,
as described previously [Tyagi et al., 2005].

Western Blot Analysis

MVEC confluent cells were treated with
various concentration of Hcy (0.25 mM–1 mM)
with different time point (6–24 h). After treat-
ment, cells re-suspended in 20 mM Tris-HCl
buffer (pH 7.4) containing a protease inhibitor
mixture were lysed with three cycles of freeze
and thaw, and cytosolic fractions were obtained
by centrifugation at 100,000g for 40 min.
Cytosolic proteins (40 mg) were separated on a
SDS–polyacrylamide gel and transferred to
nitrocellulose membranes, and hybridized with
antibodies against caspase-9, caspase-3, PARP.
b-actin was used a loading control. The protein
bands were visualized by exposure to X-ray film
as described previously [Tyagi et al., 2005].

Transfection With Small Interfering RNA (siRNA)

Endothelial cells were seeded at 106 cells/ml
in 10-cm dishes. Gene-specific double-stranded
siRNAs (40 nmol/ml) with a target sequence
of siRNAs for caspase-9 (50-CCAATGGGAC-
TCAAATCAA-30) was added to media using
lipophilic transfection reagent (lipofectamine
2000, Invitrogen, Inc., Carlsbad, CA), according
to the manufacturer’s protocol and recovered
in complete MCDB131 medium for 36 h. Cells
were cultured with serum-free medium for 6 h,
followed by treatment with 0.5 mM Hcy in
MCDB131 medium containing 0.5% fetal bo-
vine serum. After 16 h, viable cells were stained
by a crystal violet staining.

RNA Isolation

Total RNA was extracted by RNAeasy kit
from untreated and treated cells with 0.5 mM
Hcy for 12 h. Concentration of total RNA was
quantified by absorbance at 260 nm and 280 nm.
Only samples with a peak area ratio >2.0 of 28S
to 18S rRNA were used. The integrity of the
RNA was checked by electrophoresis using a 3%
formaldehyde gel.

cDNA Gene Expression Array Analysis

The expression of apoptosis response genes
was analyzed using non-radioactive GEArray
Q-series rat apoptosis pathway-Finder Gene
Array (SuperArray, Inc., Bethesda, MD).
Briefly, 5 mg total RNA was used as template
for biotinylated cDNA probe synthesis. RNA
was reverse-transcribed by gene-specific pri-
mers with biotin-16-dUTP. Biotinylated cDNA
probes were denatured and hybridized to apop-
tosis pathway gene-specific cDNA fragments
spotted on the membranes. The GEArray mem-
branes were then washed and blocked with GEA
blocking solution, and incubated with alkaline
phosphatase-conjugated streptavidin. The hy-
bridized biotinylated probes were detected by
chemiluminescent method using the alkaline
phosphatase substrate, CDP-Star. The results
were analyzed using Kodak Molecular Imaging
Software. Each array membrane comprised
96 marker genes in quatraplicate; 4 positive
controls including b-actin, glyceraldehyde-3-
phosphate dehydrogenase, cyclophilin A, and
ribosomal protein L13a; and a negative control,
bacterial plasmid pUC18. The relative expres-
sion levels of different genes were estimated
by comparing its signal intensity with that of
internal control b-actin.

Reverse Transcription (RT)-PCR Analysis

Total RNAs from MVEC and their cDNA were
prepared as described [Tyagi et al., 2005] and
1 mg of total RNA from each sample was used for
cDNA synthesis. The PCR conditions for the
Bax and Bcl2 mixture was used for PCR in
50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM
MgCl2, 0.2 mM dNTPs, 2.5 units of Taq DNA
polymerase, and 0.01 nM each of primers for
Bax and Bcl2, caspase-6 and caspase-9. The
amplification was performed in a DNA thermal
cycler under the following conditions: denatura-
tion at 948C for 5 min for the first cycle and for
30 s starting from the second cycle, annealing of
Bcl-2, Bax, and caspase-9 at 59.68C for 30 s,
annealing of Bax, caspase-6 at 958C for 30 s, and
extension at 728C for 30 s for 30 cycles. Final
extension was performed at 728C for 10 min.
The PCR products were electrophoresed on a
1.5% agarose gel and stained with ethidium
bromide. The primers used were 50-GCGA-
ATTGGCGATGAAC-30 (sense) and 50-CGAA-
GTAGGAAAGGAGGC-30 (antisense) for the
Bax; 50-TGATTTCTCCTGGCTGT-30 (sense) and
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50-TTTGACCATTTGCCTGAATG-30 (antisense)
for the Bcl2; 50-CTATGAGACAGCCAGAATC-30

(sense) and 50-GCTTCTTGACCTTCATCC-30

(antisense) for the Caspase-6; 50-CTGAGTA-
TTTCTCTGTGTTCCA-30 (sense) and 50-CAT-
GTCACTGTTGCCC-30 (antisense) for the cas-
pase-9; 50-GTCAAAGGCTGGTTTTGGAA-30

(sense) and 50-TCAACAATTTGAGGCTGCTG-
30 (antisense), for the caspase-3; 50-TATGTC-
GTGGAGTCTACTGGC-30 (sense) and 50-GAA-
TGGGAGTTGCTGTTGAAGTCA-30 (antisense)
for the glyceraldehyde-3-phosphate dehydro-
genase.

Data Analysis and Statistics

Data were presented as mean�SD from at
least three different experiments. The arbitrary
densitometry units (AU) were represented as
percentage relative to control. The data were
analyzed by Student’s t-test for comparison of
the results between Hcy-treated and non-trea-
ted group. The P< 0.05 was considered to
indicate statistical significance.

RESULTS

Hcy Induces Apoptosis and
Decreases MVEC Survival

To examine whether Hcy has effect on
endothelial cell viability, MVEC were treated
with different doses (0.25 mM–1 mM) of Hcy,
and cell viability was assessed by crystal violet
staining. The results suggested that Hcy sig-
nificantly inhibited cell viability in dose depen-
dent manner (Fig. 1A). Although no evidence of
genomic DNA cleavage was detected in control
cells, cells treated with different doses of Hcy
show marked DNA fragments at nucleosomal
intervals�200 base pairs (Fig. 1B). Hcy-treated
cells exhibited a number of morphological
changes characteristic of cell death; such as
the blebbing of the cell membrane, nuclei, and
fragmentation of the DNA, characteristic of
apoptotic bodies (Fig. 2). The co-labeling of
TUNEL with DAPI (nuclei) suggested DNA
fragments in the nucleus in Hcy-treated MVEC
(Fig. 2). The results suggested that Hcy

Fig. 1. A: Cell viability in hyperhomocysteinemia: MVEC
seeded on a 12-well plate at a density of 2� 105 cells/well in
2 ml of MCDB131 medium containing 20% FBS, and cultured
until the cell density reached 70–80% confluence. Cells were
then cultured with serum-free medium for 6 h, incubated with
various concentrations of Hcy in 0.5% FBS-containing culture
medium.After 12h, cell viabilitywasmeasuredbyacrystal violet
staining. The viable cells were expressed as a percentage of
controls. Data are shown as mean� SD from n¼5 in each
group. The * represents P<0.05 compared with untreated cells.

Panel B: DNA was isolated from MVEC-treated with various
concentration of Hcy for 12 h, and was subjected to agarose gel
electrophoresis, followed by ethidium bromide staining. Lane 1,
0; lane 2, 0.25; lane 3, 0.5; and lane 4, 1 mMHcy. Mr represents
molecularweightmarker.PanelC:Quantitative changes inDNA
fragmentation. The data are presented as arbitrary densitometry
units (AU). Data are mean� SD from n¼5. The # represents
P<0.05 comparedwith untreated cells. Different treatments are
indicated at the bottom.
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decreased cell viability due in part to generate
DNA fragmentation.

Hcy Generates ROS and Decreases
Mitochondrial Membrane Potential

To determine whether ROS is involved in the
regulation of apoptosis induced by Hcy, fluor-
escent DCFH-DA products were measured in
MVEC treated with Hcy. The results suggested
that Hcy induced greater production of ROS as
compared to the controls (Fig. 3) in 12 h. The
overlapping staining for ROS and mitochon-
dria, suggests mitochondrial ROS production by
Hcy. To determine whether ROS permeabilize
the mitochondrial membrane, MP was mea-
sured using dual dye JC-1. The treatment with
Hcy rapidly dropped the MP in MVEC (Fig. 4).
These data suggested that Hcy-induced apop-
tosis is closely related to increase in mitochon-
drial membrane permeability and decrease
in MP.

Changes in Apoptotic Gene Expression
in MVEC by Hcy

To determine whether Hcy modulates the
expression of apoptotic response genes, we exa-
mined apoptotic cDNA gene array. There was
significant difference in the gene profile bet-
ween untreated control and Hcy-treated cells

(Fig. 5). Following exposure to 0.5 mM Hcy for
12 h, Bax (encoding for pro-apoptotic), caspase-9
(encoding for initiated caspase), and caspase-6
(encoding for effector caspases) genes were
upregulated (Fig. 5A,B). Among apoptotic
response genes Bcl2 as well as Bcl2 /Bcl10 genes
were decreased by 80% and 90%, respectively,
where as Bax was robustly increased. Similar
results were obtained by RT-PCR analysis
(Fig. 5). These results suggested differential
gene expression of apoptotic regulators in
MVEC during apoptosis in MVEC by Hcy.

Release of Cytochrome-c and Activation of
Caspases by Hcy

To determine whether the loss in MP coin-
cides with release of cytochrome-c from mito-
chondria and the activation of caspase-9 and 3
in the endothelial cells, Western blot analysis in
Hcy-treatment time and dose-dependent man-
ner was performed. Cyctochrome-cwas released
to cytosol post 24 h at 0.25 mM Hcy treatment
and activation of caspase-9 and 3 also observed
at the same time (Fig. 6). To determine whether
the Hcy enhances PARP cleavage, a hallmark
feature of apoptosis, PARP was measured by
Western blot analysis at (115 kDa) intacted and
cleaved yielding a characteristic 85-kDa frag-
ment in the presence of Hcy (Fig. 6).

Fig. 2. Hcy-induced apoptosis inMVEC:MVEC grown on glass slides and treatedwith (þHcy) andwithout
(�Hcy) 0.5 mMHcy for 12 h. The changes in nuclear morphology were assessed by DAPI (A, nuclei) shown
by arrows and TUNEL (B, DNA fragmentation shown by arrows) staining n¼5. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 3. Hcy-induced ROS in mitochondria: Panel A: MVEC were grown on glass slides without Hcy
treatment (�Hcy). The cells were stained with 50 nM Mito-Tracker-Red for mitochondria and with DCFH-
DA for ROS. Panel B: Images show fluorescence in treated (þHcy 0.5 mM) cells. Panel C: The cells were
stained with 50 nM Mito-Tracker-Red for mitochondria and with DCFH-DA for ROS. The bottom image is
the combination of images of mitochondria and ROS, n¼ 5. The arrows indicate ROS production inside the
mitochondria. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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siRNAs for Caspase-9 Suppressed
Hcy-Induced Cell Death

To test whether upregulation of caspase-9
plays an important role in Hcy-induced apopto-
sis, siRNA of caspase-9 was transfected. Trans-
fection with caspase-9 siRNA also reduced the
expression of caspase-3 and -9 mRNA as well as
protein levels in Hcy-treated MVEC (Fig. 7).
Downregulation of caspase-9 expression was
found to protect significantly the MVEC from
Hcy-mediated apoptosis compared with
untreated cells. The cells that were transfected
with siRNA and with Hcy exhibited unchanged

cell viability (Fig. 8A). No evidence of genomic
DNA cleavage was detected and increase in MP
was observed in siRNA transfected Hcy-treated
cells (Fig. 8B, C, and D). These results suggested
that upregulation of casapse-9 plays an impor-
tant role in decrease in MP and apoptosis
induced by Hcy.

DISCUSSION

Although previous studies have suggested
endothelial cell retardation and apoptosis by Hcy,
the mechanism of apoptosis by Hcy in endothelial
cells was unclear. Here, we demonstrated that

Fig. 4. Hcy decreased MP in MVEC: MVEC plated on glass slides treated with (þHcy 0.5 mM) or without
(�Hcy)Hcy for 12 h. Fluorescent imageswere visualizedwith confocalmicroscope usingmitotag JC-1. JC-1
is a dye with fluorescence at 530 nm and in high MP aggregates and fluoresces at 590 nm. The cells
were incubated with 10 mg/ml JC-1 for 10 min. Above panels show typical example of JC-1 monomer; the
middle panels show J-aggregates; and bottom panels show combination of images. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 6. (Overleaf ) Hcy releases cyctochrome-c, activates
caspases and PARP: MVECwere treated with various concentra-
tions of Hcy for different time periods as shown in the bottom of
the panels. The cells were homogenized using a dounce
homogenizer, and cytosolic fractions were obtained by centri-
fugation at 12,000g for 20 min at 48C. The cytosolic proteins (50
mg) were loaded onto a 15% SDS–polyacrylamide gel and
transferred to nitrocellulose membrane. Western blotting was
performed using an antibody against cytochrome-c to determine
mitochondrial cytochrome-c release. Hcy induced proteolytic

cleavage of PARP and activation of caspases were analyzed in
lysates containing equal amount of protein (50 mg), separated on
a SDS–polyacrylamide gel and immunoblottedwith antibody for
caspase-3 detected both inactive form (32 kDa) and active form
(17 kDa) bands. Anti-caspase-9 antibody detects both inactive
form (48 kDa) and intermediate form (37 kDa). Anti-PARP
antibodydetects bothuncleaved (115kDa) andcleaved fragment
(85 kDa). The blots were reprobed with antibody against b-actin
to confirm equal protein loading.
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Fig. 5. Differential apoptotic gene expression by Hcy: Panel A: MVEC were treated with (þHcy) and
without (�Hcy) 0.5 mM Hcy for 12 h. The RNA was isolated, and equal amounts of poly (A)þ RNA from
control and treated MVEC was hybridized to cDNA array membranes. Affected genes are pointed with
arrows.Panel B: RT-PCRanalysis of Bax, Bcl2, Caspase-6, andCaspase-9mRNAexpression inMVEC treated
with (þHcy) and without (�Hcy): The GAPDH housekeeping gene was used as the control. Mr lane with
DNA molecular weight marker.

Fig. 6.
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Hcy caused endothelial cell apoptosis in part by
generating ROS and decreasing MP. This in
turn released cytochrome-c and activated the
intracellular caspase-proteolytic cascades,
leading to PARP activation and nuclear frag-
mentation.

Elevated levels of Hcy are independent risk
factor for cardiovascular diseases [Keaney et al.,
1993; Suhara et al., 2004]. Because endothelial
cells are lacking the cystathione beta synthase
[Finkelstein, 1990, 1998], an enzyme responsi-
ble for Hcy clearance; endothelial cells are the
prime target for Hcy toxicity. Previously, we
have found that Hcy induced generation of ROS
production by upregulation of NADPH oxidase
and downregulation of thioredoxin in MVEC
[Tyagi et al., 2005]. Although thioredoxin,
peroxiredoxin, and NADH oxidase are present
in mitochondria, the role of mitochondria in
Hcy-mediated endothelial cell apoptosis was
unclear. In this study, we examined the effect of
Hcy on caspase-mediated apoptosis in MVEC.

Our findings demonstrate that Hcy induces
apoptosis in endothelial cells by increasing ROS
production, which in turn initiate mitochon-
drial membrane depolarization, cytochrome-c
release, and activation of caspase-9. The early
cellular apoptotic responses associated with
cytochrome-c release post 6 h Hcy treatment
suggest that possible relationship between MP,
cytochrome-c release, and activation of caspase
cascade in endothelial cells affected by Hcy. We
show here that Hcy-mediated ROS production
in MVEC led the loss of MP.

It has been shown that MP loss is directly
associated with apoptosis, it is an early oc-
curring event [Lemasters, 1999]. Elevated
amounts of intracellular ROS are sufficient to
trigger cell death, and it has been suggested
that ROS are biochemical mediators of apopto-
sis [Pastorino and Hoek, 2001]. ROS generation
also led mitochondrial permeability transition,
cytochrome-c release, and the caspase activa-
tion in hepatocytes [Garcia-Ruiz et al., 2000]. In
our experimental conditions, the lower fluores-
cence values observed after treatment with Hcy
(cells with low DCm) than in untreated cells
support the fact that Hcy induces an irrever-
sible collapse of DCm. This drop of m associated
in our investigation with a translocation of
cytochrome-c into the cytosol could play an
important role in the caspase activation. Cas-
pases have been reported to play a role in the
dissipation of MP [Zhai et al., 2000] during
apoptosis. Caspase activation cascade further
favors the caspase-9 activation, PARP cleavage,
and internucleosomal DNA fragmentation
occurring in Hcy-treated MVEC. Indeed, we
can suppose that cytochrome-c associates with
Apaf-1 in the presence of dATP or ATP and
induces its oligomerization [Hengartner, 2000].
Furthermore, the oligomeric Apaf-1 complex
would recognize the inactive procaspase-9,
forming the ‘‘apoptosome’’ [Porter and Janicke,
1999], which in turn induce autocatalytic
processing of procaspase-9. Subsequently, the
mature caspase-9 would activate its primary
downstream target, procaspase-3, which can
cleave some nuclear proteins such as PARP,
leading to a typical apoptotic DNA fragmenta-
tion in multiples of 180–200 bp [Green and
Kroemer, 1998].

Bcl2 and Bax are implicated as anti-apoptotic
and pro-apoptotic factors [Zhang et al., 2000].
The results presented in this study indicates
that ROS is responsible for the downregulation

Fig. 7. Transfection with siRNA for caspase-9 inhibited
activation of caspase-3 and -9, and PARP: MVEC were
transfected with (þ) or without (�) caspase-9 siRNA. Panel A:
Cells were incubated with (þ) or without (�) 0.5 mM Hcy for
12 h. The RNA was extracted, reverse-transcribed, and mRNA
levels were analyzed by PCR. Mr represents DNA molecular
weight markers. GAPDH represents controls for a house keeping
gene. Panel B: Cells were harvested and immunoblot analyses
were performed using caspase-9, caspase-3, and PARP-specific
antibodies. The blots were reprobed with antibody against
b-actin to confirm equal protein loading. The siRNA effectively
inhibited expression of specific genes/protein expression levels
by 60–90%, based on three independent experiments.
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Fig. 8. KnockdownofCaspase-9preventedHcy-inducedapoptosis:MVEC treatedwith (þ) andwithout (�)
Hcy, and transfected with (þ) and without (�) caspase-9-specific siRNA. Panel A: The cell viability was
estimatedwith a crystal violet staining.PanelB: Effects of siRNAonMP.PanelC:Gel electrophoresis analysis
of effects of siRNA on DNA fragmentation. Panel D: Histographic presentation of the effects of siRNA on
DNA fragmentation. Data is mean� SD from n¼5. The * represents P< 0.05.

Fig. 9. The Schematic diagram of caspase activation by Hcy and cell death: Hcy induces ROS and
decreases MP, leading to activate caspases and PARP. This process causes increase in Bax and decrease in
Bcl2, causingnucleaseactionandDNA fragmentation. [Color figure canbeviewed in theonline issue,which
is available at www.interscience.wiley.com.]
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of Bcl2, upregulation of Bax genes, and activa-
tion of caspase-9 in Hcy-induced MVEC apop-
tosis. Together, we conclude that an increase in
ROS production precedes mitochondrial depo-
larization during apoptosis. Hcy induces ROS
production and reduces MP (DCm). Primary
initiate of Hcy activated mitochondrial pathway
via ROS leading to decrease in MP and resulting
apoptosis in cardiac MVEC (Fig. 9).

Limitation

Since mitochondrial KATP and Kca channels
have been implicated in cardioprotection, by
their effect on the MP, it is possible that the
effect of Hcy in mediation of alterations in MP
and apoptotic events may be intervene to open
or block these channels.
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