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Apolipoprotein E (apoE) €4 and hyperhomocysteinemia are
risk factors for Alzheimer disease (AD). The dimerization of
apoE3 by disulfide bonds between cysteine residues enhances
apoE3 function to generate HDL. Because homocysteine (Hcy)
harbors a thiol group, we examined whether Hcy interferes with
the dimerization of apoE3 and thereby impairs apoE3 function.
We found that Hcy inhibits the dimerization of apoE3 and
reduces apoE3-mediated HDL generation to a level similar to
that by apoE4, whereas Hcy does not affect apoE4 function.
Western blot analysis of cerebrospinal fluid showed that the
ratio of apoE3 dimers was significantly lower in the samples
from the patients with hyperhomocysteinemia than in those
that from control subjects. Hyperhomocysteinemia induced
by subcutaneous injection of Hcy to apoE3 knock-in mice
decreased the level of the apoE3 dimer in the brain homogenate.
Because apoE-HDL plays a role in amyloid 3-protein clearance,
these results suggest that two different risk factors, apoE4 and
hyperhomocysteinemia, may share a common mechanism that
accelerates the pathogenesis of AD in terms of reduced HDL
generation.

It has been shown that the possession of the apolipoprotein E
(apoE) €4 allele is a major risk factor for Alzheimer disease
(AD)? (1). In the central nervous system, apoE is one of the
major lipid acceptors to remove cholesterol from cells and gen-
erate HDL particles. Previous studies have shown that apoE
isoforms do not affect apoE binding to ABCA1, that apoE-me-
diated ABCA1-dependent cholesterol efflux is not affected by
apoE isoforms in fibroblasts (2), and that there is no apoE-iso-
form-dependence on apoE-mediated lipid efflux from mouse
astrocytes (3). Other lines of evidence have shown that apoE
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induces lipid efflux from macrophages and neural cells in an
isoform-dependent manner; apoE3 induces a greater lipid
efflux than apoE4 (4-9). It has been shown that two major
factors cause this apoE-isoform-dependent generation of HDL.
Namely, intramolecular domain interaction occurring in apoE4
attenuates apoE4 ability to generate HDL and intermolecular
dimerization by disulfide bonds between cysteines in apoE3
enhances apoE3 ability to generate HDL in neural cells (10).

Recent studies have shown other functions of apoE as well,
including an intracellular function of apoE (11, 12) and a func-
tion of apoE in clearance and degradation of AB. It has been
demonstrated that apoE isoforms differentially regulate Af3
clearance from the brain (13), and that an increased level of
lipidated apoE, namely, apoE-HDL, stimulates A3 degradation
(14). These lines of evidence suggest that the lower ability of
apoE4 than apoE3 to generate HDL would result in an en-
hanced Af3 deposition in the brain owing to the lower A deg-
radation/clearance from the brain. Similarly, apoE-isoform-de-
pendent HDL generation results in a lower HDL-cholesterol
level in serum in those who possess apoE €4 allele, which is a risk
factor for atherosclerosis (15) and cerebral infarction (16).

In light of these findings, it is interesting to note that similar
to the apoE €4 allele, hyperhomocysteinemia is a risk factor not
only for atherosclerosis (17), cerebral infarction (18), and vas-
cular dementia (19), but also for AD (20-23), and that homo-
cysteine (Hcy) level has been reported to increase in the cere-
brospinal fluid (CSF) of patients with AD compared with that of
control subjects (24). Hey is generated from the metabolism of
methionine, the sulfur-containing amino acid. Previous studies
have shown that Hcy generates oxidative stress, leading to cell
damage (25), impairs blood-brain barrier function (26), and
increases brain A levels (27, 28). However, the molecular
mechanism underlying hyperhomocysteinemia-mediated AD
development has not yet been fully understood. Because Hcy is
a molecule harboring a thiol, it is possible that the thiol of Hcy
associates with the thiol of cysteine residues in apoE3, and this
disulfide bonds interferes with apoE3 dimerization. Because the
dimerization of apoE3 enhances its ability to generate HDL (7,
10), Hcy bound to cysteine residues of apoE3 deteriorates
apoE3 HDL generation. In this study, we found that Hcy inter-
feres with apoE3 dimerization by forming disulfide bonds with
cysteine residues of apoE3 and impairs apoE3 ability to gener-
ate HDL to a level similar to that of apoE4. This is also the case
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for human CSF obtained from patients with hyperhomocys-
teinemia and for brain of apoE3 knock-in mice subcutaneously
injected with Hcy. These results suggest that two different risk
factors for AD, namely, apoE4 and hyperhomocysteinemia,
may share a common mechanism; that is, apoE4 has a lower
ability to generate HDL than apoE3 and the Hcy modification of
apoE3 impairs the ability of apoE3 to generate HDL to a level
similar to that of apoE4.

EXPERIMENTAL PROCEDURES

Animals—ApoE knock-out mice (B6.129P2-Apoe'™ /)
were purchased from The Jackson Laboratory (Bar Harbor,
Maine). Mice expressing human apoE3 in place of mouse apoE
(apoE3 knock-in mice) (29) were kindly provided by the Mit-
subishi Kagaku Institute of Life Sciences.

Cell Culture—All experiments were performed in compli-
ance with existing laws and institutional guidelines. Highly
astrocyte- and neuron-rich cultures were prepared in accord-
ance with a method described previously (30). The astrocyte-
rich cultures were maintained in DMEM containing 10% FBS
until use.

ApoE Preparation and Hcy Treatment—Five hundred micro-
grams of apoE3 or apoE4, purchased from Wako (Osaka,
Japan), was dissolved in 10 mm Tris-HCI buffer (pH 8.0) con-
taining 6 M urea to obtain 1 ml of an apoE-containing solution,
dialyzed against PBS overnight at 4 °C, and stocked in aliquots
at —80 °C as described previously (10). Hcy was dissolved in 10
mw Tris-HCl buffer (pH 8.0) to make a stock solution at a con-
centration of 100 mm, and the Hcy stock solution was divided
into aliquots and kept at —80 °C until use. For Hcy treatment,
7.5 ul of 100 mm Hey was added to 500 wl of an apoE-containing
solution. The apoE solutions with or without Hcy were incu-
bated overnight at room temperature. The samples were then
dialyzed against PBS overnight at 4 °C. The protein concentra-
tion of each sample was determined using a BCA protein assay
kit (Pierce) and used for experiments to determine lipid efflux.
For dithiothreitol (DTT) treatment, 5 mMm DTT was incubated
with an apoE stock solution overnight at room temperature.
The samples were then dialyzed against PBS overnight at 4 °C.
The protein concentration of each sample was determined
using a BCA protein assay kit and used for experiments to
determine lipid efflux.

Determination of Levels of Cholesterol and Phosphatidylcho-
line (PC) Released from Astrocytes Labeled with ['*C]Acetate—
Astrocytes plated in 12-well dishes were cultured in DMEM
containing 10% FBS and 1% penicillin/streptomycin solution
for 72 h. The cultures were then treated with 37 kBq/ml
[**C]acetate (Moravek Biochemicals, Inc., Brea, CA) for 48 h.
The astrocytes were washed in DMEM twice and treated with
apoE in DMEM. The culture medium was quickly removed, and
the astrocytes were dried at room temperature, and the levels of
cholesterol and PC released were determined as described
previously (7). The levels of [**C]cholesterol and [**C]PC ef-
flux were calculated using the following formula: % efflux =
media X 100/(media + cell).

Reverse-phase High Performance Liquid Chromatography
and Mass Spectrometry—A synthetic peptide, LGADMED-
VCGR or LGADMEDVC(Hcy)GR, or recombinant apoE3 was

SN

DECEMBER 3, 2010+VOLUME 285+-NUMBER 49

Homocysteine Impairs ApoE3 Function

dissolved in PBS, to a concentration of 1 mm or 15 M, respec-
tively. Synthetic peptide LGADMEDVCGR or ApoE3 was
mixed with or without 10-fold molar concentration of Hcy at
4.°C for 1 day using a vortex mixer. ApoE3 incubated with or
without Hcy was digested with trypsin (1 wg/ml; Trypsin Gold,
Promega) at an enzyme/substrate ratio of 1:100 (w/w) at 37 °C
overnight. Incubated synthetic peptides or apoE3 tryptic pep-
tides were separated by reverse-phase HPLC (model 1100
Series; Agilent Technology, Waldbronn, Germany) on a C18
column (2 X 30 mm; Cadenza CD-C18, Imtakts, Kyoto, Japan)
with a linear gradient of 0 — 64% acetonitrile in 0.1% TFA for 64
min at a flow rate of 0.2 ml/min. The fractionated peptides were
subjected to mass spectrometry (AXIMA-CFR, Shimadzu,
Kyoto, Japan). Mass spectrometric analysis was performed by
MALDI-TOF MS. Samples were prepared by mixing with
a-cyano-4-hydroxycinnamic acid as a matrix.

Sampling of Human Plasma and CSF—Human plasma and
CSF were obtained from patients in Fukushimura Hospital
(Toyohashi, Japan). The plasma and CSF were frozen immedi-
ately in liquid nitrogen at lumbar tap and then stored at —80 °C
until use. Experiments using human CSF were performed after
obtaining informed consent from the patients’ guardians for
diagnosis and research for biochemical, molecular biological,
and genomic analysis.

Determination of Levels of Hcy in Plasma and CSF—The Hcy
concentrations in human plasma and CSF were determined by
HPLC as demonstrated previously (24). The apoE genotype was
also determined and the samples from apoEe3/3 patients were
used for this study.

Western Blot Analysis—For the determination of apoE3
dimers, the conditioned media or human CSF were dissolved in
a sampling buffer consisting of 100 mm Tris-HCl (pH 7.4), 10%
glycerol, 4% SDS, and 0.01% bromphenol blue and analyzed by
12.5% Tris/Tricine SDS-PAGE under nonreducing conditions.
Blots were probed for 4 h at room temperature with a goat
anti-apoE polyclonal antibody, AB947 (1: 2,000; Chemicon,
Temecula, CA). Band detection was carried out using an ECL
kit (GE Healthcare). The signals corresponding to apoE of each
sample in the immunoblot membrane were quantified by den-
sitometry with NIH Image] software, with varying concentra-
tions of recombinant apoE protein (Wako, Tokyo, Japan) as
standards. Standard signals were demonstrated to be linear in
the range of apoE protein amounts from 0 to 2 ug per lane. The
apoE concentrations in the conditioned culture media within
this range were used for analysis.

Chemically Induced Hyperhomocysteinemia—Mice express-
ing human apoE3 in place of mouse apoE (apoE3 knock-in
mice) (29) at 40 — 42 weeks of age were subcutaneously injected
with Hcy. PBS (100 wl) containing Hcy at a concentration of 13
pmol/ul (0.6 umol/g body weight) was injected into the mice
twice a day (in the morning and evening) for 6 days. For control
mice, 100 wl of PBS was injected. In the morning of the seventh
day, the animals were deeply anesthetized with isofluorane.
Through an incision of the skin covering the occipital bone and
the cervical dorsum, the atlanto-occipital membrane was
exposed and incised under an operating microscope. The ani-
mals were perfused transcardially with PBS, and the brains were
removed. Peripheral blood (0.5-1.0 ml) was collected from the
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caudal vena cava immediately before the perfusion. For the
preparation of brain samples, the brain hemispheres from a
PBS- or Hcy-injected apoE3 mouse were homogenized in 800
pnl of PBS containing a protease inhibitor mixture (Roche
Applied Science, Mannheim, Germany), and then centrifuged
at 13,000 X gat4 °C for 15 min. The supernatant was then used
for Western blot analysis.

Statistical Analyses—StatView computer software (Win-
dows) was used for statistical analysis. The statistical signifi-
cance of differences between samples was evaluated by multiple
pairwise comparisons among the sets of data using analysis of
variance and the Bonferroni ¢ test.

RESULTS

We examined the cholesterol and PC efflux from cultured
astrocytes induced by apoE3, apoE3 pretreated with Hcy, and
apoE4 24 h after the commencement of treatment of apoEs at
various concentrations (Fig. 14). The levels of cholesterol and
PC efflux induced by apoE3 were higher than those induced by
apoE3 preincubated with Hcy or apoE4 at 0.1, 0.3, and 1.0 um.
Because our previous study showed that the dimer formation of
apoE3 enhances apoE3 ability to release lipids (6, 10), we deter-
mined the levels of cholesterol and PC efflux and also the
assembly state of apoE3 and apoE4. The levels of cholesterol
and PC efflux induced by apoE3 were significantly higher than
those induced by apoE4 and apoE3 pretreated with Hcy 24 h
after the commencement of treatment (Fig. 1B). A reduced level
of lipid efflux was accompanied by a reduced level of apoE3
dimers in apoE3 samples pretreated with Hcy (Fig. 1C, aster-
isks). ApoE4 does not form dimers owing to alack of cysteine. In
these experiments, we confirmed that Hcy at concentrations
used in our study was not toxic (see supplemental Fig. 1).

These results suggest the possibility that Hcy inhibits the
dimer formation of apoE3 and this may be responsible for the
reduced level of lipid efflux induced by apoE3 pretreated with
Hcy, because our previous studies showed that apoE serves as a
lipid acceptor in an isoform-dependent manner; apoE3 induces
greater HDL generation than apoE4 (6, 7, 9). It is possible to
assume that the thiol in Hcy can form disulfide bonds with the
thiol of cysteine residues in apoE3. To examine whether the
inhibition of thiol-disulfide bonds in apoE3 dimers affects
apoE3-mediated cholesterol efflux, apoE3 or apoE4 was prein-
cubated with a thiol-reducing agent, DTT, and then dialyzed
against PBS and used for the experiment to determine choles-
terol efflux. The levels of cholesterol released by apoE3 were
significantly greater than those released by apoE3 pretreated
with Hey or DTT at 24 h after the commencement of treatment
(Fig. 1D). The level of cholesterol efflux induced by apoE4 was
significantly lower than that induced by apoE3, and Hcy or
DTT pretreatment did not affect apoE4-induced cholesterol
release (Fig. 1D). A reduced level of lipid efflux was accompa-
nied by a reduced level of apoE3 dimers in apoE3 samples pre-
treated with Hcy or DTT (Fig. 1D). The effects of Hcy and DTT
on apoE3 dimer formation are shown in Fig. 1E. The levels of
apoE3 dimers (Fig. 1E, asterisks) in apoE3 samples pretreated
with Hey or DTT decreased in a Hcy- or DTT-dose-dependent
manner (Fig. 1E). These lines of evidence suggest that the lower
level of HDL generated by Hcy-bound apoE3 than by intact
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FIGURE 1. Hcy impairs apoE3 function to generate HDL in cultured astro-
cytes. A, the cultured astrocytes labeled with ['*Clacetate were exposed to
apokE3 (black squares), apoE3+Hcy (red squares), and apoE4 (yellow circles) at
0.05,0.01,0.3,and 1.0 um for 24 h. The lipids released into the media, and the
lipids retained in the cells were determined. Data are means = S.E. of four
samples. *, p < 0.001 versus apoE3+Hcy and apoE4 at each dose point. The
basal levels of cholesterol and PC efflux in the absence of apoEs are 1.0 + 0.1
(%) and 0.4 = 0.1 (%), respectively. Three independent experiments showed
similar results. B, the percentages of released cholesterol and PC levels with
respect to the total levels were calculated. Data are means = S.E. of four
samples.*, p <0.001.Three independent experiments showed similar results.
C, Western blot analysis of the samples of apoE3, apoE3+Hcy, and apoE4 was
performed under nonreducing conditions. D, each culture was exposed to
apoE3, apoE3+Hcy, apoE3+DTT, apoE4, apoE4+Hcy, and apoE4+DTT at an
apoE concentration of 0.3 um for 24 h. The percentages of released choles-
terol levels with respect to the total levels were calculated. Data are means =
S.E. of four samples. *, p < 0.001. Three independent experiments showed
similar results. E, Hcy at various concentrations of 4, 8, 38, and 75 um and DTT
at 0.1, 1,and 5 mm were added to the apoE3 solution, and the apoE3 solution
was incubated for 24 h at 4 °C. Each solution was then dialyzed using a cas-
sette dialyzer in PBS for 15 h at 4 °C. The apoE3-containing solutions were
then analyzed by Western blot analysis under nonreducing conditions using
the anti-apoE antibody (AB947). * and **, apoE3 monomers and dimers,
respectively.

apoE3 results in an earlier AB deposition and inferior synaptic
plasticity, causing earlier AD development.

We next determined whether these are also the cases for
neurons. We have examined the cholesterol efflux from cul-
tured neurons induced by apoE3, apoE3 pretreated with Hcy,
apoE4, and apoE4 pretreated with Hcy at varying hours after
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the commencement of treatment of apoEs at 0.3 um (Fig. 2A4).
The levels of cholesterol efflux induced by apoE3 were greater
than those induced by apoE3 preincubated with Hcy, apoE4, or
apoE4 preincubated with Hcy at 24 and 48 h. We also deter-
mined the levels of cholesterol efflux 24 h after the commence-
ment of treatment of apoEs at 0.1, 0.3, and 1.0 um (Fig. 2B). The
levels of cholesterol efflux induced by apoE3 were greater than
those induced by apoE3 preincubated with Hcy, apoE4, or
apoE4 preincubated with Hcy at apoE concentrations of 0.3 and
1.0 um. Next, we determined the levels of cholesterol and PC
efflux and also the assembly state of apoE3 and apoE4. The
levels of cholesterol and PC released by apoE3 were signifi-
cantly greater than those released by apoE4 and by apoE3 and
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FIGURE 2. Impairment of apoE3 function by Hcy in cultured neurons. A, the cultured neurons labeled with
["*Clacetate were exposed to apoE3 (blue squares), apoE3+Hcy (red squares), apoE4 (green circles), and
apoE4+Hcy (open circles) for various times at 0.3 um apoE. The lipids released into the media and the lipids
retained in the cells were determined. Data are means = S.E. of four samples. *, p < 0.001 versus apoE3+Hcy,
apoE4, and apoE4+Hcy at each dose point. B, each culture was exposed to apoE3 (blue squares), apoE3+Hcy
(red squares), apoE4 (green circles), and apoE4+Hcy (open circles) at 0.05, 0.01, 0.3, and 1.0 um for 24 h. The
percentages of released cholesterol and PC levels with respect to the total levels were calculated. Data are
means = S.E. of four samples.*, p < 0.001. Three independent experiments showed similar results. C, the levels
of cholesterol and PC efflux were determined in neuron cultures treated with apoE3, apoE3+Hcy, apoE4, and
apoE4+Hcy 24 h after the commencement of treatment of apoEs at 0.3 um. The percentages of released
cholesterol and PC levels over the total levels were calculated. Data are means = S.E. of four samples. *, p <
0.0001. Three independent experiments showed similar results. D, Western blot analysis of the samples of
apokE3, apoE3+Hcy, apoE4, and apoE4+Hcy was performed under nonreducing conditions.
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apoE4 pretreated with Hcy 24 h
after the commencement of treat-
ment (Fig. 2C). A reduced level of
lipid efflux was accompanied by a
reduced level of apoE3 dimers in
apoE3 samples pretreated with Hcy
(Fig. 2D). ApoE4 does not form
dimers, owing to a lack of cysteine
and Hcy pretreatment dis not affect
the apoE4 assembly state.

Regarding the underlying molec-
ular mechanism, we determined
whether Hcy and apoE3 form disul-
fide bonds. We performed reverse-
phase HPLC and MS of apoE3-de-
rived peptides, LGADMEDVCGR
(residues 104-114) and the Hcy-
bound form of LGADMEDVCGR,
namely LGADMEDVC(Hcy)GR. The
HPLC profiles of the synthetic
peptides LGADMEDVCGR and
LGADMEDVC(Hcy)GR are shown
in Fig. 3A, panels a and b, respec-
tively. We also analyzed LGA-
DMEDVCGR incubated with (Fig.
3A, panel d) or without Hcy (Fig. 34,
panel ¢) for 24 h at 4°C. The
LGADMEDVCGR peptides incu-
bated with Hcy (peaks 4 and 5)
eluted at positions corresponding to
those of LGADMEDVCGR (peak 1)
and LGADMEDVC(Hcy)GR (peak
2), respectively. Peaks 1-5 shown in
Fig. 3A were analyzed by MALDI-
TOF MS. A signal in peak 4 corre-
sponds to the same molecular mass
of LGADMEDVC(Hcy)GR (Fig. 3B,
4) as peak 2 (Fig. 3B, 2). A signal in
peak 5 corresponds to the same
molecular mass of LGADMED-
VCGR (Fig. 3B, 5) as peak 1 (Fig. 3B,
1). Signals in peak 3 correspond to
LGADMEDVCGR and LGADM-
EDVCGR dimers (Fig. 3B, 3). Some
of the dimers dissociate into mono-
mers by laser irradiation during MS. These data also show that
the LGADMEDVCGR peptides tend to form dimers by disul-
fide bonds in an environment susceptible to oxidation; how-
ever, in the presence of Hcy, Hey inhibited the dimer formation
by direct interaction with the thiol of Cys residues.

Next, we analyzed the interaction between intact apoE3 and
Hcy. The solution containing intact apoE3 was incubated with
or without Hcy at 4 °C for 1 day. ApoE3 in the solution was
digested with trypsin, and the tryptic peptides of intact apoE3
incubated with (Fig. 3C, panel e) or without (Fig. 3C, panel d)
Hcy were analyzed by HPLC. The level of peak 3 (Fig. 3C, panel
e), which has the same elution time as LGADMEDVC(Hcy)GR
(Fig. 3C, panel b), increased compared with that of peak 1 (Fig.
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Furthermore, peaks 1-4, shown

in Fig. 3C, were also analyzed by MS
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FIGURE 3. Reverse-phase HPLC profiles and MS of apoE3-derived peptides. A, LGADMEDVCGR peptides (panel
a), LGADMEDVC(Hcy)GR peptides (panel b), and LGADMEDVCGR peptides incubated at 4 °C for 1 day with (panel d)
or without (panel ¢) Hcy were subjected to HPLC. B, peaks 1-5 as shown in Fig. 3A were subjected to MALDI-TOF MS
using a-cyano-4-hydroxycinnamic acid as a matrix. C, the tryptic peptides of intact recombinant apoE3 incubated at
4 °Cfor 1 day with or without Hcy were analyzed by HPLC. Elution profiles of LGADMEDVCGR (panel a), LGADMED-
VC(Hcy)GR (panel b), and LGADMEDVCGR peptides incubated at 4 °C for 1 day (panel c), and tryptic peptides of
incubated apoE3 with (panel e) or without (panel d) Hcy are shown. The elution conditions were the same as those
described in A. D, peaks 1 and 3, which correspond to LGADMEDVC(Hcy)GR in C, panel b, and peaks 2 and 4, which

correspond to LGADMEDVCGR dimers in Fig. 3C, panel ¢, were subjected to MS.

TABLE 1

The profiles of patients examined

Patient Nos. 1-6 were diagnosed as hyperhomocysteinemia and Nos. 7 to 12 were
diagnosed as normal plasma Hcy. VD, vascular dementia; NPH, normal pressure hydro-
cephalus; SD-NFT, senile dementia of neurofibrillary tangle type; DLB, dementia with
Lewy body disease; CVD, cerebrovascular disease; PSP, progressive supranuclear palsy.

No. Age Sex Diagnosis Serum Hcy CSF Hcy
M nm
1 89 F CVD 50.4 0.90
2 75 F CVD 1192 61.8
3 96 F AD 45.5 1.14
4 89 F DLB 43.8 56.2
5 71 M PSP 25.8 0.40
6 91 F CVD 38.0 0.6
7 81 M VD 3.7 1.23
8 86 F AD 5.0 0.43
9 83 F AD 14 0.32
10 95 F SD-NFT 5.7 0.32
11 84 M NPH 6.7 0.20
12 79 M DLB 1.9 0.22

3C, panel d), whereas that of peak 4 (Fig. 3C, panel e), which has
the same elution time as LGADMEDVCGR (Fig. 3C, panel c),
decreased compared with that of peak 2 (Fig. 3C, panel d).
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patients with hyperhomocysteine-
mia were higher (mean *= SE,
232.58 = 191.91 M for plasma and
20.17 £ 12.30 n™m for CSF, Table 1)
than those from the patients with
normal plasma Hcy (4.07 = 0.86 um
for plasma and 0.45 £ 0.16 nm for
CSF, Table 1). The results of West-
ern blot analysis of these samples under nonreducing condi-
tions are shown in Fig. 4A. The band signals of apoE3 dimers
and monomers were scanned by densitometry, and the ratio of
the levels of dimers with respect to the level of total apoE3 was
calculated. The ratio of the levels of apoE3 dimers with respect
to the level of total apoE3 is significantly lower in those who
have hyperhomocysteinemia (Fig. 4B). The CSF samples from
the human subjects with hyperhomocysteinemia contain a
higher level of Hcy (mean = S.E. = 20.17 = 12.30 nm, Table 1)
compared with those from the human subjects with normal
plasma Hcy (0.45 £ 0.16 nM, Table 1), suggesting that a larger
amount of Hcy binds apoE3 molecules via disulfide bonds and
inhibits apoE3 dimerization. The correlation between the level
of Hey and the ratio of apoE3 dimer is shown in supplemental
Fig. 2. Dimer ratios tended to negatively correlate with Hcy
level in CSF and serum samples, although it does not reach
statistical significance (supplemental Fig. 1, A and B). This
tendency for a negative correlation becomes stronger when the
separately distributed data (a, b, or c) are removed. The serum
lipid profiles of the patients and the correlations of the lipid
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FIGURE 4. Assembly state of apoE3 in the CSF from human subjects with
normal plasma Hcy and hyperhomocysteinemia. A, CSF from human sub-
jects with hyperhomocysteinemia or normal plasma Hcy was mixed with an
equal amount of sampling buffer consisting of 100 mm Tris-HCl (pH 7.4), 10%
glycerol, 4% SDS, and 0.01% bromphenol blue, and analyzed using 12.5%
Tris/Tricine SDS-PAGE under nonreducing conditions. The proteins trans-
ferred to the membrane were subjected to Western blot analysis using the
anti-apoE antibody. # and ##, apoE3 monomers and dimers, respectively.
Pt. No., patient number. B, the ratio of signal intensities of apoE dimers
with respect to total apoE (monomers plus dimers) in each sample was
determined by densitometry and calculation. The values are means = S.E.
of six CSF samples from human subjects with high and normal plasma Hcy.
*,p < 0.003. C, Western blot analysis of brain homogenate prepared from
apoE3 knock-in mice subcutaneously injected with Hcy. Numbers 1-5 are
the samples from mice treated with Hcy, and numbers 6-10 are those from
mice treated with PBS. # and ##, the apoE3 monomers and dimers, respec-
tively. D, quantification of signals representing the apoE3 dimer in D is
determined by densitometry. The values are means = S.E. of five brain homo-
genate samples. *, p < 0.005.

o

Hcy injection PBS injection

profiles and the ratio of apoE3 dimer are also shown in supple-
mental Table 1 and supplemental Fig. 3.

We next examined whether hyperhomocysteinemia inhibits
apoE3 dimer formation in the brains of mice expressing human
apoE3 without expressing rodent endogenous apoE. ApoE3
knock-in mice were injected with 100 ul of 0.6 um Hcy subcu-
taneously twice a day for 6 days. The mice were then sacrificed,
brains and serum were isolated, and the level of the apoE3
dimer in brain samples was determined by Western blot analy-
sis under nonreducing conditions. The level of the apoE3 dimer
in each sample that was loaded with equal amounts of brain
homogenate protein is shown in Fig. 4, C and D. The Hcy level
in the serum from the Hcy-injected mice is significantly higher
than those from PBS-injected mice (mean * S.E. for Hcy-
treated samples is 10.26 * 0.47 uM and that for control is 4.98 =
0.48 uM; p < 0.0001). The level of the apoE3 dimer is signifi-
cantly lower in Hcy-injected mouse brains than in control
brains (Fig. 4D). Although the ratio of the apoE3 dimer in the
mouse brain was very low compared with that of human CSF,
these results show that a higher level of serum Hcy resulted in
the attenuation of dimer formation of apoE3 in the brain.

DISCUSSION

Our previous studies have shown that intramolecular inter-
action (i.e. domain interaction) and intermolecular interaction

SN
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TABLE 2
Association of Hcy with apoE3 and apoE4

To determine the association of Hey with apoE, 7.5 ul of 100 mm Hcy was added to
500 ul of apoE-containing solution at 14.7 mm apoE. The apoE3 and apoE4 contain-
ing solutions with or without Hcy, or Hcy solution without apoE were incubated
overnight at room temperature. The solutions were then dialyzed against PBS over-
night at room temperature, and the level of Hcy in each solution was determined.
UD, under detectable level.

Hcy apoE3  apoE4 apoE3 + Hcy apoE4 + Hcy
(n=8 (m=3) (n=3) (n=8) (n=8)
Hcy (um) UD UD UD 5.75 + 0.25 UD

(i.e. dimerization) determine the apoE isoform-dependent abil-
ity to generate HDL (7, 10). Because Hcy is a molecule harbor-
ing a thiol, we hypothesized that the thiol of Hcy associates with
the thiol of cysteine residues in apoE3, and the formation of this
disulfide bonds interferes with apoE3 dimerization. In the pres-
ent study, we found that Hcy binds to cysteine residues of
apoE3, thereby interfering with apoE3 dimerization and
impairing the ability of apoE3 to generate HDL to a level similar
to that of apoE4. These in vitro results are supported by those of
the analysis of human CSF samples from patients with hyper-
homocysteinemia and normal serum homocysteine, showing
that the ratio of the levels of apoE3 dimers with respect to the
level of total apoE3 in CSF samples from patients with hyper-
homocysteinemia is significantly lower than that from normal
controls. In addition, the subcutaneous injection of Hcy into
apoE3 knock-in mice resulted in a reduced level of the apoE3
dimer in the brain homogenate, suggesting that hyperhomocys-
teinemia decreases the level of apoE3 dimer in CSF or the brain.

To determine the effect of Hcy bound to apoE3, we preincu-
bated Hcy and apoE3 at relatively high concentrations. Under
these conditions, ~66% of apoE3 binds to Hcy, whereas the
level of Hcy bound to apoE4 was not detected (Table 2). One
may question whether the inhibitory effect of Hcy on apoE3
dimerization and apoE3-mediated lipid efflux were observed
when lower concentrations of Hcy similar to those in serum or
CSF were used in the presence of comparable concentrations of
apoE3 in culture. Hcy at lower concentrations did not inhibit
apoE3 dimerization nor attenuate apoE3-mediated lipid efflux.
This may be because it takes a longer time to form disulfide
bonds between Hcy and apoE3 at physiological concentrations
in culture. However, this is not the case for in vivo conditions,
including those in human CSF and the mouse brain. Although
the precise mechanism underlying this discrepancy cannot be
provided by the current study, the disulfide bonds between
apoE3 and Hcy molecules occurs in vivo at concentrations
lower than those used in in vitro experiments. In support of this
notion, previous studies have shown that >70% of Hcy in
plasma forms disulfide-bonded to cysteine residues of proteins
including transthyretin (31, 32), suggesting that Hcy at single
digit uM concentrations forms disulfide bonds to cysteine resi-
dues in vivo.

Previous studies have shown other biological and pathologi-
cal effects of Hcy; namely, Hcy induces neuronal damage (33,
34), compromises blood-brain barrier integrity (26), modulates
AP toxicity (35), and modulates A3 generation (27, 28). How-
ever, the molecular mechanism(s) by which Hcy directly inter-
acts with the molecule(s) in these studies are not fully under-
stood. In this study, we showed that a high level of Hcy impairs
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apoE3 function to a similar level of apoE4 by preventing/break-
ing the disulfide bonds, thereby leading to a decreased HDL
generation. Because apoE-HDL plays a role in AB clear-
ance(13,14), the lines of evidence suggest that two different risk
factors for AD, apoE4 and hyperhomocysteinemia, may share a
common mechanism; that is, apoE4 has a lower ability to gen-
erate HDL than apoE3 and the Hcy-induced modification of
apoE3 impairs the ability of apoE3 to generate HDL to a level
similar to that of apoE4. Our observations in the present study
also provide new insight into concerning the apoE genotype-
dependent treatment of hyperhomocysteinemia, especially for
reducing the risk of AD.
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