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Abstract

Apoptosis of endothelial cells related to homocysteine has been reported in several 

studies. In this study we evaluated whether reactive oxygen species (ros) producing 

signaling pathways contribute to homocysteine-induced apoptosis induction, with 

specific emphasis on nadph oxidases.

Human umbilical vein endothelial cells were incubated with 0.01-2.5 mm homo-

cysteine. We determined the effect of homocysteine on caspase-3 activity, Annexin 

v positivity, intracellular nox1, nox2, nox4 and p47phox expression and localization, 

nuclear nitrotyrosine accumulation, and mitochondrial membrane potential (ΔΨm).

Homocysteine induced caspase-3 activity and apoptosis; this effect was concen-

tration dependent and maximal after 6h exposure to 2.5 mm homocysteine. It was  

accompanied by a significant increase in ΔΨm. Cysteine was inactive on these para- 

meters excluding a reactive thiol group effect. Homocysteine induced an increase in 

cellular nox2, p47phox and nox4, but not that of nox1. 3d digital imaging microsco-

py followed by image deconvolution analysis showed nuclear accumulation of nox2 

and p47phox in endothelial cells exposed to homocysteine, but not in control cells, 

which coincided with accumulation of nuclear nitrotyrosine residues. Furthermore, 

homocysteine enhanced peri-nuclear localization of nox4 coinciding with accumu-

lation of peri-nuclear nitrotyrosine residues, a reflection of local ros production. 

p47phox was also increased in the peri-nuclear region. The homocysteine-induced  

increase in caspase-3 activity was prevented by dpi and apocynin, suggesting in-

volvement of nox activity.

The data presented in this manuscript reveal accumulation of nuclear nox2 and 

peri-nuclear nox4 accumulation as potential source of ros production in homo-

cysteine-induced apoptosis in endothelial cells.

Introduction

In 1962 Carson and Neill and Gerritsen et al. described severely increased levels of 

homocysteine (hcy) in the urine of mentally retarded children.1/2 A few years later 

this homocystinuria was linked to a severe genetic defect in the cysthationine β-syn-

thase (cbs) gene.3 Patients with this genetic defect were found to have occlusive car-

diovascular disease even at a very young age.4 Moderately increased plasma levels 

of hcy, also termed hyperhomocysteinemia (hhc) are caused by several genetically 

determined enzyme deficiencies and the life style factor diet.5/6 Numerous in-vivo 

and in-vitro studies have also linked hhc to cardiovascular disease and suggest 

that it could be an independent risk factor for the development of atherothrom- 
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bosis.7-10 Whether hcy itself is the culprit in the process of atherosclerosis or another 

hcy-related substance, such as s-adenosylhomocysteine (sah), remains to be elu-

cidated. Since sah is a potent inhibitor of methylation, it has been suggested that 

sah rather than hcy causes cellular damage.11 However, the exact mechanisms and 

pathways for the induction of this damage remain to be elucidated. Furthermore, 

recent large-scale intervention trails using high-dose-b-vitamins to reduce plasma 

hcy levels in cardiovascular patients have not shown an overall clinical benefit as 

yet.12/13 This raises further questions about the mechanisms underlying the associa-

tion between hhc and cardiovascular disease, and also about the possible adverse 

effects of high-dose-b-vitamins as a means of reducing hcy levels.14 It therefore calls 

for more extensive research on the topic.

Growing evidence suggests that endothelial dysfunction plays a major role in vas-

cular injury seen in hhc.15-17 This has been observed in numerous animal models 

suggesting an involvement of increased oxidative stress with a depletion of bioac-

tive nitric oxide and an impaired response to endothelium-derived hyperpolariz-

ing factor.9/18-21 In-vitro studies have also demonstrated that hcy induces oxidative 

stress22 and cell death23-27 in endothelial cells. We have recently shown in cardiomy-

ocytes that ischemia and hcy induced translocation of nadph oxidase 2 (nox2) to 

the nucleus, and subsequent production of nuclear reactive oxygen species (ros) 

and apoptosis.28/29 In this study, we examined the role of specific nox proteins in 

hcy-induced endothelial cell death.

Materials and Methods

Cell culture

huvecs were isolated from umbilical cords and cultured in Medium 199 (BioWhit-

taker, Verviers, Belgium) supplemented with 10% heat-inactivated fetal calf serum 

(fcs; BioWhittaker), 10% heat-inactivated human serum (Sanquin, Amsterdam, The 

Netherlands), 5 µg/ml heparin (Leo Pharma bv, Breda, The Netherlands), 50 mg/

ml endothelial cell growth factor (Sigma, St. Louis, mo, usa), 100 iu/ml penicillin 

(Yamanouchi Europe bv, Leiderdorp, Netherlands) and 100 µg/ml streptomycin 

(Radiopharma-Fisiopharma, Palomonte, Italy) at 37°c in a humidified 5% co2 / 95% 

air atmosphere. Experiments were performed after 2 passages of the cells and at full 

confluence of the cells.
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Antibodies and Chemicals

Monoclonal antibody 48 against nox2 (gp91phox; dilution 1:28) was used,29-32 with 

hcy3-labeled goat-anti-rabbit ig (1:75) (Alexa Fluor; Leiden, Netherlands) as a sec-

ondary antibody. Although there is some sequence similarities between the binding 

site of the mab48 and nox5, no cross reactivity of the nox2 antibody for nox5 was 

found (courtesy of dr. K.H. Krause). Polyclonal α-Nitrotyrosine igg (1:50) (Molecu-

lar Probes Inc, Eugene, or, usa) was used as an antibody to measure nitrotyrosine 

residues which is an indicator for ros production.33-35 It was used with cy5-labeled 

goat-anti-rabbit-ig (1:50) (Jackson Immuno Research, West Grove, pa, usa) as a sec-

ondary antibody. The same procedure was followed for the immunofluorescent 

staining with goat-anti-p47phox antibody, goat-anti-Mox1 antibody (nox1) and goat-

anti-nox4 (n-15) (all 1:50 dilution; all from Santa Cruz Biotechnology Inc, ca, usa), 

where we used cy3-labeled donkey-anti-goat-ig (1:40) (Alexa Fluor, Invitrogen) as a 

secondary antibody. Again we co-stained for nitrotyrosine, however now we used 

cy5-labeled donkey-anti-rabbit (1:40) (DakoCytomation, Glostrup, Denmark) as a 

secondary antibody. Isotype and negative controls were used to determine a-specific 

binding, which all were negative for staining (not shown). nox-4 localization data 

were confirmed by using another nox-4 antibody (Novus Biologicals).

Cells were incubated with different concentrations (0.01-2.5 mm) of d,l-homocyst-

eine (d,l-hcy) (Sigma) in growth medium for 0-24 hours at 37°c in a humidified 5% 

co2 / 95% air atmosphere. 2.5 mm d,l-cysteine (cys; Sigma) was also tested in the 

caspase-3 activity assay to distinguish between actual hcy effect and the putative 

effect of a reactive thiol group.36

Measuring Hcy concentration in growth medium

Because several studies have suggested that only the l-form of hcy is bioactive and 

the d-form has no cellular effect,37/38 we determined the concentrations of d,l-hcy 

and l-hcy. d,l-hcy was measured by hplc and fluorescence detection.39 Intra- and 

interassay coefficients of variation (cvs; std dev/average *100%) were 1.8 and 3.5%, 

respectively. l-hcy was measured by the Abbott imx fluorescence polarization im-

munoassay (imx; Abbott Laboratories, Abbott Park, il, usa). Intra- and interassay 

cvs were less than 2 and 4%, respectively. The concentration of hcy in culture medi-

um was measured before incubation (t=0) and after 6 hours of incubation.
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Determination of intracellular SAM and SAH

Since it has been suggested that an increase in hcy could cause cellular damage 

due to elevation of intracellular levels of sah,11 we also determined the intracellular 

concentration of sam and sah in huvecs after 6 hours of incubation with d,l-hcy. 

Liquid chromatography tandem mass spectrometry (lc-ms/ms) was performed as 

previously described.40 The intraassay cvs for sam and sah were 4.2% and 4.0%,  

respectively, and the interassay cvs were 7.6% and 5.9% respectively.

Detection of caspase-3 activity

Cells were grown in 96-wells plates (20,000 cells/well). After treatment with hcy and/

or inhibitors (see below), cells were lysed and incubated with devd-rhodamine 110 

substrate (Roche, Mannheim, Germany) for one hour at 37°c. Subsequently the flu-

orescence of free rhodamine was determined with a microplate fluorescence reader 

(tecan spectrafluor, Switzerland). The developed fluorochrome was proportional to 

the concentration of activated caspase-3 and was quantified by a calibration curve of 

diluted free rhodamine. Each condition was measured in triplicate per measurement 

(total of 3 measurements). Inhibitors used were the general caspase inhibitor Z-Asp-

Glu-Val-Asp-fluoromethylketone (z-vad-fmk, 25m final concentration, Alexis Bio-

chemicals, Lausen, Switzerland), two nox inhibitors (diphenylene iodonium, dpi, 

10m final concentration, and apocynin, 100m final concentration, both from Sigma), 

and the mitochondrial ros inhibitor rotenone, 50 µm final concentration (Sigma). 

Flow cytometry

Phosphatidylserine (ps) exposure was assessed with fitc-labeled human recom- 

binant Annexin v (Bender Med Systems, Vienna, Austria), while propidium iodide 

(pi; Bender Med Systems) was used to determine the permeability of the cellular 

membrane.

After treatment with hcy, the cells were trypsinized and centrifuged at 400×g for 5 

minutes at room temperature. Cells were then washed with serum-free m199, and 

resuspended in serum free m199 containing Annexin v (1:40) for 30 minutes in the 

dark at 37°c in a humidified 5% co2 / 95% air atmosphere. Shortly before measuring 

pi was added to the cell suspension (1:40). Cells were measured with a facscalibur 

(Becton Dickinson, San Jose, ca, usa). Results were analyzed by Cell Quest Pro soft-

ware (Becton Dickinson).
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Western Blot analysis

After treatment huvecs were harvested into modified elb lysis buffer (250 mm nacl, 

0.1% Nonidet p-40, 50 mm hepes ph 7.0, 5 mm edta, 0.5 mm dtt) with protease in-

hibitor cocktail (pic, 1:40; Sigma). After determination of the protein concentration 

with the bca protein assay kit (Pierce, Rockford, il, usa), reducing sample loading 

buffer (0.25m tris ph 6.8, sodium dodecyl sulfate (sds), glycerol, 2-mercaptoetha-

nol, bromophenol blue) was added and the samples were mixed and heated at 95°c 

for 10 minutes. 50 µg protein of each sample was subjected to sds-page, transferred 

to nitrocellulose membranes and analyzed for nox2 expression with monoclo-

nal antibody 48 (1:250 dilution), followed by horseradish-peroxidase-conjugated  

rabbit-anti-mouse-immunoglobulin (rαm-hrp; 1:1000 dilution; DakoCytomation, 

Glostrup, Denmark). The blots were visualized by enhanced chemiluminescence 

(ecl; Amersham Biosciences ab; Uppsala; Sweden). Staining was quantified with 

a charge-coupled device camera (Fuji Science Imaging Systems; Düsseldorf, Ger-

many) in combination with aida Image Analyzer software (Isotopenmessgeräte; 

Staubenhardt, Germany).

3D Immunofluoresence Microscopy

To measure intracellular expression of nox1, nox2, nox4, p47phox and formation of 

nitrotyrosine, cells were incubated with or without hcy for 6 hours in 4-well cham-

ber slides (Nalge Nunc International, Naperville, il, usa) and treated as described 

before.29 The cells were analyzed with a 3i Marianas™ digital imaging microsco-

py workstation (Zeiss Axiovert 200m inverted microscope; Carl Zeiss, Sliedrecht,  

Netherlands), equipped with a cooled ccd camera (Cooke Sensicam, 1280×1024 

pixels; Cooke Co, Tonawanda, ny, usa) and nanostepper motor (z-increments: 10 

nm). Visualization of nox1, nox2, nox4, p47phox and nitrotyrosine was performed 

with a 40× oil lens. The microscope, camera and data viewing as well as analysis pro-

cess were controlled by SlideBook™ software (version 4.0.8.1; Intelligent Imaging 

Innovations, Denver, co, usa) which allowed both real-time and 3d data acquisition 

(confocal optical stacks).
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Live cell analysis of H2O2 generation

Since the presence of nitrotyrosine residues is an indirect marker for ros pro- 

duction we also determined the generation of h2o2 which was measured intracel-

lular with 5-(6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate acetyl ester 

(cm-h2dcfda) (Molecular Probes, Leiden, The Netherlands). cm-h2dcfda, being 

nonpolar, diffuses passively into cells, where its acetate groups are cleaved by intra-

cellular esterases, and is trapped within the cell. In this status it provides a substrate 

for oxidation by h2o2, resulting in the production of a highly fluorescent intracellu-

lar product emitting fluorescence with intensity proportional to the level of intra-

cellular h2o2
41/42 huvecs were grown in Delta t dishes (0.17 mm, clear; Bioptechs 

Inc; Butler, pa, usa), after incubation with or without hcy the cells were loaded with 

cm-h2dcfda (10 µm) in ads buffer (in mm: 116 nacl, 5.3 kcl, 1.2 mgso4·7h2o, 1.13 

nah2po4·h2o, 20 hepes, and 1 cacl2, ph 7.4), and incubated for 15 min at 37°c. Next, 

cells were incubated in ads buffer for 25 min at 37°c, allowing the oxidized cm-h2d-

cfda to accumulate in the cells. Fluorescence microscopy was performed with a 

3i Marianas™ digital imaging microscopy workstation with a 10× air objective as  

described above.

Live cell analysis of ΔΨm

Life Cell Imaging was used to visualize real-time alterations in mitochondrial 

membrane potential (ΔΨm). Cells were loaded for 30 minutes at 37°c with 0.5 µm 

of 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (jc-1; 

Cell Technology Inc, Minneapolis, usa). In non-apoptotic cells, jc-1 exists as a mon-

omer and is visible on the green channel (fitc). In healthy cells these monomers ac-

cumulate as aggregates in the mitochondria due to existing ΔΨm. These aggregates 

are visible on the red channel (cy3) when viewed with a fluorescence microscope. 

Cells were washed with pbs before viewing and subsequently analyzed by use of a 3i 

Marianas™ digital imaging microscopy workstation as described above.

Statistics

Data are expressed are mean ± sem. Statistics were performed with the spss statistics 

program (Windows version 11.5). To evaluate whether observed differences were sig- 

nificant, One Way anova with Post Hoc Bonferroni tests or student t-tests were used 

where appropriate. A p-value (two sided) of 0.05 or less was considered significant. 
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Results

Concentrations of D,L-homocysteine (D,L-Hcy),

L-homocysteine (L-Hcy), S-adenosylmethionine (SAM)

and S-adenosylhomocysteine (SAH)

Since previous studies showed that only the l-form of hcy is bioactive and that the 

d-form causes no cellular damage,37/38 we measured the actual concentrations of 

both d,l-hcy and l-hcy before and after incubation of 2.5 mm d,l-hcy. Before incu-

bation on the cells, 43.3±0.01% (n=3) of the d,l-hcy consisted of l-hcy. The concen-

trations remained unaltered after a 6 hour incubation period on huvec.

It has been suggested that not hcy but an increase in s-adenosylhomocysteine (sah) 

is the culprit in the damaging effects in hhc,11 since it acts as a potent methyla-

tion inhibitor. Therefore we also measured the intracellular sam/sah levels result-

ing from incubation with 2.5 mm d,l-hcy at 6 hours. s-adenosylmethionine (sam) 

increased significantly from 117±2 nm (t=0) to 184±1 nm (t=6 hours incubation; 

p<0.001). The increase in sah was much higher, from 35±2 nm (t=0) to 521±22 nm 

(t=6 hours incubation; p<0.001; n=3).

Effect of Hcy on cell death

To test the effect of d,l-hcy on caspase-3 activity as a reflection of apoptosis, con-

centrations ranging from 0.01 mm to 2.5 mm were tested, which are comparable 

to those in previous studies in cultured endothelial and smooth muscle cells.23/24/37  

Incubation for 3 hours with 0.01, 0.1 and 1 mm d,l-hcy induced a significant in-

crease of caspase-3 activity by up to 15±0.4% compared to controls. Incubation with 

2.5 mm d,l-hcy caspase-3 activity increased it by 26±2% (figure 1a, p<0.001).

Over a 24 hour evaluation period, the highest significant increase in caspase-3 activ-

ity induced by 2.5 mm d,l-hcy (33±8%, p= 0.001) was measured after 6 hours of incu-

bation (figure 1b). This increase was largely prevented by the simultaneous presence 

of the pan-caspase inhibitor z-vad-fmk (figure 1c, p<0.05). To determine whether it 

is actually hcy that induced caspase-3 activity and not an unspecific effect of a reac-

tive thiol group we also incubated huvecs with 2.5 mm d,l-cysteine. In contrast to 

hcy, the presence of d,l-cysteine did not cause caspase-3 activation, indicating that 

the effect of hcy is not due to an unspecific reactive thiol group effect (figure 1d).
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1. Effect of Hcy on caspase-3 activity | (a) huvecs were incubated for 3 hours with the indi-

cated concentrations of d,l-hcy, whereafter caspase-3 activity was measured and compared to 

controls, where controls were set to 100% (n=3; n is number of independent experiments with 

huvecs of different donors). (b) Analysis of caspase-3 activity at different times of incubation 

(c=control; hcy=2.5 mm d,l-hcy; n=6). (c) Effect of z-vad-fmk on caspase-3 activity in huvecs 

incubated with 2.5 mm d,l-hcy for 6 hours (n=6). (d) Effect of 2.5 mm d,l-hcy and 2.5 mm d,l-

cys for 6 hours on caspase-3 activity in huvecs (n=6). (e) Flow cytometry analysis of huvecs 

incubated with 2.5 mm d,l-hcy for 6 hours where single Annexin v positivity as an indicator 

for ps exposure was determined (n=6). (f) Flow cytometry analysis of huvecs incubated with 

2.5 mm d,l-hcy for 6 hours and Annexin v/pi positivity as an indicator for plasma membrane 

permeability was determined (n=6). All data represent mean and sem.
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To validate the caspase-3 results, we also determined putative phosphatidyl serine 

(ps) exposure on the outer leaflet of the plasma membrane by Annexin v binding 

and membrane permeability for propidium iodide (pi).36/43 Flow cytometric analysis 

of huvecs thet were incubated with 2.5 mm d,l-hcy for 6 hours also displayed a 

significant increase of single Annexin v positive cells (8±2%), part of which are ear-

ly apoptotic (figure 1e, p<0.01) Furthermore, we also found a significant increase 

by 11.3±1% of Annexin v/pi positive cells (figure 1f, p<0.001), part of which are also 

(late) apoptotic. All following experiments were performed after 6 hours incubation 

with 2.5 mm d,l-hcy.

Alterations in ΔΨm

In order to analyze possible alterations in mitochondrial function, we monitored 

mitochondrial membrane potential (ΔΨm) using the jc-1 probe. No hcy-induced 

changes were detected in the morphology of the mitochondria, but an overall  

increased mitochondrial activity was observed in the hcy-treated huvecs (figure 

2a/b). We quantified the sum intensity of the red, cy3 signal, indicative for actively 

respiring mitochondria and indeed found a significant increase in ΔΨm (figure 2c, 

p=0.003) in the hcy-treated cells compared to control cells.

2. Effect of Hcy on mitochondrial membrane potential (ΔΨ) | (a-c) Analysis of mitochon-

drial membrane potential ΔΨ (magnification 40x) of huvecs incubated with or without hcy. 

Green (fitc) indicates jc-1 monomers normally present in the cytosol. With increasing ΔΨ, the 

monomers form aggregates and give a red (cy3) fluorescence. (a) huvecs incubated in growth 

medium alone. (b) huvecs incubated with 2.5 mm d,l-hcy for 6 hours. Arrows indicate actively 

respiring mitochondria with increased ΔΨ. (c) Analysis of mean intensity of fluorescence cy3 

(red) signal, indicative for actively respiring mitochondria in huvecs with or without 2.5 mm  

d,l-hcy for 6 hours where control was set to 100% (n=3). Data represent mean and sem.



Effect of Hcy on intracellular NOX1, NOX2, NOX4

and p47phox localization, protein nitrosylation and

H2O2 generation

In a previous study in cardiomyocytes we found that hcy induced nuclear nox2 ex-

pression coinciding with nuclear nitrotyrosine residues, which ultimately resulted 

in apoptosis.29 Therefore we analyzed the effect of hcy on nox2 expression in en-

dothelial cells. A constitutive presence of nox2 in untreated huvecs was revealed 

by Western Blot analysis, while incubation with 2.5 mm d,l-hcy for 6 hours resulted 

in a significant increase of nox2 protein expression in whole cell lysates (figure 3, 

p<0.001).

Next, the subcellular localization of nox2 was analyzed by digital imaging fluores-

cence microscopy. In untreated huvecs diffuse positivity of nox2 was observed 

within the cell (figure 4a). However, the cells incubated with 2.5 mm d,l-hcy addi-

tionally showed a significant increase in nuclear nox2 localization (figure 4b/d and 

5a, p<0.001). To validate whether the observed nox2 is present within the nucle-

us we also performed 3d confocal stacking to acquire optical sections of the cells. 

figure 4e/f shows an optical section after deconvolution of the out-of-focus light 

through the widest in-focus diameter of a nucleus. nox2 is clearly present only in 

the nucleus after incubation with hcy (4f), but not without hcy (4e), and not in the 

perinuclear region (4f). To assess whether nox2 expression coincided with local 

ros production, we also analyzed the presence of nitrotyrosine residues, which can 
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3. Effect of Hcy on NOX2 expression | Western Blot analysis of whole-cell lysates from 

huvecs incubated with or without 2.5 mm d,l-hcy for 6 hours. The histogram represents a 

quantification of the bands from 3 separate experiments. 50 μg per sample was loaded. Equal 

loading was determined using actin staining. Control was set to 100%. Data represent mean 

and sem.

be used as an indirect marker of ros production. Only in huvecs incubated with 2.5 

mm d,l-hcy for 6 hours nuclear nitrotyrosine formation was found, and it co-local-

ized with nox2 expression in the nucleus (figure 4c/d and 5b p=0.005). As depicted 

in figure 4c/f, in addition to nuclear nitrotyrosine, we found nitrotyrosine outside 

the nucleus (indicated with arrows in figure 4f). However, the latter did not co-local-

ize with nox2 expression.

129

NOX2 and NOX4 in Hcy-induced apoptosis

4. Localization and quantification of NOX1, NOX2, NOX4, p47phox and ROS in HUVECs 

incubated in the presence or absence of Hcy | Digital Imaging microscopy pictures (mag-

nification 40x) of: (a) huvecs not incubated with hcy. Red (cy3) signal indicates nox 2 expression. 

Green (cy5) indicates nitrotyrosine residues (arrows). (b) nox 2 (red, cy3) expression in huvecs 

incubated with 2.5 mm d,l-hcy for 6 hours. (c) Green (cy5) nitrotyrosine formation, indicative for 

ros production, in same huvecs as figure b (arrows indicate cytoplasmic ros). (d) Merged image 

of b and c which shows yellow and orange coloration where nox 2 (red) and nitrotyrosine (cy5) 

co-localize. (e/f) Optical section of a 3d stack after deconvolution from one nucleus incubated 

without (e) or with 2.5 mm d,l-hcy (f) to determine exact location of nox 2 (red: cy3) and nitroty-

rosine (green: cy5: arrows). (g/h) p47phox expression (red, cy3) in huvecs incubated without hcy 

(g) or with hcy (h) for 6 hours. (i/j) Optical section of a 3d stack after deconvolution from one nu-

cleus incubated without (i) or with 2.5 mm d,l-hcy ( j) to determine exact location of p47phox (red: 

cy3) and nitrotyrosine (green: cy5); arrowheads indicate nuclear p47phox. (k/l) Optical section of 

a 3d stack after deconvolution from one nucleus incubated with 2.5 mm d,l-hcy to determine 

exact location of nox 1 (red: cy3 in k) or nox 4 (red: cy3 in l) and nitrotyrosine (green: cy5 in k/l); 

yellow co-staining is observed in l. In all pictures blue dapi staining for dna (nuclei) is shown.



Subsequently, we determined putative p47phox localization in huvecs incubated 

with 2.5 mm d,l-hcy for 6 hours. p47phox was diffusely present in untreated huvecs 

(figure 4h). As can be seen in figure 4g-j and 5c, nuclear localization of p47phox in-

creased significantly (p<0.001) after incubation of huvec with hcy. Analysis of 

optical sections acquired by 3d confocal stacking of huvecs incubated with hcy 

showed increased p47phox localization within the nucleus (figure 4j, arrowhead), and 

particularly in the peri-nuclear region as compared to untreated cells (figure 4i).  

The p47phox partly co-localized with nitrotyrosine residue staining in both nucleus 

and peri-nuclear region (figure 4j). Minor diffuse p47phox staining was also observed 

in the remainder of the cell.

We also analyzed nox1 and nox4 expression. Diffuse cellular localization of nox1 

was observed, which displayed only a non-significant minor increase after incuba-

tion with 2.5 mm d,l-hcy in the peri-nuclear region (figure 4k, 7.3±8.5%). nox1 ex-

pression did not co-localize with nitrotyrosine residue staining. On the other hand, 

incubation of the cells with 2.5 mm d,l-hcy for 6 hours resulted in a significant  

increase of peri-nuclear nox4 localization (38.9±9.5%; p<0.0001) compared to con-

trol cells, simultaneous with an increased peri-nuclear presence of nitrotyrosine 

(figure 4l). Neither nox1, nor nox4 was present within the nucleus.

The increase in hcy-induced intracellular ros, as suggested by the nitrotyrosine 

staining, was verified via assay of intracellular h2o2 in live cells, using cm-h2dcfda 

as a substrate for h2o2-mediated oxidation. Indeed, after incubation with 2.5 mm 

d,l-hcy for 6 hours, a significant increase in intracellular h2o2 was determined 

(figure 5d, 67.724.7% p<0.03).
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NOX-derived ROS are involved in Hcy-induced apoptosis

To analyze whether the hcy-enhanced nox activities indeed had an influence on 

caspase-3 activity, we measured caspase-3 activity after incubation with 2.5 mm d,l-

hcy in the presence or absence of the nox inhibitors dpi and apocynin. In the pres-

ence of either dpi or apocynin the hcy-induced caspase-3 activity was significantly 

inhibited, suggestive for a causal contribution of nox-mediated ros production to 

apoptosis in hcy huvecs (figure 6a/b, p=0.023 and p=0.013).
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5. Quantification of nuclear NOX2, p47phox, nitrotyrosin residues and cellular H2O2 

Quantitative analysis of digital imaging microscopy of the effect of 6 hours incubation with or 

without 2.5 mm d,l-hcy on nuclear nox 2 expression (a), nuclear nitrotyrosine generation (b), 

nuclear p47phox expression (c) and cellular h2o2 levels (d). Sum intensity of fluorescence per 

nucleus was determined and depicted as % increase vs. control where control was set to 100% 

(n=4). Data represent mean and sem.



Mitochondria-derived ROS are involved in

Hcy-induced apoptosis

Since it is known that mitochondrial ros can be involved in the process of apopto-

sis, we also determined the effect of the mitochondrial ros inhibitor rotenone on 

the induction of apoptosis. Indeed, after simultaneous incubation of huvec with 

2.5 mm d,l-hcy and rotenone a significant decrease in caspase-3 activity (by 48.6%) 

was found as compared to incubation with hcy alone (figure 3c, p<0.01).
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6. Effect of NADPH-oxidase inhibitors on caspase-3 activity | Effect of dpi (a), apocynin 

(b) and rotenone (c) on caspase-3 activity after incubation with 2.5 mm d,l-hcy for 6 hours. 

Caspase-3 activity is depicted as percentile increase compared to control where control was set 

to 100% (n=3). Data represent mean and sem. The experiments given in panel c were performed 

with huvec derived from different donors than those described above in a/b.

Discussion

Incubation of huvecs with hcy resulted in apoptosis of endothelial cells measured 

via activation of caspase-3 and surface expression of Annexin v. In the present study 

we demonstrated by digital imaging analysis an increased expression and transloca-

tion of nox2 and p47phox to the nucleus, which coincided with nuclear nitrotyrosine 

accumulation. Furthermore, incubation with hcy resulted in increased peri-nuclear 

nox4 and p47phox localization, which also in part accompanied by the accumulation 

of nitrotyrosine. Inhibition of nox-mediated ros production by dpi or apocynin in-

hibited caspase-3 activation, while inhibition of mitochondrial ros production also 

inhibited apoptosis. It is unlikely that the hcy effect on endothelial cells is due to a 

non-specific reactive thiol group effect, because cysteine did not induce caspase-3 

activity or apoptosis.

Several studies have examined hcy-induced apoptosis in endothelial cells of differ-

ent origin and the possible involvement of ros, whether or not derived from nadph 

oxidase activity. Induction of apoptosis and increased caspase-3 activity has been 

observed in huvec44-46 and rat heart microvascular ec.26 Increased cellular ros 

production by hcy was found in huvec,24/44/46-48 in mouse49 and rat aorta ec,50 and 

in mouse brain,51 rat renal microvacular ec52 and rat heart microvascular ec.26/53 It 

was inhibited by dpi,44 apocynin27/51 and by p22phox sirna,50 suggestived for nadph 

oxidase involvement. Recently, Bao et al.44 reported that hcy-induced apoptosis in 

endothelial cells indeed occurred via nadph oxidase-related oxidative stress and 

subsequent p38mapk signaling. However, to our knowledge, this is the first time 

that hcy-induced nuclear nox2 and peri-nuclear nox4 accumulation with coincid-

ing ros production and apoptosis has been described in endothelial cells.

A study by Suhara et al. revealed that 5 mm hcy for 12 hours induced endothelial 

cell apoptosis via nf-κb mediated upregulation of Fas (cd95) expression and subse-

quent activation of the jnk pathway.24 Zhang et al. found that incubation with 3 mm 

hcy for 24 hours induced apoptosis in endothelial cells through activation of the un-

folded protein response (upr)25 which in turn also caused activation of jnk.54 Dong 

et al. however, suggested that hcy induced oxidative stress and apoptosis not only via 

a jnk-dependent mechanism but also via nadph oxidase.27 They found in particular 

that 1 mm hcy for 24 hours induced apoptosis, intracellular ros generation (deter-

mined with cm-h2dcfda fluorescence intensity), as well as an increase in the p47phox 

subunit as shown by Western blot analysis of whole cell lysates.27 Furthermore, they 

determined that caspase-3 activity was inhibited by apocynin and/or jnk inhibitor ii 

with no additional effect when added together, suggesting that they are part of the 

same hcy-induced apoptosis pathway.27 This was further corroborated by Bao et al.44 

who showed that atorvastatin inhibited nox-induced ros production in endothelial 
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cells. Our data on nitrotyrosine accumulation concurs with these findings, and adds 

to them by showing the specific localization of nox2 (nuclear) and nox4 (peri-nu-

clear), which were accompanied by the accumulation of nitrotyrosine residues. As 

largely the nox inhibitors dpi and apocynin inhibit the homocysteine-induced acti-

vation of caspase-3, it is likely that the nuclear and peri-nuclear activation of nadph 

oxidases nox2 and nox4 directly contribute to the induction of apoptosis. Previous 

studies on endothelial cells have shown that p47phox is a crucial subunit in the active 

endothelial nox complex by other stimuli such as high glucose,55 angiotensin,56 and 

phorbol ester or tnf-α.57 Interestingly, although evidence shows that nox4 activity, 

unlike nox1 and nox2, does not depend on p47phox,58 we have found colocalization 

of p47phox with nox4 in the peri-nuclear region.

Tyagi et al. demonstrated that incubation with 10-100 µm hcy for up to 24 hours 

resulted in oxidative stress in cardiac microvascular endothelial cells.59 These in-

vestigators measured intracellular ros production and correlated it to an increase 

in nox1 mrna expression. However, at that time they did not study other nox pro-

teins, nor analyze the intracellular localization of nox1 and ros production. Fur-

thermore, under their experimental conditions hcy did not cause apoptosis. In our 

experiments neither a significant increase in nox1 expression at protein level was 

found, nor did cytoplasmic nox1 expression co-localize with nitrotyrosine, even at 

the higher concentrations of hcy. In line with this, Petry et al. demonstrated that 

nox2 and nox4, but not nox1 contributed to ros production by and proliferation 

of endothelial cells, even under basal conditions.60 A role of nox4 was also sub-

stantiated by Tyagi et al, who found that nox4 translocated to mitochondria49 and 

subsequently that ros production co-localized with mitochondria and apoptosis.26 

They suggested that hcy induced apoptosis in these cells through a mitochondrial 

 mechanism. Indeed, in addition to the dominant (peri-) nuclear accumulation of 

nitrotyrosine, we also found ros generation diffusely in the cell after incubation 

with hcy (figure 4c) and observed that inhibition of mitochondrial ros production 

inhibited apoptosis partly.

The accumulation of nitrotyrosine residues not only points to the generation of 

superoxide, but also to the consumption of nitric oxide.61 A role of decreased no 

availability in hcy-induced damage has been suggested by other studies.62 An in-vi-

vo study in dogs revealed that hcy reduces no bioavailability through generation of 

superoxide in the heart.63/64 Also, in isolated muscle arterioles of hhc rats, xanthine 

oxidase-derived superoxide scavenge no, resulting in constriction of the arteriole.43 

Furthermore, Ungvari et al. determined that hcy increased superoxide, which re-

duced no availability in endothelium of coronary arteries, resulting in impaired 

flow.65 Our current data corroborate with these findings.

An unexpected finding of our study was the nuclear localization of nox2 and to a mi-

nor extent of p47phox. In smooth muscle cells other authors have shown the nuclear 
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presence of nox4.66/67 Kuroda et al. also reported nox4 in the nuclei of endothelial 

cells.68 However, in our study we only observed a perinuclear localization of nox4 

in endothelial cells, similar as Chen et al,69 who showed colocalization with the er 

marker protein grp78. Chen et al suggested that a c-terminal truncated variant of 

nox4 can accumulate in the nucleus. In contrast, the nox2-specific moab 48 recog-

nized nox in the nucleus of huvec. In the light of the foregoing discussion on nox4 

it is of interest to note that the moab recognizes the c-terminal part of nox2. In addi-

tion to nox2, also phox47 was encountered together with nitrosylated proteins, which 

reflects the presence of nox activity. As this activity is enhanced after incubation of 

endothelial cells with hcy, it would be of interest to further elucidate whether nucle-

ar nox activity is involved in nuclear changes accompanying apoptosis, or whether 

it has also other functions such as activation/modulation of transcription factors 

and cell proliferation.66/67

The present study has the limitation that the concentrations of hcy that we used are 

relatively high compared to physiological concentrations. However, other studies 

on endothelial cell apoptosis caused by hcy also used comparable or even higher 

concentrations of hcy up to 10 mm.23-26 Moreover, the short-term exposure (6 hours) 

to higher hcy concentrations may reflect a life-long exposure to moderately elevated 

levels of hcy, as occurs in patients. Furthermore, patients suffering from homocyst-

inuria revealed hcy levels ranging from 200-400 µm.70 Comparing these levels with 

the concentrations used in our present study, we have tested a 3-fold higher concen-

tration then physiologically occurs in these patients, taken into account that only 

the l-form of hcy has an effect on our huvecs and not the d-form.37/38 Although the 

present data suggest a general mechanism in different types of endothelial cells, 

additional studies on individual nox proteins in different types of endothelial cells 

are needed to verify whether our observation is general or whether artery, vein and 

specific microvascular endothelial cells display specific responses.

In conclusion, we have shown that hcy induces apoptosis of endothelial cells, and 

accumulation of nuclear nox2 and peri-nuclear nox4 accompanied by increased 

amounts of nitrotyrosine. These noxs provide a potential source for ros production 

in hcy-induced apoptosis of endothelial cells.
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