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Hyperhomocysteinemia and �-amyloid (A�) overpro-
duction are critical etiological and pathological fac-
tors in Alzheimer disease, respectively; however, the
intrinsic link between them is still missing. Here, we
found that A� levels increased and amyloid precursor
protein (APP) levels simultaneously decreased in hy-
perhomocysteinemic rats after a 2-week induction by
vena caudalis injection of homocysteine. Concur-
rently, both the mRNA and protein levels of preseni-
lin-1, a component of �-secretase, were elevated,
whereas the expression levels of �-secretase and pre-
senilin-2 were not altered. We also observed that lev-
els of phosphorylated APP at threonine-668, a crucial
site facilitating the amyloidogenic cleavage of APP,
increased in rats with hyperhomocysteinemia, al-
though the phosphorylation per se did not increase
the binding capacity of pT668-APP to the secretases.
The enhanced phosphorylation of APP in these rats
was not relevant to either c-Jun N-terminal kinase or
cyclin-dependent kinase-5. A prominent spatial mem-
ory deficit was detected in rats with hyperhomocys-
teinemia. Simultaneous supplementation of folate
and vitamin-B12 attenuated the hyperhomocysteine-
mia-induced abnormal processing of APP and im-
proved memory. Our data revealed that hyperhomo-
cysteinemia could increase A� production through
the enhanced expression of �-secretase and APP
phosphorylation, causing memory deficits that
could be rescued by folate and vitamin-B12 treat-
ment in these rats. It is suggested that hyperhomo-
cysteinemia may serve as an upstream factor for

increased A� production as seen in patients with
Alzheimer disease. (Am J Pathol 2009, 174:1481–1491;

DOI: 10.2353/ajpath.2009.081036)

Alzheimer’s disease (AD) is a progressive neurological
disorder characterized histopathologically by the forma-
tion of numerous senile plaques and neurofibrillary tan-
gles. The senile plaques are mainly composed of amy-
loid-� (A�), surrounded by dystrophic neuritis.1 A� is
generated by the consecutive cleavage of amyloid pre-
cursor protein (APP) by two proteases, ie, �-secretase
(BACE-1) and �-secretase (presenilin, PS-1/PS-2).2,3 In
the amyloidogenic pathway, cleavage of APP by �-secre-
tase generates an N-terminal soluble fragment (sAPP�)
and beta C-terminal fragment that is sequentially cleaved
by �-secretase to produce the A� peptides.4–6 Similar to
many other toxic insults, A� promotes cell death by oxi-
dative damage,7,8 influencing calcium homeostasis,9 ac-
tivating caspases,10 stimulating protein phosphoryla-
tion,11 and causing mitochondrial abnormalities.12 In
addition, A� fibrils specifically induce neuron dystro-
phy.13,14 In the cultured rats’ cortical neurons, overex-
pression of APP induces apoptosis and this apoptosis
can be intercepted by �-secretase inhibitor.15 In trans-
genic mouse models, A� aggregation induces dysfunc-
tion of neurites, tau pathology, and neuron death, and A�
can also damage DNA.16 When APP is overexpressed or
abnormally cleaved, A� forms toxic oligomers that aggre-
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gate into amyloid plaques and are associated with age-
related memory impairment.17

It is well known that gene mutation of APP and PS-1 is
causative for the increased A� production in hereditary
AD.18 However, the mechanism leading to the A� over-
production in the majority sporadic AD patients is un-
clear. APP is a phosphoprotein, which have a large N-
terminal extracellular domain and a short intracellular
C-terminal domain that can be phosphorylated by various
protein kinases with well-defined phosphorylation sites.19

Notably, phosphorylation of APP at Thr668 facilitates the
amyloidogenic cleavage and the phosphorylated APP is
elevated in AD brain.20,21

Epidemiology and clinical investigations have demon-
strated that the elevated plasma homocysteine (Hcy) and
the occurrence of AD are positively correlated, and thus
hyperhomocysteinemia has been proposed to be a
strong and independent risk factor of AD.22–26 Hcy is
catabolized through the folate and vitamin (vit) B12-de-
pendent remethylation cycle, which provides methyl-
group for a number of metabolic steps.27 High Hcy sup-
presses the cellular levels of S-adenosylmethionine and
S-adenosylhomocysteine, and thus inhibits the activity of
methyltransferases, which in turn interrupts the methyl-
ation of some functional proteins and genes.28 Recently,
we have reported that hyperhomocysteinemia can in-
crease prominently the plasma Hcy level and thus induce
tau hyperphosphorylation.29 In a hyperhomocysteinemic
AD transgenic mouse model, an increased A� level in the
brain was observed,30 and Hcy could interrupt DNA re-
pair in hippocampal neurons and make the neurons more
vulnerable to the amyloid toxicity.31–33 Until now, the
effects of hyperhomocysteinemia on A� production in
normal gene background and the underlying mecha-
nisms leading to A� overproduction have not been re-
ported, and it is also not known whether the induced
hyperhomocysteinemia in adulthood affects the memory
of the rats.

In the present study, we produced a hyperhomocys-
teinemia model in adult rats by injecting Hcy through
vena caudalis and investigated the role of hyperhomo-
cysteinemia in A� production and the related mecha-
nisms, and as well as the effects on the memory ability of

the rats. We found that hyperhomocysteinemia could in-
crease remarkably the A� level with concurrent overex-
pression of PS-1 and hyperphosphorylation of APP at
Thr-688, and it also led to spatial memory deficits of the
rats. Simultaneous supplementation of folate and vit-B12
could attenuate the hyperhomocysteinemia-induced ab-
normal APP processing and the memory impairments of
the rats.

Materials and Methods

Antibodies and Chemicals

The type, dilution, specificity, and source of the primary
antibodies used in this study are listed in Table 1. Sec-
ondary antibodies for Western blotting were from Amer-
sham Pharmacia Biotech (Little Chalfort, Buckingham-
shire, UK). The bicinchoninic acid protein detection kit
and chemiluminescent substrate kit were from Pierce
Chemical Company (Rockford, IL). DL-Hcy was from
Sigma Chemical CO (St. Louis, MO) and it was dissolved
to a final concentration of 400 �g/ml and 1600 �g/ml in
saline immediately before injection. Folate (Yabang
Aipusen Ltd. Jiangsu, China) and vit-B12 (Yunpeng Ltd.
Linfen, Shanxi, China) were dissolved in drinking water of
the rats. Other reagents were of the highest quality avail-
able and obtained from commercial sources.

Animals and Drug Administration

Male Sprague-Dawley rats (3 to 4 months old, 280 �
20 g) supplied by the Experimental Animal Central of
Tongji Medical College were housed with accessible
food and water ad libitum. All animal experiments were
performed according to the “Policies on the Use of Ani-
mals and Humans in Neuroscience Research” revised
and approved by the Society for Neuroscience in 1995.
Rats were kept in cages under a 12: 12 light-dark cycle
with the light on from 7:00 AM to 7:00 pm. For the time
course study, we injected the rats by vena caudalis with
Hcy (400 �g/kg/day) or saline with the same volume for 3,
7, 14, and 21 days, respectively. According to the results,

Table 1. Antibodies Employed in this Study and their Properties

Antibody Specificity* Type Dilution Source

22C11 APP 66-81 Mono- 1:1000 for WB Chemicon (Temecula)
369 APP 650-695 Poly- 1:1000 for WB CalBiochem (Darmstadt, Germany)
6E10 A� 1-17 Mono- 1:500 for WB Santa Cruz (Santa Cruz, CA)
4G8 A� 17-24 Mono- 1:1000 for WB Chemicon (Temecula, CA)
PT668 p-Thr668-APP Poly- 1:1000 for WB 1:400 for IP 1:200 for IHC Cell Signaling (Boston, MA)
A� A� 1-39 Poly- 1:200 for IHC Cell Signaling (Boston, MA)
PS-1 PS-1 313-334 Mono- 1:300 for WB Chemicon (Temecula, CA)
PS-2 PS-2 C-20 Poly- 1:500 for WB Santa Cruz (Santa Cruz, CA)
BACE BACE C-15 Poly- 1:500 for WB Santa Cruz (Santa Cruz, CA)
t-JNK1/2 total JNK Mono- 1:1000 for WB Cell Signaling (Boston, MA)
p-JNK1/2 pTpY183/185 Poly- 1:1000 for WB Biosource (Camarillo, CA)
CDK5 CDK5 C-8 Poly- 1:500 for WB Santa Cruz (Santa Cruz, CA)
p35 p35 C-19 Poly- 1:500 for WB Santa Cruz (Santa Cruz, CA)
b-actin total actin Mono- 1:1000 for WB Abcam (Cambridge, UK)

*According to the sequence of APP695 of human brain. Mono-, monoclonal; poly-, polyclonal; WB, Western-blotting; IP, immunoprecipitation; IHC,
immunohistochemistry.
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we selected 14 days of injection because it caused sig-
nificant A� production. Then, we injected the rats with two
different dosages of Hcy (400 �g/kg/day or 1600 �g/kg/
day) with or without a simultaneous supplement of folate
(4 mg/kg/day) and vit-B12 (250 �g/kg/day) through drink-
ing water34 for 14 days. The injection was performed
each day from 9:00 AM to 2:00 PM and the animals were
sacrificed 24 hours after the final injection following mea-
surement of spatial memory.

Sandwich Enzyme Linked Immunosorbent
Assay

Enzyme-linked immunosorbent assay (ELISA) was per-
formed to measure the level of A�40 and A�42 in hip-
pocampal extracts.35,36 In brief, A�40 and A�42 in sam-
ples were captured respectively with G2-10 and G2-11
(A�eta, Germany), monoclonal antibodies specific for
A�40 and A�42. The level of A� was then detected spe-
cifically by antibody biotin-WO2 (A�eta, Germany), and
further developed with horseradish peroxidase-NeutrAvi-
din (Pierce Rockford, IL). Horseradish peroxidase activity
was assayed by color development using 3, 3�, 5,
5�-tetramethylbenzidine microwell peroxidase system
(Kirkegaard and Perry Laboratories, Gaithersburg, MD).
The results were expressed as ng/mg tissue by referring
to standard synthetic control peptides (Sigma, St Louis,
MO). The plasma level of homocysteine was measured
by high performance liquid chromatography.29

Western Blotting

Rats were decapitated after the spatial memory retention
test. The hippocampi were rapidly removed and homog-
enized at 4°C using a Teflon glass homogenizer in 50
mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 10 mmol/L
NaF, 1 mmol/L Na3VO4, 5 mmol/L EDTA, 2 mmol/L ben-
zamidine, and 1 mmol/L phenylmethylsulfonyl fluoride.
The extract was mixed with sample buffer (3:1, v/v) con-
taining 200 mmol/L Tris-HCl, pH 7.6, 8% SDS, 40% glyc-
erol, 40 mmol/L dithiothreitol, boiled for 10 minutes, and
then centrifuged at 12,000 � g for 10 minutes at 25°C.
The supernatant was stored at �80°C for Western blot-
ting analysis. The protein concentration in the superna-
tant was estimated by bicinchoninic acid kit according to
manufacturer’s instructions. The proteins were separated
by 10% SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. The membranes
were blocked with 5% nonfat milk dissolved in TBS-
Tween-20 (50 mmol/L Tris HCl, pH 7.6, 150 mmol/L NaCl,
0.2% Tween-20) for 1 hour and probed with primary
antibody at 4°C for overnight. Then the blots were incu-
bated with anti-mouse or anti-rabbit IgG conjugated to
horseradish peroxidase (1:5000) for 1 hour at 37°C, and
visualized with enhanced chemiluminescence. The blots
were quantitatively analyzed by Kodak Digital Science
1D software (Eastman Kodak Co., New Haven, CT).

Immunohistochemistry

For immunohistochemical studies, rats were sacrificed by
overdose chloral hydrate (1 g/kg) and perfused through
the aorta with 100 ml 0.9% NaCl followed by 400 ml
phosphate buffer containing 4% paraformaldehyde.
Brains were removed and postfixed in perfusate over-
night and then cut into sections (20 �m) with a vibratome
(Leica, Nussloch, Germany; S100, TPI). The sections of
rat brain were collected consecutively in PBS for immu-
nohistochemistry staining. Free floating sections were
blocked with 0.3% H2O2 in absolute methanol for 30
minutes and nonspecific sites were blocked with bovine
serum albumin for 30 minutes at room temperature. Sec-
tions were then incubated overnight at 4°C with primary
antibodies (see Table 1). After washing with PBS, sec-
tions were subsequently incubated with biotin-labeled
secondary antibodies for 1 hour at 37°C. The immunore-
action was detected using horseradish peroxidase-la-
beled antibodies for 1 hour at 37°C and visualized with
the diaminobenzidine tetrachloride system (brown color).
For each primary antibody, 3 to 5 consecutive sections
from each brain were used. The images were observed
using a microscope (Olympus BX60, Tokyo, Japan).

Immunoprecipitation

Immunoprecipitation was performed as described.37 In
brief, the rat hippocampi were quickly dissected out and
homogenized on ice in buffer containing 50 mmol/L Tris-
HCl (pH 7.5), 150 mmol/L NaCl, 1% (v/v) Triton X-100, 1%
(w/v) deoxycholate, 0.1% (w/v) SDS, 10 mmol/L NaF, 1
mmol/L Na3VO4, and 2 �g/ml each of aprotinin, leupep-
tin, and pepstatin. Then, the hippocampal extracts (about
500 �g total proteins) was immunoprecipitated with anti-
pT668-APP at 4°C and shaken overnight, and then pro-
tein G agarose (Pierce Chemical Company, Rockford, IL)
was added and incubated at 4°C for 2 hours. The aga-
rose beads were collected, washed, and resuspended in
60 �l of sample buffer containing 50 mmol/L Tris-HCl, pH
7.6, 2% SDS, 10% glycerol, 10 mmol/L dithiothreitol, and
0.2% bromophenol blue and boiled for 5 minutes and
analyzed by Western blotting.

Reverse Transcription-PCR

Total RNA was extracted from the hippocampus using
Trizol reagent according to manufacturer’s instruction (In-
vitrogen Life Technologies, Carlsbad, CA). Then total
RNA (3 �g in 25 �l) was reverse-transcribed and the
produced cDNA (1 �l) was used to detect the transcripts.
For APP primers were: 5�-AGAGGTCTACCCTGAACT-
GC-3� (forward primer), 5�-ATCGCTTACAAACTCACCA-
AC-3� (reverse), product is 154bp; for PS-1: 5�-GGAT-
GGGCAGCTAATCTATAC-3�(forward primer), 5�-CCTTCA-
GCCATATTCACCAAC-3� (reverse primer) product is
576bp; for PS-2: 5�-GGAGAACGAGGACGACTG-3�
(forward primer), 5�-GAACAAGAAGAGGAGCATCA-3� (re-
verse primer), product is 400bp; for BACE-1: 5�-CGG-
GAGTGGTATTATGAAGTG-3� (forward primer), 5�-AGGA-
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TGGTGATGCGGAAG-3� (reverse primer), product is
320bp. For glyceraldehyde-3-phosphate dehydrogenase
(GAPDH): 5�-ACCACCATGGAGAAGGCTGG-3� (forward
primer), 5�-CTCAGTGTAGCCCAGGATGC-3� (reverse
primer), product is 526bp; for �-actin: 5�-CATCACTATCG-
GCAATGAGC-3� (forward primer), 5�-GACAGCACTGTGT-
TGGCATA-3� (reverse primer), product is 187bp. The PCR
products were separated on 1.0% agarose gels and
stained with GoldView. The cDNA bands were visualized
under UV transillumination, and the PCR products were
semi- quantitatively analyzed by Kodak Digital Science 1D
software (Eastman Kodak Company, New Haven, CT). All of
the mRNA levels were normalized to �-actin and GAPDH
mRNA. Finally, all of them were expressed as relative level
against corresponding control.

Morris Water Maze Test

Spatial memory was measured by Morris water maze
test.38,39 The temperature of the room and the water
was kept at �24 � 2°C. Before each experiment (2
hours), the rats were brought to the site to allow them
to be acclimated. For spatial learning, rats were trained
in water maze to find a hidden platform for six consec-
utive days, four trials per day with a 30-s interval from
14:00 to 20:00 pm. On each trial, the rat started from
one of the middle of the four quadrants facing the wall
of the pool and ended when the animal climbed on the
platform. The rats were not allowed to search for the
platform more than 60 s, after which they were guided
to the platform. Through these training sessions, rats
acquired spatial memory about location of the safe
platform. The swimming pathways and latencies of the
rats to find the hidden platform were recorded each
day. The pathway and the length that the rats passed
through the previous platform quadrant were recorded
by a video camera fixed to the ceiling of the room,
1.5 m from the water surface. The camera was con-
nected to a digital-tracking device attached to an IBM
computer loaded with the water maze software. The
longer a rat stayed in the previous platform-located
quadrant, the better it scored the spatial memory. After
the injection of homocysteine for 14 days, the spatial
memory retention of the rats was tested again by the
maze.

Statistic Analysis

Data were expressed as mean � SD and analyzed
using SPSS 12.0 statistical software (SPSS Inc.,
Chicago, Illinois). The one-way analysis of variance
procedure, followed by least significant difference post
hoc tests, was used to determine the statistical signif-
icance of differences of the means. To analyze the
correlations among the variables, Pearson Correlat-
ions were computed with the bivariate correlations
procedure.

Results

Hyperhomocysteinemia Increases A�40 with
Simultaneous Decrease of APP

To investigate the effect of high plasma Hcy on APP
metabolism/A� production, we injected the rats through
vena caudalis with Hcy (400 �g/kg/day) or with the same
volume of saline for 3, 7, 14, and 21 days. Then, we
detected the alterations of APP and A� levels using a
panel of the antibodies. We observed that the immuno-
reactivity of A� probed by 4G8 and 6E1040,41 increased,
whereas the immunoreactivity of full length APP probed
by 22C11 and 36942,43 decreased in rats injected with
Hcy (Figure 1A and 1B). Furthermore, the decrease of
APP and the increase of A� were negatively correlated
(Figure 1, C and D) (for the specificity of APP and A�
antibodies, see Table 1). These data demonstrate that
increasing Hcy can induce APP cleavage and A� over-
production. As no significant difference in immunoreac-
tivity at different time points was detected by saline (ve-
hicle) injection, we only showed the saline control (Con)
received at day 0 for the analysis (Figure 1, A and B).

Since the significant alterations were detected at 14
days for all of the 4 APP and A� antibodies used, we then
injected the rats for 14 days with two different dosages of
Hcy (400 �g/kg/day or 1600 �g/kg/day), with or without
simultaneous supplementation with folate and vit-B12.
We observed that the immunoreactivity of 22C11 and 369
decreased whereas the immunoreactivity of 4G8 and
6E10 increased prominently, and the changes were more
remarkable in rats injected with Hcy at 400 �g/kg/day
(Figure 1, E and F). When folate and vit-B12 were simul-
taneously supplied, the Hcy-induced APP dissection and
A� overproduction at both dosages were partially atten-
uated (Figure 1, E and F). No further elevation of A�
production was observed when the concentration of Hcy
was raised from 400 �g/kg/day to 1600 �g/kg/day (Fig-
ure 1, E and F). The alteration of plasma Hcy was con-
firmed by high performance liquid chromatography,
which demonstrated that the plasma Hcy level increased
from 6.2 �mol/L to 8.7 �mol/L and 10.2 �mol/L respec-
tively after administration of 400 and 1600 �g/kg of Hcy
for 2 weeks (P � 0.01) and it was restored to 7.3 �mol/L
and 7.9 �mol/L by simultaneous administration of folate
and vitB-2 (P � 0.01).

To further confirm the changes of A�, we measured the
A� levels by an ELISA assay using A�40- and A�42-
specific antibodies. We found that the level of A�40 was
significantly elevated and simultaneous administration of
folate and vit-B12 antagonized the elevation in both hip-
pocampus (Figure 2A) and the cortex (Figure 2B) of the
rat brains. The decreases of APP (see Figure 1, E and F)
and the increases of A� were negatively correlated (Fig-
ure 2, C and D). We also measured the level of A�42, but
no obvious difference was observed (data not shown). By
immunohistochemical staining, we observed that the in-
creased A�40 staining was mainly distributed in the cell
bodies of the hippocampus and the cortex, though en-
hanced extracellular staining of A� was also detected in the
cortex (Figure 2E). The increased A� immunoreactivity was
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partially attenuated by folate and vit-B12 in both cortex and
hippocampus (Figure 2, A, B, and E). These data further
confirm that elevation of plasma Hcy can induce cleavage
of APP and overproduction of A� in the rat brains.

Hyperhomocysteinemia Selectively Increases
the Expression of PS-1

To explore the mechanisms underlying the high Hcy-
induced cleavage of APP into A�, we first detected the
mRNA level of APP and the secretases in the rats, includ-
ing BACE-1 and the components of �-secretase, ie, PS-1
and PS-2. We found that the mRNA levels of APP,
BACE-1 and PS-2 were not altered after injection of Hcy
(400 �g/kg/day) or Hcy plus folate and vit-B12 for 14
days, whereas the mRNA level of PS-1 increased remark-

Figure 1. Hyperhomocysteinemia promotes amyloidogenic cleavage of APP.
Homocysteine (Hcy, 400 �g/kg/day) was injected through vena caudalis into
the rats for different time periods (n � 6 to 7 for each group) (A, B). The
correlation between decrease of APP and increase of A� was analyzed by
Pearson (C, D). Alternatively, Hcy was injected in different concentrations for
2 weeks (Hcy1 � 400 �g/kg/day, Hcy2 � 1600 �g/kg/day) with or without
supplement of folate and Vit-B12 (FB, 4 mg/kg/day or 250 �g/kg/day) (n �
10 for each group) (E, F). The same volume of saline was injected as control
(Con). The hippocampal extract was used for Western blotting (A, E) and
quantitative analysis (B, F). The relative A� level was accessed by 4G8 and
6E10 and the full length APP was measured by 22C11 and 369, all of which
were normalized against �-actin. All bands shown in the blots were collected
for the calculation of APP and A�, and all data were expressed as mean � SD.
*P � 0.05, **P � 0.01 vs control; #P � 0.05, ##P � 0.01 vs Hcy1; �P � 0.05,
vs Hcy2.

Figure 2. Hyperhomocysteinemia increases A�40 in cortex and hippocam-
pus. The rats received injection of Hcy (Hcy1 � 400 �g/kg/day, Hcy2 � 1600
�g/kg/day) with or without supplement of folate and Vit-B12 (FB, 4 mg/kg/
day or 250 �g/kg/day) for 2 weeks, and the same volume of saline was
injected as controls (Con). The rats were then sacrificed and the levels of
A�40 in the hippocampus and cortex were measured by ELISA (A, B) and
immunocytochemistry staining (E, 400 �g/kg/day of Hcy and 250 �g/kg/day
of FB) by using an A�40-specific antibody. The correlation between decrease
of APP (see Figure 1, E and F) and increase of A�40 measured by ELISA was
analyzed by Pearson (C, D). All data expressed as mean � SD; n � 7 for
ELISA; n � 3 for immunocytochemistry, scale bar � 100 �m. *P � 0.05, **P �
0.01 vs control; #P � 0.05, ##P � 0.01 vs Hcy1; �P � 0.05, ��P � 0.01 vs Hcy2.
CA1-CA4 denote the Cornu Ammonis areas and DG represents the denate
gyrus.
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ably (P � 0.01, Figure 3, A and B) in the Hcy-injected
group and folate/vit-B12 antagonized the elevation (P �
0.05, Figure 3, A and B). We also detected the protein
level of APP, BACE-1, PS-1, and PS-2 by Western blot-
ting. In accordance with the altered mRNA level, only an
increased PS-1 protein was observed after injection of
Hcy and simultaneous injection of folate/vit-B12 sup-
pressed partially the elevation (Figure 3, C and D). These
data suggest that the elevated PS-1 may be responsible
for the Hcy-induced APP cleavage at �-site.

Hyperhomocysteinemia Increases the
Phosphorylation of APP at Thr668

Though a prominent cleavage of APP at �-site was de-
tected by antibody 4G8 and 6E10 as demonstrated in
Figure 1, the mRNA and protein levels of BACE-1 did not
change (Figure 3), suggesting that the �-cleavage of APP
may involve other mechanisms than BACE-1 up-regula-
tion. Previous studies have demonstrated that the phos-
phorylation of APP at Thr668 (pT668-APP) also affects its
cleavage.20,21 Therefore, we detected the phosphoryla-
tion status of APP at Thr668 using a phosphorylation
site-specific antibody. We found that the level of pT668-
APP increased remarkably after injection of Hcy, and
folate and vit-B12 could attenuate the phosphorylation of
APP (P � 0.05, Figure 4, A and B). By immunohistochem-
ical staining, the phosphorylated APP was detected both
in the cortex and the hippocampus of the control rats,
and a significantly enhanced staining was detected after
injection of Hcy (Figure 4C). The phosphorylation of APP
was attenuated by folate and vit-B12 (Figure 4C). These
data suggest that the phosphorylation of APP at Thr668 site
may also contribute to the Hcy-induced cleavage of APP.

To further explore whether the phosphorylation of APP
enhanced its binding capacity to the secretases, we
used co-immunoprecipitation. The results showed that

the levels of BACE-1, PS-1 and PS-2 in the pellet were
increased accompanied by a remarkably increased level
of pT668-APP (Figure 5, A and B). However, the in-
creased BACE-1 was no longer present and the levels of
PS-1 and PS-2 were even decreased in rats with hyper-
homocysteinemia when normalized to pT668-APP (P �
0.05, Figure 5, A and C). These data suggest that the
elevated total binding level of the �- and �-secretases
caused by the increased phosphorylation of APP may
contribute to the enhanced APP cleavage and A� over-
production, but the phosphorylation per se does not in-
crease the binding capacity of the secretases to pT668-
APP. We also noticed that a new cleaved band with lower
molecular mass of the pT668-APP was only shown in the
Hcy-injected rat samples (Figure 5A), which further con-
firms the enhanced cleavage of the phosphorylated APP
induced by high Hcy. Additionally, as compared with the
hyperhomocysteinemia rats, the binding capacity of PS-2 to
pT668-APP was restored and the binding capacity of PS-1
and BACE-1 to the pT668-APP did not change significantly
with supplement of folate/vit-B12 (Figure 5, A–C).

Hyperhomocysteinemia Decreases the Level of
p-JNK and p25

Phosphorylation of APP at Thr668 site can be regulated
by glycogen synthase kinases-3� (GSK-3), c-Jun N-ter-
minal kinase (JNK), cyclin-dependent kinase-5 (Cdk-5),
and protein phosphatase-2A (PP-2A). We reported pre-
viously that the activity of PP-2A decreased and the ac-
tivity of GSK-3 did not change in the hyperhomocysteine-
mia rats.29 Here, we measured the expression and the
activity-dependent modification of JNK, Cdk-5, and its
modulators, p35 and p25. We found that the expression
of JNK did not change but the phosphorylated JNK (p-
JNK, the active form) decreased significantly after the
injection of Hcy, and folate and vit-B12 restored partially

Figure 3. Hyperhomocysteinemia selectively
increases the mRNA and protein levels of PS-1.
Hcy (400 �g/kg/day) was injected into the rats
for 2 weeks with or without supplement of fo-
late and Vit-B12 (FB, 250 �g/kg/day). Then the
hippocampus extracts were prepared and the
mRNA and protein levels of APP and its secre-
tases, including PS-1, PS-2 and BACE, were mea-
sured and quantitatively analyzed by reverse
transcription-PCR (A, B) and Western blotting
(C, D), respectively. The �-actin and GAPDH
were used as internal controls. All data were
expressed as mean � SD; n � 4 for reverse tran-
scription-PCR; n � 6 for Western blotting. *P �
0.05, **P � 0.01 vs control; #P � 0.05 vs Hcy.

1486 Zhang et al
AJP April 2009, Vol. 174, No. 4



the level of p-JNK (Figure 6, A and B). We also observed
that the level of p25 (the activator of Cdk-5) decreased
remarkably after the injection of Hcy and folate/vit-B12
restored the level of p25, whereas the levels of Cdk-5 and
p35 did not change much in Hcy and folate/vit-B12
groups (Figure 6, C and D). These data together ruled out
the role of JNK and Cdk-5/p25 in the Hcy-induced hyper-
phosphorylation of APP.

Hyperhomocysteinemia Impairs the Spatial
Memory of the Rats

To detect the influence of Hcy on spatial memory of the
rats, we performed the water maze test. The rats were
trained in water maze for six consecutive days to remem-
ber the location of the hidden platform. Then, the rats
were injected with 400 �g/kg/day of Hcy or NS for 2
weeks with or without simultaneous supplement of folate
and vit-B12 and the memory retention was tested at day
15 after the injection. We selected the rats that were able
to find the hidden platform within 10 s in a relatively
straightforward searching pathway after being trained for

6 days (n � 10 for each group, Figure 7, A and B, pre-),
which could ensure a similar starting point for the reten-
tion memory test. The latency to find the hidden platform
was significantly increased in rats injected with Hcy (Fig-
ure 7, A and B, post-), suggesting memory deficit in-
duced by high Hcy. The memory impairment was also
detected by removing the platform (Figure 7, C and D),
and supplement of folate/vit-B12 efficiently improved the
Hcy-induced memory deficits (Figure 7). These results
together demonstrated that high plasma Hcy is harmful to
the spatial memory of the rats and folate/vit-B12 can
effectively attenuate the detrimental effects induced by
hyperhomocysteinemia.

Figure 4. Hyperhomocysteinemia increases the phosphorylation of APP at
Thr668. Hcy (400 �g/kg/day) was injected into the rats for 2 weeks with or
without supplement of folate and Vit-B12 (FB, 250 �g/kg/day). Then the
hippocampal extracts were prepared and the phosphorylation level of APP at
Thr668 (pT668-APP) was measured by Western blotting (A) and quantitative
analysis (B), and the expression of pT668-APP was also detected by immu-
nohistochemistry staining in hippocampus (Hip) and cortex (Cor) (C). All
data expressed as mean � SD (n � 5). *P � 0.05, **P � 0.01 vs control; #P �
0.05 vs Hcy. Scale bar � 100 �m. Figure 5. Phosphorylation of APP increases the total binding level to the

secretases without affecting the binding capacity. Hcy (400 �g/kg/day) was
injected into the rats for 2 weeks with or without supplement of folate and
Vit-B12 (FB, 250 �g/kg/day). The hippocampal extracts were immunopre-
cipitated (IP) with pT668-APP antibody and the precipitates were analyzed
by immunoblotting (IB) using the antibodies against pT668-APP, BACE1, PS1
and PS2 as labeled (A). The relative levels of the pT668-APP and the bound
secretases in the precipitates were quantitatively analyzed as indicated (B),
and the binding capacity of the secretases to the pT668-APP was calculated
by normalized against the level of pT668-APP in each group and expressed
by setting the vehicle control group as 1 (C). All data expressed as mean �
SD (n � 5). *P � 0.05, **P � 0.01 vs control; #P � 0.05, ##P � 0.01 vs Hcy.
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Discussion

Alzheimer’s disease is the most common cause of de-
mentia, characterized pathologically by numerous neuro-
fibrillary tangles and senile plaques in the selective brain
regions. The hyperphosphorylated tau protein is the ma-
jor protein component of the tangles, whereas A�, a
fragment of APP, is the major peptide of senile plaques.44

Until now, the upstream factors leading to the formation of
tangles and plaques was not fully understood. Epidemi-
ological studies revealed that �40% AD patients had
high plasma Hcy and the patients with hyperhomocys-
teinemia displayed more rapid neural atrophy than those
with lower levels of Hcy.22,45 Therefore, hyperhomocys-
teinemia has been proposed to be a strong and indepen-
dent risk factor of AD.22–26 Based on these observations,
we speculate that there must be an intrinsic link between
hyperhomocysteinemia and the AD pathologies. To test

this hypothesis, we produced a rat model with hyperho-
mocysteinemia by vena caudalis injection of Hcy, and
found that hyperhomocysteinemia could induce tau hy-
perphosphorylation.29 In the present study, we further
investigated the effects of high Hcy on A� production and
the related mechanisms, and as well as the spatial mem-
ory of the rats. We found that hyperhomocysteinemia
could increase prominently the A� level with prominently
increased mRNA and protein levels of PS-1 and hyper-
phosphorylation of APP at Thr668. A prominent spatial
memory deficit was also observed in the rats with hyper-
homocysteinemia. By simultaneous supplementation with
folate/vit-B12, the abnormal APP processing/A� overpro-
duction and the memory deficits of the rats were attenu-
ated, with restoration of the plasma Hcy level.

It is well known that A� is produced by cleavage of
APP at both the � and � sites, which are catalyzed
respectively by �- and �-secretases.46,47 The two impor-
tant components of �-secretase are PS-1 and PS-2,
which may function as the catalytic subunit of the secre-
tase, and overexpression of the two genes increases the
A� production.48,49 Studies have demonstrated that PS-1
expression is regulated by methylation status of the pro-
moter gene, ie, the methylation at cytosine of the CpG
dinucleotide in the PS-1 promoter silences the gene.50–52

On the contrary, demethylation of the PS-1 promoter
gene stimulates PS-1 expression, which in turn increases
the production of A�.53 In the present study, we found
that the levels of PS-1 mRNA and protein were increased
in rats with hyperhomocysteinemia, whereas the levels of
PS-2 were not changed, which suggests that high Hcy
may selectively disrupt the methylation of PS-1 but not
PS-2 promoter gene. A previous study also demonstrated
that the expression of PS-2 was not modulated by the
methylation of the promoter gene.52 Another study

Figure 6. Hyperhomocysteinemia inactivates JNK and Cdk-5. Hcy (400 �g/
kg/day) was injected into the rats for 2 weeks with or without supplement of
folate and Vit-B12 (FB, 250 �g/kg/day). The levels of total JNK (t-JNK) and
the phosphorylated (p-JNK, the activated form), and Cdk-5, p35, and p25
were measured by Western blotting (A and C) and quantitatively analyzed (B
and D). All data expressed as mean � SD (n � 5). *P � 0.05. **P � 0.01 vs
control; ##P � 0.01 vs Hcy.

Figure 7. Hyperhomocysteinemia impairs the spatial memory of the rats.
Hcy (400 �g/kg/day) was injected for 2 weeks with or without supplement
of folate and Vit-B12 (FB, 250 �g/kg/day) after a consecutive training for 6
days in Morris water maze. Then, the spatial memory retention of the rats was
measured at day 15 after the injection. The path to find the platform before
(pre-) and after (post-) injection (A), the escape latency to find the hidden
platform (B), the path swimming in the maze for one minute after removed
the platform (C), and the distance swimming in the third quadrant in one
minute (D) of the rats were shown. All data expressed as mean � SD
(n � 12). * P � 0.05, ** P � 0.01 vs control.
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showed that homocysteic acid, an oxidized metabolite of
homocysteine, could induce intraneuronal accumulation
of A�42 with a PS-1-involved mechanism.54 These data
together indicate that overexpression of PS-1 may be
responsible for the hyperhomocysteinemia-induced cleav-
age of APP at �-site. The involvement of a de-regulated
methylation in the increased expression of PS-1 was also
supported by the results that supplementation of folate/vit-
B12 could arrest the overexpression of PS-1. The detailed
mechanisms underlying the regulation of methylation on
PS-1 expression need further investigation. We also noticed
that A�40, but not A�42, was increased in our rat model,
which might be related to the specific cleavage of PS-1 at
different �-sites. Though it is now believed by many in the
field that the ratio of A�42/A�40 seems more important in
the pathogenesis of the disease, the toxic effect of A�40 to
the neurons has also been reported.55

Though the increase of APP cleavage at �-site was
prominent, as demonstrated by the prominently in-
creased 4G8 and 6E10 immunoreactions, we did not
detect any obvious up-regulation of BACE-1. These re-
sults suggest that, instead of BACE-1 activation, there
must be other mechanisms, such as phosphorylation of
APP, that contribute to the increased �-cleavage of APP
in rats with hyperhomocysteinemia. Previous studies re-
vealed that there were eight putative phosphorylation
sites in the cytomere of APP, seven of which were phos-
phorylated in the AD brains,20 Among these sites, the
phosphorylation at Thr668 of APP was the most impli-
cated in affecting APP processing.56 Furthermore, the
phosphorylation of APP at Thr668 mediates the binding of
APP with BACE-1 and thus plays a crucial role in APP
metabolism and A� production.20 To measure the phos-
phorylation status of APP, we used a phosphorylation site-
specific antibody and did Western blotting and immunohis-
tochemistry. The results revealed that high Hcy could
increase APP phosphorylation at the Thr668 site. It has
been reported that the conjugation of APP and PS-1 can
augment the A� production.57 Therefore, we also tested the
binding capacity of the phosphorylated APP to the secre-
tases by immunoprecipitation using an anti-pT668-APP an-
tibody. We found that the levels of BACE-1, PS-1, and PS-2
co-precipitated with pT668-APP were all elevated along
with the increased pT668-APP in the Hcy-injected group.
However, the ratio did not increase when normalized to the
increased pT668-APP level as compared with the control
rats. These data suggest that the phosphorylation of APP at
Thr668 site does not increase the binding capacity of APP
to the secretases, although it can increase prominently the
total binding level. According to our data, we speculate that
the phosphorylation of APP may contribute to the Hcy-
induced cleavage of APP through the increased phosphor-
ylation level, thus leading to an increased binding level to
the secretases, but not through increasing the binding ca-
pacity of pT668-APP to the secretases.

The phosphorylation level of APP at Thr668 is report-
edly regulated by GSK-3, JNK, and Cdk-556,58–61, and
PP-2A62,63 We have recently reported that high plasma
Hcy inhibits PP-2A and it does not affect the activity of
GSK-3�,29 the most widely studied phosphatase and
kinase in AD-like tau hyperphosphorylation.64 Here, we

measured the activity-dependent modifications of JNK
and Cdk-5. We found that the p-JNK (the active form)
decreased significantly with no change of total JNK in
Hcy-injected rats, suggesting inhibition of JNK by Hcy;
we also observed that the Cdk-5 activator (p25) de-
creased with no change in the total levels of Cdk-5 and
p35 in the Hcy-injected rats, suggesting inhibition of
Cdk-5. The mechanism underlying the inhibition of JNK
and Cdk-5 by high Hcy is currently not understood, but
these results can rule out the involvement of JNK and
Cdk-5 in the enhanced APP phosphorylation. We can
also rule out GSK-3� in the increased phosphorylation of
APP, because it is also inactivated in rats with high
plasma Hcy.29 As the activity of PP-2A is decreased in
the Hcy-injected rats,29 we speculate that the decreased
PP-2A may be responsible for the hyperphosphorylation
of APP. This is supported by the recent study in which it was
demonstrated in the N2a cell line that the decreased meth-
ylation of PP-2A was associated with increased phosphor-
ylation of APP at Thr668.63 PP-2A is the most active protein
phosphatase in dephosphorylating tau proteins; the de-
crease of PP-2A also results in tau hyperphosphorylation in
the rats.29 Therefore, we propose that hyperhomocysteine-
mia could induce AD-like A� overproduction and tau hyper-
phosphorylation through demethylation (inactivation) of PP-
2A,29 in addition to the effects on PS-1 expression.

Spatial memory decline is an early symptom of AD,
and the serum Hcy concentration is an early and suscep-
tive indication of memory impairment.65 Recently, it was
reported that hyperhomocysteinemia caused by gesta-
tional insufficiency of vitamin B could induce neurobe-
havioral disabilities of the pups.66 Therefore, we detected
the spatial memory ability of the rats. The results revealed
that the spatial memory ability of the rats was significantly
impaired in rats injected with Hcy, while supplementation
of folate and vit-B12 could effectively protect the spatial
memory of the rats. Numerous studies have demon-
strated that APP overexpression and A� overproduction
are closely related to memory loss.46,67–71 Additionally,
neurofibrillary tangles composed of the abnormally hy-
perphosphorylated tau is positively correlated with the
degree of dementia.72,73 As the hyperhomocysteinemia
rats in our study shows both A� overproduction and tau
hyperphosphorylation,29 we speculate that hyperhomo-
cysteinemia may impair the spatial memory of the rats
through inducing A� and tau pathologies as found in our
studies, and as well as inducing cell apoptosis.66

Hcy is a non-essential sulfur-containing amino acid
and it is an intermediate formed during “methionine cy-
cle.”27 In humans, hyperhomocysteinemia is defined as
the plasma Hcy level higher than 14 �mol/L.22,74 In Spra-
gue–Dawley rats, the basal plasma level of Hcy is 5.0
�mol/L to 6.2 �mol/L in rats with different ages.75,76 After
2 weeks dietary administration of 0.3% homocysteine-
containing diet, the plasma Hcy level rose to 18 �mol/L.76

In our study, the plasma Hcy level of control rats was 6.2
�mol/L and it increased to 8.7 �mol/L and 10.2 �mol/L
respectively after administration of 400 and 1600 �g/kg
of Hcy.29 As Hcy can penetrate the blood-brain barrier
through carrier/receptor-mediated transport,24 and the
elevated plasma Hcy compromises the integrity of the
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blood-brain barrier,77 we therefore speculate that the
brain concentration of Hcy should be at least similar to
that observed in the blood. Hcy is catabolized through
multiple pathways. One of these pathways is the folate/
vit-B12-dependent remethylation, in which folate pro-
vides the methyl group and vit-B12 functions as a co-
enzyme for the methyltransferase.78 Folate and vit-B12
can down-regulate the level of plasma Hcy.79

In summary, we have found in the present study that
injection of Hcy increases A� production with elevated
expression of PS-1 and hyperphosphorylation of APP at
Thr668 in both the hippocampus and cortex. Hyperho-
mocysteinemia also leads to spatial memory deficits of
the rats, and simultaneous supplement of folate and vit-
B12 attenuates the homocysteine-induced A� overpro-
duction and memory deficits. Our in vivo data have pro-
vided molecular evidence to disclose the intrinsic link
between hyperhomocysteinemia and AD-like A� overpro-
duction and memory impairments.
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