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2. INTRODUCTION
1. ABSTRACT
Homocysteine (Hcy) is a nonessential sulfurcontaining amino acid and an intermediate metabolic
product of the demethylated essential amino acid
methionine. Hcy is usually converted to cysteine via
transsulfuration, or to methionine by the addition of a
methyl group donated by folate (1, 2). However, the serum
concentration of Hcy increases if these pathways are
disrupted due to genetic mutations of the enzymes
involved, or deficiencies of folate, vitamin B6 or vitamin
B12 (3-6). During the past decade, Hcy has become widely
recognized as an independent and graded risk factor related
to a variety of debilitating and potentially fatal diseases in
humans. Elevated levels of Hcy (hyperhomocysteinemia,
HHcy) have been associated with atherosclerotic
cardiovascular disease in the coronary, cerebral, and
peripheral vascular beds, Alzheimer's disease, dementia,
and loss of cognitive function (7-12). HHcy is also a

Protective effects of N-acetylcysteine (NAC) on
homocysteine (Hcy)-induced injury have been reported in
vitro. However, it is not known whether NAC has a similar
effect in Hcy-induced injury during embryonic
development. In this study, we tested the hypothesis that
exogenous NAC can attenuate Hcy-induced injury in chick
embryos. Hcy-induced apoptosis and reduced embryo
viability were effectively attenuated by application of
exogenous NAC. NAC could also rescue Hcy-induced
inhibition of extra-embryonic vascular development. 2',7'Dichlorofluorescein diacetate, an indicator of reactive
oxygen species, was detected in H9C2 cells after treatment
with Hcy. The results of this study provide the first
evidence that NAC can protect against the adverse effect of
Hcy during chick embryo development, and suggest that
these effects are at least partly mediated by oxidative stress.

940

Protective effects of NAC on Hcy-induced injury in chick embryos

significant risk factor associated with pregnancy loss, and
congenital defects of the heart and neural tube (13, 14).
However, the causative role of Hcy remains controversial
and needs to be more fully elucidated.

of the ventral wall. Twenty-seven percent of embryos
showed neural tube defects and 23% of embryos showed
ventricular septal defects. Epeldegin et al (33) showed that
Hcy induced spina bifida in chick embryos, and Miller et al
(34) demonstrated Hcy-induced changes in brain membrane
composition. Overall, these studies have confirmed that
Hcy is teratogenic in chick embryos.

Oxidation of two Hcy molecules yields the
oxidized disulfide (homocystine), two protons, and two
electrons, while facilitating the formation of reactive
oxygen species (ROS). The formation of mixed disulfides
also contributes to the formation of ROS. ROS are toxic to
cells and tissues as a result of the damage caused to lipids,
nucleic acids and proteins (15). Under physiological
conditions, cells protect themselves from ROS damage
through the actions of antioxidants that remove free radical
intermediates and suppress oxidation. Disturbance of the
balance between endogenous oxidants and antioxidants
leads to oxidative stress. Oxidative stress has been shown
to be an important mechanism behind Hcy toxicity in
neuronal and vascular cells (16, 17), and Hcy has been
found to induce vascular dysfunction, atherogenesis and
neurological dysfunction via oxidative stress (18, 19). This
effect is mediated by increased production of ROS and
inactivation of nitric oxide. Meanwhile, Hcy was shown to
cause brain lipid peroxidation by blocking NMDA
receptors (20) and to directly enhance the neurotoxicity of
amyloid beta by inducing oxidative stress (20).

Exogenous NAC may attenuate Hcy-induced
injury. The protective effects of NAC on Hcy-induced cell
injury (necrosis and apoptosis) have previously been
demonstrated in vitro (35, 36), but not in vivo. Our present
study therefore aimed to test the hypothesis that exogenous
NAC could attenuate Hcy-induced injury in chick embryos.
We investigated the effects of NAC supplementation on
Hcy-induced reductions in embryo viability and Hcyinduced apoptosis. We also studied the effects of NAC
supplementation on Hcy-induced inhibition of extraembryonic vascular development.
3. MATERIALS AND METHODS
3.1. Cell culture and treatment
The H9C2 rat ventricular cell line used in this
study was purchased from American Type Culture
Collection (ATCC, Manassas, VA) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM). Cultures
were supplemented with 10% fetal bovine serum and 100
µg/ml penicillin/streptomycin. Cells were exposed to 1.5
mM D,L-homocysteine (Sigma-Aldrich, St. Louis, MO,
USA) for 12 h.

High Hcy levels in vitro induce obvious changes
in cytokine expression in vascular cells (21-23). For
example, mice with genetic HHcy demonstrate 6-fold
increases in plasma tumor necrosis factor α (TNF-α) levels
(24). TNF-α can induce cell death via reactive oxidative
intermediates (25, 26). Ungvari et al (27) showed that
HHcy raised TNF-α expression in coronary arteries of
Wistar rats, with the subsequent induction of a
proinflammatory vascular phenotype through oxidative
stress.

3.2. Embryo treatments
White Leghorn chick eggs (Bovan strain) were
purchased from Beijing Merial Vital Laboratory Animal
Technology Co., Ltd. The compounds were directly
injected into the center of the egg yolk via a small hole at
the blunt end of the egg, using an established protocol. The
normal stages of chick development were based on the
experimental procedures of Rosenquist et al. (14). Chick
embryos were treated with 50 µL of various treatment
agents [0.1 µm, 1 µm, 10 µm D,L-Hcy, 10 µm NAC
(Sigma-Aldrich, St. Louis, MO, USA), and 10 µm D,L-Hcy
plus 10 µm NAC] or 0.9% saline vehicle alone at
Hamburger-Hamilton (HH) stages 6, 8 and 12 (37).
Embryos were harvested for analysis at 72 h of incubation
(HH stage 19–20).

Both intracellular and extracellular antioxidants
play critical roles in neutralizing ROS. Antioxidants either
prevent ROS from being formed, or remove them before
they can damage vital cellular components (28).
Glutathione (GSH) acts as an antioxidant because the thiol
group in its cysteinyl moiety can be reversibly oxidized.
GSH acts as a substrate for glutathione peroxidases to
remove lipid hydroperoxides and hydrogen peroxide from
endothelial cells (29). During hypercholesterolemia and
under ischemia-reperfusion conditions, exhaustion of
endogenous GSH may also change the vascular wall's
ability to detoxify peroxynitrite (30). NAC is a thiolcontaining compound that is known to effectively increase
intracellular GSH levels, and for which extensive clinical
experience exists. NAC is an antioxidant/free radical
scavenger or reducing agent that protects against cell death,
and has been shown to prevent TNF-α-induced death of
oligodendrocytes and L929 cells (31, 32).

3.3. Embryo viability
Embryo viability was indirectly monitored by
measuring embryo mass and the percent of live embryos at
3 days of development (theoretical stage 19–20). Live
embryos were defined as those possessing a beating heart.
Injections were performed on three different occasions
(N=3), and 20–23 fertile eggs were injected per treatment
group per set of injections.

Rosenquist et al (14) administered Hcy to chick
embryos to test the hypothesis that elevated plasma Hcy
levels per se may be teratogenic during embryo
development. They demonstrated that Hcy caused
dysmorphogenesis of the heart and neural tube, as well as

3.4.
Whole-mount
terminal
deoxynucleotidyl
transferase-mediated biotinylated dUTP nick end
labeling (TUNEL)
TUNEL staining was performed as described
previously, with minor modifications. Briefly, chicken
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Table 1. The effects of homocysteine on chick embryo viability
Exogenous treatment
% Living embryos
Embryo mass (g)
Saline (control)
95.8±3.6 (N=3)
0.0176±0.0019 (N=24)
Hcy (10 µm)
60.0±6.2 (N=3) 1
0.0117±0.0021 (N=20)2
Hcy (1 µm)
85.5±1.9.0 (N=3)
0.0149±0.0028 (N=23) 1
Hcy (0.1 µm)
85.8±2.2 (N=3)
0.0159±0.0030 (N=23) 1
1
2
Hcy: homocysteine, Data presented as mean±standard deviation, P<0.01, P<0.001
Table 2. The effects of homocysteine and/or N-acetylcysteine on chick embryo viability
Exogenous treatment
% Living embryos
Embryo mass (g)
Saline (control)
98.0±3.3 (N=3)
0.0181±0.0018 (N=24)
Hcy (10 µm)
63.9±6.6 (N=3) 1
0.0112±0.0021 (N=20) 2
Hcy (10 µm) and NAC (10 µm)
80.0±6.7 (N=3)
0.0147±0.0025 (N=22) 1
NAC (10 µm)
91.4±4.0 (N=3)
0.0166±0.0017 (N=23)
Hcy: homocysteine; NAC: N-acetylcysteine, Data presented as mean±standard deviation, 1P<0.01, 2P<0.001
embryos were fixed, dehydrated, and rehydrated through
graded methanol concentrations into PBS containing 0.1%
Tween-20 (PBST). The Apoptosis Detection System,
DeadEnd Colorimetric TUNEL System (Promega, Madison,
WI, USA) was used for in situ visualization of DNA
fragmentation in whole mount embryos. After washing in
PBST, embryos were treated with proteinase-K, refixed in
methanol-free 4% formaldehyde, incubated in equilibration
buffer for 10 min at room temperature, and transferred to a
solution consisting of equilibration buffer, nucleotide mix and
TdT enzyme (all supplied with the kit) for 12 h at 4°C, in the
dark. The reaction was terminated by immersing the slides in
2×SSC for 30 min at room temperature. Embryos were then
immersed in 0.3% hydrogen peroxide for 1 h at room
temperature to block endogenous peroxidases. After three
washes with PBT, the embryos were incubated with
streptavidin-horseradish peroxidase for 2 h at room
temperature and then stained with diaminobenzidine for 15
min. Finally, the embryos were examined and recorded using a
20× objective on a Nikon TE 2000-U microscope (Nikon
Instruments, Inc., Melville, NY).

4. RESULTS

3.5. Extra-embryonic vascular development
Each surviving chick embryo (determined by the
presence of a heartbeat) was photographed using a SONY
Cyber-shot camera. The images were scaled to 1 cm in the
plane of the embryo, and scanned into Adobe Photoshop
(Microtek, Scanmaker III, Redondo Beach, CA) for
quantification of relative extra-embryonic vascular area,
using ImagePro software, as described by Hayek et al (38).

4.2. Whole-mount TUNEL
Exogenous Hcy increased apoptosis, as measured
by whole-mount TUNEL assay. Obvious TUNEL-positive
staining was observed in Hcy (10 µm) treated embryos
(Figure 1A), compared with saline-treated embryos (Figure
1B). There was no obvious TUNEL-positive staining in
NAC-treated (10 µm) embryos (Figure 1C). However,
when mixed with Hcy, exogenous NAC resulted in a
significant decrease in TUNEL-positive staining (Figure
1D).

4.1. Embryo viability
The optimal exposure dose of Hcy was
determined by treating embryos at HH stages 6, 8 and 12
with increasing Hcy concentrations (0.1, 1, and 10 µm).
The results showed that exogenous Hcy reduced embryo
viability in a dose-dependent manner, as indicated by Hcyinduced reductions in the percentages of live embryos and
in embryo masses (Table 1). Hcy (10 µm) gave the highest
rate of (% surviving) * (% dead. Therefore, 10 µm of Hcy
is the best exposure dose which is equal to the daily dosage
as used by Rosenquist et al (14), and a single dose of 10
µm Hcy was therefore used in the following experiment.
Exogenous NAC had no significant effect on
embryo survival or embryo mass, compared with saline
controls. However, when embryos were co-treated with
Hcy and NAC, embryo survival and embryo masses were
significantly higher than when embryos were treated with
Hcy alone (Table 2).

3.6. ROS detection
For ROS detection, treated cells were incubated
in 10 µM 2',7'-dichlorofluorescein diacetate (DCFH-DA)
(Sigma-Aldrich, St. Louis, MO, USA) for 20 min at 37°C
and washed three times for 5 min with DMEM.
Fluorescence was observed at 488 nm wavelength
excitation

4.3. Extra-embryonic vascular development
The first endothelial cells start to differentiate at
HH stage 8. Circulation begins around HH stage 12, and
the vitelline vessels begin to branch in response to tissue
growth and the resulting hypoxic stimulation (37). Embryos
in this study were analyzed at 72 h (HH stage 20), by which
time most of the main early developmental patterning
events have already taken place. Chick embryos
demonstrated significantly impaired extra-embryonic
vascular development following exposure to Hcy (10 µm)
(Figure 2A). Hcy (10 µm) also strikingly reduced vascular
density, defined as the relative vascular area measured

3.7. Data analysis
Group data are expressed as means ± SEM.
Statistical comparisons (performed using ANOVA
followed by Dunnett’s method) were carried out using
Microsoft Excel. Two-tailed P<0.01 values indicated
statistically significant differences.
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Figure 1. Whole-mount TUNEL assay for apoptosis. Obvious TUNEL-positive staining was observed in Hcy (10 µm)-treated
embryos (A) compared with saline-treated controls (B).There was no significant TUNEL-positive staining in NAC (10 µm)treated embryos (C). When co-administered with Hcy, exogenous NAC resulted in a significant decrease in TUNEL-positive
staining (D).
using ImagePro software. The average relative vascular
area for a normal chick embryo at day 3 was 3.41.
Treatment with 10 µM Hcy significantly decreased the
relative vascular area to 1.38, P<0.001 (Figure 2B).
Exogenous NAC did not alter the relative vascular area
compared with the saline control, but resulted in a 1.58-fold
increase in relative vascular area (from 1.38 to 2.18,
p<0.001) when mixed with Hcy. These results showed that
exogenous NAC could partially rescue Hcy-induced
inhibition of extra-embryonic vascular development.

Hcy promoted apoptosis, as measured by whole-mount
TUNEL assay. DCFH-DA staining was increased
compared with controls when H9C2 cells were treated with
Hcy for 12 h, demonstrating Hcy-induced ROS generation.
Extra-embryonic vascular development was
significantly impaired in chick embryos following exposure to
Hcy (10 µM), and relative vascular area was strikingly
reduced. Hcy is known to inhibit endothelial cell proliferation
and migration, resulting in reduced angiogenesis (39, 40), and
Hcy has been shown to induce cardiac outflow malformations
and vessel wall thickening (41, 42). Latacha and Rosenquist
(43) also demonstrated that Hcy inhibited extra-embryonic
vascular development in the avian embryo. Hcy may facilitate
ischemia, necrosis, apoptosis, and membrane lipid
peroxidation via impaired angiogenesis and cardiovascular
circulation. The failure of the Hcy-treated embryos to thrive
may thus be due to disruption of the vasculature.

4.4. ROS detection
To further confirm the effects of Hcy, H9C2
cells (rat ventricular cell line) were treated with Hcy (1.5
mM) for 12 h. DCFH-DA, an indicator of ROS, was
detected by fluorescence at 488 nm wavelength excitation.
The result showed that DCFH-DA staining was increased
after Hcy treatment (Figure 3A), compared with control
(Figure 3B), indicating Hcy-induced ROS generation.

Exogenous NAC effectively attenuated Hcyinduced reduction in chick embryo viability and Hcyinduced apoptosis. Exogenous NAC was also able to rescue
the Hcy-induced inhibition of extra-embryonic vascular
development. Our results provide the first demonstration of
the protective effects of NAC against Hcy-induced adverse
effects in chick embryos. NAC acts via two main
mechanisms: (a) as a scavenger of free radicals and (b) by
increasing intracellular levels of GSH (31). Both of these
antioxidative activities may help to protect against cell
death induced by oxidative stress. The auto-oxidation of
Hcy can disrupt redox homeostasis and thus cause

5. DISCUSSION
Hcy reduced embryo viability in a dosedependent manner, as indicated by reduced embryo
survival and decreased embryo mass. TUNEL-positive
staining was also observed in Hcy-treated embryos. Two
Hcy molecules can undergo auto-oxidation to form a dimer
(Hcy-oxidized disulfide), so releasing two hydrogen ions
and two electrons. Hydrogen peroxide and hydroxyl
radicals can thus be generated (15), and these ROS can in
turn promote membrane lipid peroxidation and subsequent
necrosis and apoptosis. It was therefore not surprising that
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Figure 2. Hcy inhibited the development of the extra-embryonic vasculature. NAC partially rescued the development of extraembryonic vasculature (A). C: saline (control); H: Hcy (10 µm); N: NAC (10 µm); H+N: Hcy (10 µm) + NAC (10 µm). Hcy
significantly reduced the relative area of extra-embryonic vasculature (B). The average relative vascular area for a normal chick
embryo at day 3 was 3.41. Treatment with 10 µM Hcy significantly decreased the relative vascular area to 1.38. NAC did not
alter the relative vascular area compared with the saline control, whereas exogenous NAC mixed with Hcy resulted in a 1.58-fold
increase in relative vascular area from 1.38 to 2.18. The error bars indicate one standard error of the mean (SEM) between
repeated experiments. Each experiment was repeated three times with 13 embryos per group. *P<0.001.
oxidative stress, and Hcy can also reduce the expression of
the cellular isoform of glutathione peroxidase, as
demonstrated both in vitro and in vivo (44, 45). Glutathione
peroxidase utilizes GSH to reduce hydrogen peroxide and

lipid peroxides to their respective alcohols, and may also
act as a peroxynitrite reductase (46). Weiss et al (47)
demonstrated that overexpression of cellular glutathione
peroxidase could rescue Hcy-induced endothelial
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Figure 3. ROS detection in H9C2 cells. DCFH-DA staining was obviously increased in H9C2 cells after treatment with Hcy (1.5
mM) for 12 h (A), compared with control (B), indicating Hcy-induced ROS generation.
dysfunction. Thus, NAC may protect chick embryos from
Hcy-induced adverse effects either by acting as a scavenger
of free radicals or as a precursor of GSH.
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In conclusion, this is the first study to
demonstrate that exogenous NAC can attenuate Hcyinduced apoptosis and rescue Hcy-induced inhibition of
extra-embryonic vascular development in vivo. However,
the mechanism by which Hcy damages the chick embryo is
complicated and multifactorial, and further studies are
needed to illuminate the mechanisms whereby NAC
attenuates
Hcy-induced
impairment
of
embryo
development.

4. NMJ Van der Put, TK Eskes, HJ Blom: Is the common
677C>T mutation in the methylenetetrahydrofolate
reductase gene a risk factor for neural tube defect? A metaanalysis. QJM 90, 111-115 (1997)
5. NMJ Van der Put, CM Thomas, TK Eskes, FJ Trijbels,
RP Steegers-Theunissen, EC Mariman, A De Graaf-Hess,
JA Smeitink, HJ Blom: Altered folate and vitamin B12
metabolism in families with spina bifida offspring. QJM
90, 505-510 (1997)

6. ACKNOWLEDGMENTS
Zhong-Ji Han, Yi Cui contributed equally to this
work. Xu Ma and Hong-fei Xia aer co-corresponding
author. This work was supported by the National Basic
Research Program of China (No. 2007CB511905) and the
National Infrastructure Program of Chinese Genetic
Resources (No. 2006DKA21300). We thank members of
Dr. Xu Ma’s laboratory for helpful discussions and
comments on the manuscript and Dr. Heming Yu for
providing laboratory space.

6. R Obeid, H Schorr, R Eckert, W Herrmann: Vitamin B12
status in the elderly as judged by available biochemical
markers. Clin. Chem. 50, 238-241 (2004)

7. REFERENCES

8. GH Boers: Mild hyperhomocysteinemia is an
independent risk factor of arterial vascular disease. Semin
Thromb Hemost 26(3), 291-295 (2000)

7. EK Hoogeveen, PJ Kostense, C Jakobs, JM Dekker, G
Nijpels, RJ Heine, LM Bouter, CD Stehouwer:
Hyperhomocysteinemia increases risk of death, especially
in type 2 diabetes: 5-year follow-up of the Hoorn Study.
Circulation 101(13), 1506-1511 (2000)

1. NMJ van der Put, HWM Van Straaten, FJM Trijbels, HJ
Blom: Folate, homocysteine, and neural tube defects: an
overview. Exp. Biol. Med (Maywood)226, 243-270 (2001)

9. GN Welch, J Loscalzo: Homocysteine and
atherothrombosis. N Engl J Med 338(15), 1042-50 (1998)

2. AL Miller, GS Kelly: Methionine and homocysteine
metabolism and nutritional prevention of certain birth
defects and complications of pregnancy. Alt. Med. Rev 1,
220-235 (1996)

10. CD Stehouwer, MP Weijenberg, M.van der Berg, C
Jakobs, EJ Feskens, D Kromhout: Serum homocysteine and
risk of coronary heart disease and cerebrovascular disease

945

Protective effects of NAC on Hcy-induced injury in chick embryos

in elderly men: a 10-year follow-up. Arterioscler Thromb
Vasc Biol 18(12), 1895-1901 (1998)

and secretion of monocyte chemoattractant protein-1 and
interleukin-8 in human aortic endothelial cells: implications
for vascular disease. Circulation 103, 2717-2723 (2001)

11. E Joosten, E Lesaffre, R Riezler, V Ghekiere, L
Dereymaeker, W Pelemans, E Dejaeger: Is metabolic evidence
for vitamin B-12 and folate deficiency more frequent in elderly
patients with Alzheimer’s disease? J Gerontol Biol Sci Med Sci
52, M76-M79 (1998)

24. MA. Hofmann, E Lalla, Y Lu, MR Gleason, BM Wolf,
N Tanji, LJ Ferran Jr, B Kohl, V Rao, W Kisiel, DM Stern,
AM Schmidt: Hyperhomocysteinemia enhances vascular
inflammation and accelerates atherosclerosis in a murine
model. J Clin Invest 107, 675-683 (2001)

12. A McCaddon, G Davies, P Hudson, S Tandy, H Cattell:
Total serum homocysteine in senile dementia of Alzheimer
type. Int J Geriatr Psychiatry. 13, 235-239 (1998)

25. GH. Wong, JH Elwell, L W. Oberley, DV Goeddel:
Manganous superoxide dismutase is essential for cellular
resistance to cytotoxicity of tumor necrosis factor. Cell 58,
923-931 (1989)

13. WL Nelen, HJ Blom, EA Steegers, M den Heijer, TK
Eskes: Hyperhomocysteinemia and recurrent early pregnancy
loss: a meta-analysis. Fertil Steril 74, 1196-1199 (2000)

26. K Schulze-Osthoff, R Beyaert, V Vandevoorde, G
Haegeman, W Fiers: Depletion of the mitochondrial electron
transport abrogates the cytotoxic and gene-inductive effects of
TNF. EMBO J. 12, 3095-3104 (1993)

14. TH Rosenquist, SA Ratashak, J Sehlub: Homocysteine
induces congenital defects of the heart and neural tube: effect
of folic acid. Proc Natl Acad Sci USA 93, 15227-15232 (1996)

27. Z Ungvari, A Csiszar, JG Edwards, PM Kaminski, MS
Wolin, G Kaley, A Koller: Increased superoxide production in
coronary arteries in hyperhomocysteinemia: role of tumor
necrosis factor-alpha, NAD(P)H oxidase, and inducible nitric
oxide synthase. Arterioscler. Thromb Vasc Biol 23, 418-424
(2003)

15. MR Hayden, SC Tyagi: Islet redox stress: the manifold
toxicities of insulin resistance, metabolic syndrome and amylin
derived islet amyloid in type 2 diabetes mellitus. JOP 3(4), 86108 (2002)
16. CG Zou and R Banerjee: Homocysteine and redox
signaling. Antioxid. Redox. Signal.7, 547-559 (2005)

28. S Vertuani, A Angusti, S Manfredini: The antioxidants and
pro-antioxidants network: an overview. Curr Pharm Des 10,
1677-1694 (2004)

17. N Weiss, SJ Heydrick, O Postea, C Keller, JF Keaney Jr, J
Loscalzo: Influence of hyperhomocysteinemia on the cellular
redox state–impact on homocysteine-induced endothelial
dysfunction. Clin. Chem. Lab. Med 41, 1455-1461 (2003)

29. A Meister: Glutathione-ascorbic acid antioxidant system in
animals. J Biol Chem 269, 9397-9400 (1994)

18. SJ James, P Cutler, S Melnyk, S Jernigan, L Janak, DW
Gaylor, JA Neubrander: Metabolic biomarkers of increased
oxidative stress and impaired methylation capacity in children
with autism. Am. J Clin. Nutr. 80, 1611-1617 (2004)

30. XL Ma, BL Lopez, GL Liu, TA Christopher, F Gao, Y
Guo, GZ Feuerstein, RR Ruffolo Jr, FC Barone, TL Yue:
Hypercholesterolemia impairs a detoxification mechanism
against peroxynitrite and renders the vascular tissue more
susceptible to oxidative injury. Circ Res 80, 894-901 (1997)

19. PI Ho, SC Collins, S Dhitavat, D Ortiz, D Ashline, E
Rogers, TB Shea: Homocysteine potentiates beta amyloid
neurotoxicity: role of oxidative stress. J Neurochem 78,
249-253 (2001)

31. M Mayer, M Noble: N-Acetyl-L-cysteine is a pluripotent
protector against cell death and enhancer of trophic factormediated cell survival in vitro. Proc Natl Acad Sc USA 91,
7496-7500 (1994)

20. A Jara-Prado, A Ortega-Vazquez, L Martine-Ruano, C
Rios, A Santamaria: Homocysteine-induced brain lipid
peroxidation: effects of NMDA receptor blockade,
antioxidant treatment, and nitric oxide synthase inhibition.
Neurotox. Res 5, 237-243 (2003)

32. IA Cotgreave: N-acetylcysteine: Pharmacological
considerations and experimental and clinical applications. Adv
Pharmacol 38, 205-227(1997)
33. M Epeldegiu, A Pena-Mellan, G Varela-Moreiras, J PerzMiguelsanz: Homocysteine modifies development of
neurulation and dorsal root ganglia in chick embryos.
Teratology 65, 171-179 (2002)

21. G Chacko, Q Ling, KA Hajjar: Induction of acute
translational response genes by homocysteine. Elongation
factors-1alpha, -beta, and -delta. J Biol Chem 273, 1984019846 (1998)
22. A Desai, HA Lankford, JS Warren: Homocysteine
augments cytokine-induced chemokine expression in
human vascular smooth muscle cells: implications for
atherogenesis. Inflammation 25, 179-186 (2001)

34. RR Miller, CM Leanza, EE Phillips, KD Blacquire:
Homocysteine-induced changes in brain membrane
composition correlate with increased brain caspase-3 activities
and reduced chick embryo viability. Comp Biochem Physiol B
Biochem Mol Biol 136,521-532 (2003)

23. R Poddar, N Sivasubramanian, PM Dibello, K
Robinson, DW Jacobsen: Homocysteine induces expression

35. A Kamudhamas, LY. Pang, SD Smith, Y Sadovsky,
DM Nelson: Homocysteine thiolactone induces apoptosis

946

Protective effects of NAC on Hcy-induced injury in chick embryos

in cultured human trophoblasts: A mechanism for
homocysteine-mediated placental dysfunction? Am J Obstet
Gynecol 191, 563-571 (2004)

47. N Weiss, YY Zhang, S Heydrick, C Bierl, J Loscalzo:
Overexpression of cellular glutathione peroxidase rescues
homocyst(e)ine-induced endothelial dysfunction. Proc Natl
Acad Sci USA.98(22), 12503-12508 (2001)

36. N Ferlazzo, S Condello, M Curro, G Parisi, R Ientile, D
Caccamo: NF-kappaB activation is associated with
homocysteine-induced injury in Neuro2a cells. BMC
Neurosci 9, 62 (2008)

Abbreviations:
NAC,
N-acetylcysteine;
Hcy,
homocysteine; ROS, reactive oxygen species; GSH,
glutathione; DCHFDA, 2′,7′-dichlorodihydrofluorescein
diacetate

37. V Hamburger, HL Hamilton: A series of normal stages
in the development of the chick embryo. J Morph 88, 49-58
(1951)

Key Words: homocysteine; N-acetylcysteine; reactive
oxygen species; oxidative stress

38. A Hayek, GM Beattie, D Lopez, P Chen: The use of
digital image processing to quantitate angiogenesis induced
by basic fibroblast growth factor and transplanted
pancreatic islets. Microvasc Res 41, 203-209 (1991)

Send correspondence to: Xu Ma, Department of Genetics,
National Research Institute for Family Planning, 12 Da-hui-si,
Hai Dian, Beijing, 100081, China, Tel: 86-10-62179059, Fax:
86-10-62179059, E-mail: genetic@263.net.cn

39. Y Nagai, H Tasaki, H Takastu, S I. Nihei, K Yamashita,
T Toyokawa, Y Nakashima: Homocysteine inhibits
angiogenesis in vitro and in vivo. Biochem Biophys Res
Commun 281, 726-731 (2001)

http://www.bioscience.org/current/vol2E.htm

40. A Rodriguez-Nieto, T Chavarria, B Martinez-Poveda,
AR Sanchez-Jime, MA Mediana: Anti-angiogenic effects
of homocysteine on cultured endothelial cells. Biochem.
Biophys. Res. Commun 293, 497-500 (2002)
41. MJ Boot, RP Steegers-Theunissen, RE Poelmann, L
van Iperen, AC Gittenbererde Groot: Homocysteineinduced endothelial cell detachment and vessel wall
thickening during chick development. Circ. Res 94, 542549 (2004)
42. MJ Boot, RP Steegers-Theunissen, RE Poelmann, L
van Ipeen, AC Gittenbererde Groot: Cardiac tract outflow
tract malformations in chick embryos exposed to
homocysteine. Cardiovasc Res 64, 365-373 (2004)
43. KS. Latacha, TH Rosenquist: Homocysteine Inhibits
Extra-Embryonic Vascular Development in the Avian
Embryo. Dev Dyn. 234(2), 323-331 (2005)
44. GR Upchurch Jr, GN Welch, AJ Fabian, JE Freedman,
JL Johnson, JF Keaney Jr, J Loscalzo: Homocyst(e)ine
decreases bioavailable nitric oxide by a mechanism
involving glutathione peroxidase J Biol Chem 272, 1701217017 (1997)
45. PA Outinen, SK Sood, SI Pfeifer, S Pamidi, TJ Podor, J
Li, JI Weitz, RC Austin: Homocysteine-induced
endoplasmic reticulum stress and growth arrest leads to
specific changes in gene expression in human vascular
endothelial cells. Blood 94, 959-967 (1999)
46. H Sies, VS Sharov, LO Klotz, K Briviba: Glutathione
peroxidase protects against peroxynitrite-mediated
oxidations. A new function for selenoproteins as
peroxynitrite reductase J Biol. Chem 272, 27812-27817
(1997)

947

