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Abstract

Clinical studies have raised the possibility that elevated plasma levels of homocysteine increase the risk of atherosclerosis, stroke and
possibly neurodegenerative diseases such as Alzheimer’s disease (AD); however, the direct impact of homocysteine on neuron cells and the
mechanism by which it could induce neurodegeneration have yet to be clearly demonstrated. Here, we investigated the effect of
homocysteine on endoplasmic reticulum (ER) stress, the suggested mechanism of neurotoxicity, in human neuroblastoma SH-SY5Y cells.
The effect of homocysteine on amyloid-p (Ap)-induced neurotoxicity and the protective activity of folate were also investigated.
Homocysteine led to increased expressions of the binding protein (BiP) and the spliced form of X-box-protein (XBP)-1 mRNAs, suggesting
activation of the unfolded-protein response and an increase in apoptosis. When cells were cotreated with homocysteine and AB, caspase-3
activity was significantly increased, and expressions of BiP and the spliced form of XBP-1 mRNAs were significantly induced. The
neurotoxicity of homocysteine was attenuated by the treatment of cells with folate, as determined by caspase-3 activity and apoptotic body
staining. These findings indicate that homocysteine induces ER stress and, ultimately, apoptosis and sensitizes neurons to amyloid toxicity
via the synergistic induction of ER stress. Furthermore, a neuroprotective effect of folate against homocysteine-induced toxicity was also
observed. Therefore, the findings of our study suggest that ER stress-induced homocysteine toxicity may play an important physiological role
in enhancing the pathogenesis of Ap-induced neuronal degeneration.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction cysteine levels contribute to cell injury in a range of diseases

including arteriosclerosis, stroke and neurodegenerative

Deficiency in folate has been shown to be related to
neurodegeneration, thereby enhancing the influence of other
risk factors for neurotoxicity; this is accomplished at least in
part by increasing levels of the neurotoxin homocysteine.
Homocysteine is a sulfur-containing amino acid formed in
the course of the metabolism of methionine. High homo-
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diseases [1,2]. Varying factors have been shown to contribute
to the development of hyperhomocysteinemia, including
nutritional deficiencies in B vitamin cofactors, inherited
genetic disorders and age [2]. An association between
hyperhomocysteinemia and Alzheimer’s disease (AD) has
been well established [3.4]; furthermore, several follow-up
studies have shown that high homocysteine concentration
preceded the diagnosis of AD [5—7]. In previous studies
using neuronal cells and animal brains [8], cytotoxicity
caused by homocysteine was induced by the overstimulation
of N-methyl-D-aspartate (NMDA) receptors and resultant
calcium influx [9,10] as well as oxidative stress [11].

The endoplasmic reticulum (ER) is a subcellular compart-
ment in which transmembrane, secretory and ER-resident
proteins are folded and processed. Interference of the N-
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linked protein glycosylation, aberrant calcium homeostasis,
viral infection and the reduction of disulfide bonds stimulate
the accumulation of unfolded proteins in the ER [12]. In
recent years, significant progress has been made in
elucidating the molecular mechanisms of the mammalian
unfolded protein response (UPR). The UPR represents a set
of coordinated signaling cascades by which ER communicates
with the nucleus to induce genes involved in adaptive
pathways and apoptosis. These cascades are activated by an
imbalance between the substrate protein burden on the ER and
its protein folding capacity. The activation of UPR involves the
concerted action of three proximal ER transmembrane
proteins: RNA-dependent protein kinase (PKR)-like ER
kinase, activating transcription factor 6 (ATF6) and inositol-
requiring enzyme 1 (IRE1). The expression of chaperones such
as the binding protein (BiP) is simultaneously increased to
attenuate ER stress. On the other hand, excessive or
prolonged ER stress results in irreversible cell injury and
apoptotic cell death [13,14]. Homocysteine has been
suggested to be one of several ER stress inducers on human
endothelial cells [15,16], HepG2 cells [17] and primary
neuronal cells [18], based on observations that it might cause
the induction of ER chaperones.

AD, the most prevalent neurodegenerative disease in
humans, is clinically characterized by a progressive loss of
memory and cognitive impairment and pathologically
characterized by the deposition of senile plaques composed
of amyloid P-peptide (AP), the formation of intracellular
neurofibrillary tangles due to an abnormal phosphorylation
of tau proteins and neuronal loss due to neuronal death
[19,20]. Several studies have suggested that neuronal death
in AD could arise from ER stress due to the accumulation of
unfolded proteins [19,21]. Homocysteine has also been
shown to have an additive effect on the AP-induced
oxidative stress and DNA impairment [1,22,23]; however,
the specific intracellular signaling pathways leading to Ap-
triggered neuronal cell death have yet to be fully defined.
Accordingly, in the present study, we investigated the
mechanisms involved in homocysteine-induced cell death
and the effect of homocysteine on neurotoxicity by AP,
using human neuroblastoma SH-SY5Y cells. The possible
neuroprotective effect of folate against homocysteine-
induced toxicity was also investigated.

2. Materials and methods

2.1. Cell culture

Human neuroblastoma SH-SYS5Y cells were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM) supplemen-
ted with 10% fetal bovine serum (Cambrex, Walkersville, MD,
USA), 100 U/ml penicillin, 100 pg/ml streptomycin at 37°C in
a humidified 95% air and 5% CO, incubator. Before treatment,
cells were washed with phosphate-buffered saline (PBS) and
treated with AP 25-35 (Sigma, St. Louis, MO, USA),
tunicamycin, homocysteine and/or folate under serum-free

conditions for 4 h unless otherwise specified. The Ap 25-35
fragment of AP has been shown to retain several toxicological
properties of the native full-length peptide [24]. Tunicamycin
(Sigma), which inhibits N-glycosylation of target asparagines
residue in the luminal domains of proteins, was used as a
positive control in inducing ER stress.

2.2. Determination of cell viability

Cell viability was assessed using the trypan blue
exclusion test, which is based on the capability of viable
cells to exclude the trypan blue dye. The effect of each
treatment on cell viability was assessed as the percentage of
the respective value obtained when control cells were taken
as 100% viable.

2.3. Determination of reactive oxygen species generation

To monitor net intracellular accumulation of reactive
oxygen species (ROS), the fluorescent probe 2'7’-dichloro-
fluorescein diacetate (DCF-DA) was used. Following treat-
ment, cells were incubated with 10 pM DCF-DA in phenol-
free DMEM medium for 30 min at 37°C. Cells were then
harvested with PBS containing 0.5% Triton X-100. DCF
fluorescence was measured using a fluorometer (Multilabel
Plate Reader, Perkin Elmer, Waltham, MA, USA) with
excitation at 490 nm and emission at 520 nm. Intensity of
ROS was expressed as the relative value compared to control.

2.4. Determination of expression of ER stress genes
using semiquantitative reverse transcriptase-polymerase
chain reaction

Total cellular RNA was isolated using Trizol Reagent
(Life Technologies, Rockville, MD, USA), and cDNA was
synthesized using 2 pg of total RNA with the Superscript
First-strand synthesis system (Life Technologies). For
amplification of cDNA, primers for BiP (upstream, GGTA-
CATTTGATCTGACTG; downstream, CACTTCCATA-
GAGTTTGCTG) and primers for XBP-1 (upstream,
AAACAGAGTAGCAGCTCAGACTGC; downstream,
TCCTTCTGGGTAGACCTCTGGGAG) were used. Expres-
sion of B-actin was examined as an internal control (upstream,
GTTTGAGACCTTCAACACCCC; downstream, GTGG-
CCATCTCCTGCTCGAAGTC). Primers of XBP-1 were
designed to generate cDNA product encompassing the IRE1
cleavage site as previously described [25]. The unspliced and
spliced mRNAs generate 480- and 454-bp cDNA products,
respectively. These fragments were further digested by Pstl to
check whether a Pstl restriction site was lost after IRE1-
mediated splicing of mRNA. cDNA products from the
unspliced mRNA yielded two short fragments (289 and 191
bp) after digestion. For each combination of primers, the
kinetics of polymerase chain reaction (PCR) amplification was
studied, the number of cycles corresponding to plateau was
determined, and PCR was performed within the exponential
range. Amplified products were separated on an agarose gel
and visualized with ethidium bromide staining.
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2.5. Apoptosis analysis by 4'-6-diamidino-2-phenylindole
staining

To detect apoptotic body, cells were plated at 4-well
chamber slides, which were coated with poly-lysine. After
treatment, medium was removed and cells were fixed with
4% paraformaldehyde and fixed cells were stored with
70% ethanol at —20°C until analysis. For 4’-6-diamidino-2-
phenylindole (DAPI) staining, cells were incubated with
1 pg/ml DAPI for 10 min at room temperature.

2.6. Determination of caspase-3 activities

The activity of caspase-3 was measured by caspase-3
colorimetric assay kit (MBL, Woburn, MA, USA) as
described by the manufacturer. Absorbance was measured
using a multiwell reader (Bio-Rad, Tokyo, Japan) at 405 nm
every 30 min to confirm the linearity of absorbance. Protein
content was determined using the protein assay reagent (Bio-
Rad, Hercules, CA, USA). Caspase-3 activity was first
expressed as change in absorbance units per microgram of
protein and per hour and then converted to the relative value
compared to control.

2.7. Statistical analysis

The data were analyzed using SAS software. For all
experiments, either Student’s ¢ test or one-way analysis of
variance followed by Duncan’s multiple range test were
employed to assess the statistical significance. Data were
expressed as mean+S.E.M., and statistically significant
difference was considered to be present at P<05.

3. Results

3.1. Homocysteine-potentiated, AfB-induced cytotoxicity in
SH-SY5Y cells

We first determined the cytotoxic effect of homocysteine
on SH-SYSY cells by incubating cells in a medium
supplemented with different concentrations of homocys-
teine. Progressive cell death was shown to be dose- and time-
dependent (Fig. 1A); however, the treatment of cells with
5 mM cysteine did not induce any apparent cell toxicity (data
not shown), suggesting that the effect was specific to
homocysteine. Given that the level of plasma homocysteine
is elevated in AD patients [5], we determined that
homocysteine modifies neuronal vulnerability to AP (Fig.
1B). Exposure to 10 uM Ap 25-35 caused the death of
~24.1% of the cells during a 4-h exposure period. When
cells were exposed to both AP and homocysteine, the extent
of cell death caused by combined treatment was significantly
greater than that caused by homocysteine alone but not
significantly greater than that caused by AP alone.

3.2. Homocysteine induced apoptosis in SH-SY5Y cells

Based on our observation that homocysteine acted to
induce neurotoxicity, we found that SH-SYS5Y cells died in

120
[14h
100 a8 méh
B
ey 1
§ 80 e c
3 i B8
= 80 T
[
2
& 40
] [
e 1
1
20
0 L L 1
Control 5mM Hey 10mM Hey
120
100 =
b
D@ } be
= 80 } ¢
1
g 60
[
=
® 40
0]
x
20
0 L
Control 5mM Hcy 10pM Ab 5mM Hey +
10uM Ab

Fig. 1. The effect of homocysteine and AP on viability of SH-SY5Y cells.
(A) Cells were treated with homocysteine (5 or 10 mM) for 4 or 8 h. Cell
number was determined by trypan blue exclusion test (=3 independent
experiments). (B) Cells were treated with homocysteine and/or Ap for 4 h.
Cell number was determined by trypan blue exclusion test (n=3-5
independent experiments). Means not followed by the same superscript
are significantly different at P<05.

an apoptotic manner, as deduced from the results of DAPI
staining and caspase-3 activity. We were able to clearly
observe the apoptotic bodies when cells were treated with
5 mM homocysteine for 4 h (Fig. 2B). Changes in cell
morphology, such as cell shrinkage, were also observed in
homocysteine-treated cells (data not shown). In contrast,
very few condensed and fragmented nuclei were observed in
the control cells (Fig. 2A). Caspase-3 activity was also
significantly increased by 4 h of 5 mM homocysteine
treatment (Fig. 2B). An increased number of apoptotic
bodies were observed when cells were cotreated with 5 mM
homocysteine and 10 uM AP for 4 h (Fig. 2A), indicating
that homocysteine potentiates AP-induced neuronal toxicity.
This result was also confirmed by a significant increase in
caspase-3 activity when cells were cotreated with homo-
cysteine and Ap (Fig. 2B).

3.3. Cytotoxic effect of homocystine did not involve
oxidative stress in SH-SY5Y cells

To determine the intermediate accumulation of intracel-
lular reactive oxygen, we used DCF-DA, which is freely
permeable to cells and is converted to DCF in response to
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Fig. 2. The effect of homocysteine and AP on apoptosis of SH-SY5Y cells. (A) Cells were exposed to different treatments for 4 h, stained with DAPI and
visualized under fluorescein UV optics (original magnification x400). (B) The caspase-3 activity of cells after different treatments for 4 h (»=3 independent
experiments). Means not followed by the same superscript are significantly different at P<05.

hydrogen peroxide (H,0,) or nitric oxide in cells. Exposure
of cells to 5 mM homocysteine caused a significant decrease
in ROS (80.1% of control; P<05), suggesting that homo-
cysteine did not induce oxidative stress; this result was also
supported by fluorescence microscopy (data not shown). To
confirm the DCF-DA results, we pretreated cells with
Vitamin C, Vitamin E or N-acetylcysteine (NAC) and
measured the protective effect of antioxidants on homo-
cysteine-induced cell death; in doing so, we failed to observe
any inhibitory effects of these antioxidants (Table 1). In
contrast, the antioxidants showed antioxidative effects in
cells treated with H,O,. A 4-h treatment with AR (10 uM)
also failed to significantly induce oxidative stress (103.5% of
control). This result is consistent with the findings of a

previous study that only a 24-h treatment significantly
decreased GSH levels; no effect was observed at earlier time
points (1 and 5 h) [26].

3.4. ER stress was involved in the cytotoxic effect of
homocystine in SH-SY5Y cells

To confirm the observation that homocysteine could
induce ER stress and subsequently ER stress-mediated
apoptosis, we treated SH-SYSY cells with 5, 10 and
20 mM homocysteine for 4 h and then measured the
mRNA expression levels of ER stress response genes by
reverse transcriptase-PCR (RT-PCR) (Fig. 3A). BiP has
been shown to regulate the ER stress-sensing pathways, and
XBP-1 mRNA splicing has been shown to be involved in the
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Table 1
The effect of antioxidants on cell viability treated with H,O, or homocysteine

Treatment Relative viability (%)
Control 100

H,0, 46.2+0.9*

H,0, + Vit C 82.4+0.4F

H,0, + Vit E 70.9+1.5%

H,0, + NAC 81.4+1.87

Hey 70.9+1.5*

Hey + Vit C 74.1£2.3

Hey + Vit E 70.2+2.4

Hey + NAC 73.5+1.5

Cells were pretreated with 100 uM Vit C, 100 uM Vit E or 10 mM NAC for
2 h and cotreated with 500 pM H,O, or 5 mM Hcy (homocysteine) for 4h.
Cell number was determined by trypan blue exclusion test (#=3 independent
experiments).
Vit, vitamin.

* Significantly different with control at P<05.

T Significantly different with H,O, at P<05.

transcriptional up-regulation of UPR-inducible genes [27].
Homocysteine greatly induced expressions of BiP and the
spliced forms of XBP-1, especially the induction of BiP in a
dose-dependent manner (Fig. 3B). The relative mRNA level
of unspliced form of XBP-1 significantly (P<05) decreased
by homocysteine at concentration of up to 10 mM
homocysteine (32.6+7.3% of control). Other transcription
factors such as ATF4 and ATF6 also mediate the transcrip-
tional regulation of UPR genes [13,14], which may explain
differences in dose-responsiveness between BiP and XBP-1
mRNA levels.

In contrast, Ap did not induce the expression of BiP or the
spliced forms of XBP-1 (Fig. 3C); however, the cotreatment
using both homocysteine and A increased these expression
levels, relative to those obtained using homocysteine alone,
suggesting the synergistic effect of homocysteine and AP in
inducing ER stress (Fig. 3D).

3.5. Folate protects homocysteine-induced apoptosis in
SH-SY5Y cells

To investigate the protective activity of folate against
homocysteine-induced toxicity, we observed the decrease in
the number of apoptotic bodies when cells were treated with
5 mM homocysteine together with 10 uM folate for 4 h
(Fig. 4A). This treatment also significantly decreased
caspase-3 activity (Fig. 4B), suggesting the protective effect
of folate against homocysteine-induced toxicity.

4. Discussion

Neurotoxicity caused by homocysteine has been impli-
cated in the pathophysiology of neurodegenerative diseases
such as AD; however, the direct impact of homocysteine on
neuron cells and the mechanism by which it might induce
neurodegeneration are yet to be established. Our study
demonstrated dose- and time-dependent cytotoxicity and
UPR induction by homocysteine; this finding suggests that

ER stress, along with DNA damage [9] and overstimulation
of calcium influx via NMDA receptors [11], results in neuron
cell apoptosis. A previous study of primary neuronal cell
culture also observed the induction of ER stress proteins,
mostly chaperones, by 5 or 10 mM homocysteine for 24 h
[18]. In addition to the induction of BiP, an ER-resident
chaperone protein, we also observed the induction of the
spliced form of XBP-1, the transcription factor that enhances
transcription of chaperone proteins; this finding may explain
the previously documented induction of chaperones.
Although the concentrations of homocysteine added to
culture medium to induce UPR are very high (1-mM range)
relative to that measured in a patient’s serum, which rarely
exceeds the 100-pM range [28], there were only 1.7- and 5.3-
fold increases in intracellular homocysteine level recorded
when HUVECs were treated with 1 and 5 mM exogenous
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Fig. 3. The effect of homocysteine and AP on expressions of ER-stress
response genes of SH-SYS5Y cells. Total RNA was extracted from cells after
incubation with each treatment for 4 h and RT-PCR was performed as
described in methods. Levels of BiP mRNA were normalized to the control
gene, B-actin. Means not followed by the same superscript are significantly
different at P<05 (»=3 independent experiments).
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Fig. 4. The protective effect of folic acid on apoptosis of SH-SY5Y cells. (A) Cells were exposed to different treatments for 4 h, stained with DAPI and visualized
under fluorescein UV optics (x400). (B) The caspase-3 activity of cells after different treatments for 4 h (»=3 independent experiments). Means not followed by

the same superscript are significantly different at P<05.

homocysteine for 4 h, respectively [15]. In a previous study
using HepG2 cells, intracellular homocysteine levels chan-
ged by factors of between 2 and 6 with 1-5 mM
homocysteine treatment for 4 h [17]. In addition, the
hyperhomocyteinemic diet (high-methione/low-folate diet)
caused a marked elevation of C/EBP-homologous protein
expression in the livers of mice, along with an approxi-
mately 25-fold increase in plasma homocysteine levels
[17]. This finding indicates that the culture model
employed in the present study may be useful in identifying
the involved neuropathogenic mechanisms associated with
homocysteine elevations; however, the overall cytotoxicity
by homocysteine in the present study was less than that

reported in the previous study using primary cultured
hippocampal neurons [23], in which the treatment of cells
with 250 uM homocysteine for 48 h decreased cell viabi-
lity to ~50% of control.

Lentz and Sadler [29] suggested that homocysteine
disrupts the formation of disulfide bonds in molecules
because of its reactive sulthydryl residue, thereby resulting
in disturbances in ER function; however, cysteine, the
normal plasma concentration of which is 25—30 times higher
than that of homocysteine, is not considered to be a
significant risk factor for cardiovascular diseases [30]. Our
study also showed that cysteine does not induce cell toxicity,
in agreement with the findings of previous studies that
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cysteine did not cause ER stress in endothelial cells [15] and
epithelial cells [31]; together, these results indicate that
homocysteine-induced ER stress is specific. Agnati et al.
[32] reported that AR peptides directly interacted with
homocysteine due to electrostatic interactions between the
Arg guanidinium group and the sulfur of homocysteine.
Following binding to homocysteine, AP peptides favor a {3-
sheet conformation, which may result in the development of
neurotoxicity. Therefore, further study is required on the
increased formation of B-fibrils due to binding between other
thiol-containing compounds and Ap.

In the present study, homocysteine treatment did not
induce oxidative stress, which is consistent with the results
of previous studies [15,16,33]; however, the present study
does not disregard the importance of oxidative stress, as
intracellular levels of H,O, were significantly increased in
the presence of homocysteine and Cu”" [33]. Homocysteine
also suppressed the expression of antioxidant enzymes such
as glutathione peroxidase and superoxide dismutase in
vascular endothelial cells [34], suggesting that homocysteine
may enhance the cytotoxic effects of agents or conditions
that elicit oxidative damage.

Degenerative neurons in AD exhibit increased oxidative
damage, impaired energy metabolism and perturbed cellular
Ca”" homeostasis, and AR appears to play an important role
in these abnormalities [20]. Although the disturbance of
cellular Ca®" homeostasis is one of the suggested toxic
mechanisms exerted by AP [21], several studies report
inconsistent results in this regard [35], and the question of
whether the modulation of ER Ca”' release can make
neurons vulnerable to AP toxicity has yet to be clarified. In
our study, AP did not induce expressions of BiP and the
spliced form of XBP-1 mRNA; this is consistent with the
findings of a study using primary cell culture of cortical
neurons incubated with 25 pM AR for up to 24 h [36]. In
contrast, a study by Suen et al. [37] showed an increase in
BiP protein levels in neurons treated with 25 uM Ap for
16 h; however, their study also showed that the modulation
of calcium release from ER can only provide partial
neuroprotection against AP peptide toxicity, suggesting in
turn that multiple pathways are involved in Ap-induced
neuronal toxicity.

The ability of elevated homocysteine levels to increase
the vulnerability of cultured neuroblastoma cells to AP-
induced death suggests a mechanism whereby individuals
with low folate intake and elevated homocysteine levels
might be at increased risk of AD. In the present study, we
observed an increased expression of ER stress response
genes when cells were cotreated with homocysteine and Ap.
To the best of our knowledge, this represents the first report
of such an observation. These data suggest that elevated
neurotoxicity may be due to the potentiation of ER stress by
cotreatment of homocysteine and AP. In previous studies,
AP has been shown to induce oxidative stress and DNA
damage in cultured neurons [38,39] and in the brains of AD
patients [26]. It has also been suggested that by impairing the

DNA repair capacity in neurons, folate deficiency and
elevated homocysteine levels may lower the threshold level
of DNA damage required to trigger neuronal death [23].
According to this view, folate deficiency and elevated
homocysteine levels may induce ER stress and the
accumulation of DNA damage that may already have been
promoted by an age-related increase in oxidative stress and
the accumulation of ApP.

In the present study, we found that folate attenuated the
apoptosis caused by homocysteine. This result suggests that
an increase in folate intake may prevent the progression of
AD by antagonizing the neuronal toxicity due to high levels
of homocysteine. Plasma homocysteine concentrations in
excess of 14 puM, a cutoff for hyperhomocysteinemia,
doubled the risk of AD in the Framingham study [5]. The
association between plasma homocysteine level and risk of
dementia was not significantly changed by adjustment for
the plasma levels of folate, Vitamin B4 or Vitamin B, [5]. In
contrast, a prospective population-based study by Ravaglia
et al. [6] showed that low serum folate concentration was
associated with an increased risk of both dementia and AD,
independent of hyperhomocysteinemia. Although the pre-
sent study did not use a folate-deficient medium, which acts
to induce impaired methylation reactions in the central
nervous system, increased concentration of homocysteine is
associated with an increased ratio of S-adenosyl homo-
cysteine/S-adenosyl methionine (SAM) [8], raising the
possibility of impaired methylation reaction by homocys-
teine. Methyl groups are required for the synthesis of myelin,
neurotransmitters, membrane phospholipids and DNA in the
brain [40]; therefore, further studies are needed to confirm
the role of decreased SAM levels in homocysteine-induced
cytotoxicity in the brain.

In summary, we demonstrated that homocysteine induces
UPR and ultimately apoptosis, as well as sensitizing
neurons to amyloid toxicity. We also observed a neuropro-
tective effect of folate against homocysteine-induced
toxicity. Therefore, the present results suggest that ER
stress-induced homocysteine toxicity plays a direct role in
neuronal health; this should be considered a separate issue
from its effect on vascular integrity and is an important step
in the pathogenesis of AD especially when homocysteine is
combined with AP.
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