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Apolipoprotein E represents a potent gene-based therapeutic target for
the treatment of sporadic Alzheimer’s disease
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. Introduction

Alzheimer’s disease (AD) is associated with neuronal loss,
ynaptic damage, deposition of �-amyloid, and loss of cholin-
rgic activity in susceptible brain regions. These three neuro-
athologic markers of AD are markedly modulated by the
resence of the apolipoprotein e4 (APOE e4) allele in sporadic
D subjects. The APOE e4 allele is also a well-known risk

actor for sporadic late-onset AD. Patients born with two E4
lleles were shown to exhibit (1) an earlier age of onset, (2)
igher amyloid plaque counts [1–3], (3) cerebrovascular amy-
oid deposition [2], and (4) marked reductions in choline
cetyltransferase [4–7], nicotinic, and nerve growth factor re-
eptor [5] density compared with non-e4 allele subjects.

Recent clinical evidence clearly indicates that the APOE
olymorphism significantly affects the rate of conversion from
ild cognitive impairment (MCI) to probable AD [8]. It con-

omitantly affects the decline in cognitive performance of MCI
ubjects in an APOE e4 allele dose-dependent manner on
ognitive performance (according to the Alzheimer’s Dis-
ase Assessment Scale, cognitive subscale [ADAS-cog]) in
-to-4 year follow-up studies with donepezil, rivastigmine,
nd galantamine [8–10]. Moreover, it was shown that
hereas reductions of hippocampal and entorhinal cortex
olumes appear to act as predictors of conversion from MCI
o AD, they do so only in APOE e4 carriers [10,11].

When one examines the effect of the APOE e4 allele on
ate of conversion to AD, rate of decline, synaptic remod-
ling, pathologic accumulation of amyloid, and even on
xtent of cholinergic drug response in sporadic AD subjects,
t is tempting to postulate that specific pharmacologic ma-
ipulations designed to counter the impact of APOE e4 on
he physiology of the adult central nervous system (CNS)
re bound to provide beneficial relief to both “genetically at
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isk” subjects and patients with a clinical diagnostic of
ossible or probable AD.

. Proposed apoE functions in the mature brain

Several different hypotheses were suggested to explain
ow the e4 allele modulates the age of onset, clinical pro-
ression, and conversion from MCI to AD status. These
nclude perturbations of (1) cholesterol/phospholipid ho-
eostasis and synaptic integrity [12,13], (2) amyloid me-

abolism [14], (3) tau phosphorylation and tangle accumu-
ation [15,16], and neuronal survival through the generation
f proteolytic breakdown products [17–19].

All these working hypotheses propose interesting links be-
ween established pathologic landmarks of sporadic AD and
ostulated functions attributed to APOE e4 in the brain. How-
ver, none of these, except one, provides a testable biochemical
xplanation for the observed effect of the e4 allele on the onset
nd progression of AD, and the clinical response to memory-
nhancing medication: the “APOE e4 lipid imbalance hypoth-
sis” [13]. Furthermore, the proposed mechanism must take
nto consideration the fact that the clinical manifestations of
POE e4 are silent for more than six decades.

The lipid imbalance hypothesis was first presented by our
roup some 14 years ago [13]. It was based on the observation
hat one of the apoE core functions in the brain is to transport
holesterol and phospholipids from astrocytes to neurons. Dur-
ng development, and in response to brain damage or neuro-
egeneration in adults, apoE is actively involved in the recy-
ling of cholesterol from dead or dying cells to neurons
ndergoing terminal remodeling and synaptic replacement
20]. In absence of apoE, such as in apoE knockout mice, the
ecycling/reinnervating system is inoperative. Similarly, in the
bsence of apoE’s main receptor, i.e., the low-density lipopro-
ein receptor, synaptic remodeling and plasticity are gravely
mpaired [21]. Consequently, synapses progressively lose their
ntegrity with aging in apoE-deficient mice [22], the reinner-

ation process becomes markedly impaired with age [23,24],

ts reserved.
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nd cognitive impairment progresses to a point of no return by
ge 10 months (middle-aged mice) [25,26].

Introduction of human APOE e3 or APOE e4 genes into
poE knockout mice completely prevents the cognitive def-
cit that characterizes apoE-deficient mice [27,28]. More
nterestingly, crossbreeding of APOE e4 or APOE e3 mice
ith APP-717 amyloid overexpresser transgenic mice almost

ompletely abolishes the characteristic accumulation of
-amyloid deposits reported in hippocampal and cortical areas

29]. This is completely consistent with the proposed notion
hat apoE in the brain acts as an local active scavenger of
xtracellular amyloid in the extracellular space [30,31].

. Is there a biological link between APOE
olymorphisms and APOE concentrations in the brain?

The answer to this question actually came from the
ardiovascular field more than 25 years ago. Utermann et al.

ig 1. Apolipoprotein E concentrations in the plasma (A) and hippocampa

oncentrations were determined as described in Poirier [48].
32], using young, healthy control subjects, reported that
lasma concentrations of apoE were highly dependent on
he isoform expressed by the subject. Humans with an
POE e2/e2 genotype express the highest levels of apoE of
ll humans, whereas those with an APOE e4/e4 genotype
isplay the lowest concentrations of all humans. Interest-
ngly, there is an inverse correlation between risk levels and
POE e2 � e3 � e4 [33], suggesting that those with low
poE levels (APOE e4/e4) seem to be at higher risk,
hereas those with the highest levels (APOE e2/e2) display

he lowest level of risk [34]. Subjects born carriers of the
POE e2 allele are also predisposed to become centenarians

35,36].
We carefully repeated these analyses in both plasma and

rain tissues of large cohorts of autopsy-confirmed AD
ases [37] and mild-to-moderate probable/possible AD pa-
ients [38], and found identical genotype-dependent apoE
oncentration gradients in sporadic AD subject (Fig. 1),

tissues (B) in Alzheimer’s disease as a function of APOE polymorphism.
l brain
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here the highest CNS apoE levels were found in APOE e2
arriers (very rare in AD), and the lowest levels in APOE e4
ases (the majority of AD patients).

. APOE: A logical therapeutic target

At the moment, two opposite views prevail in the liter-
ture with regard to the possible mode of action of APOE e4
n the CNS. One view holds that APOE e4 is bad per se, and
hat it is toxic to neurons but not to other cells in the body,
nd that somehow this toxicity is latent for several decades
n e4 carriers. The other point of view, which is less pessi-
istic, is articulated around the fact the APOE e4 allele is

he ancestral form of the gene. Actually, it is the one found
n all other mammals examined so far, including several
rimate species. Contrary to prevailing views, it is the
POE e3 and APOE e2 variants that humans have acquired

n the past few hundred thousand years [39]. In this model,
POE e4 is not detrimental per se. Instead, it performs its
uties in humans as well as in all other APOE e4 mammals.
owever, in humans, low levels of apoE characterize APOE

4 allele carriers and the poor ability of the e4 genetic
ariant to respond to physiologic inducers of expression,
hich is actually problematic in aging subjects. It is postu-

ated that the presence of the e4 allele progressively com-
romises brain lipid homeostatic processes during normal
ging, and more so in brains suffering from damage or
egenerative conditions [13].

ig 2. Effect of probucol administration on apolipoprotein E concentratio

robucol on synaptophysin and GAP-43 levels, two makers of synaptic density a
In this model, we postulate that the restoration of apoE
oncentrations in the brains of APOE e4 carriers to levels
ound normally in APOE e3 subjects (or APOE e2 subjects)
ould either delay disease onset or slow down the rate of
rogression. We previously demonstrated that the ability of
POE e4 to bind to its receptors, and to promote lipopro-

ein uptake in brain cells, is similar to that of APOE e3 in
itro. We believe that levels are at stake here, and be-
ause apoE concentrations are vital to the proper main-
enance of synaptic integrity and remodeling, the first
asualty of a lifelong deficit is the synaptic network of
he aging brain, particularly in neurons with long, pro-
ecting axons that use massive amounts of lipids such as
holesterol and phospholipids to maintain their structural
ntegrity during normal aging.

In an attempt to address this issue, we developed a
ow-throughput screening assay using primary type 1 astro-
ytes from rodent cortical areas, and tested a large numbers
f drugs, proteins, and hormones capable of enhancing apoE
ynthesis or secretion in vitro. The most interesting candi-
ates were then tested in vivo for efficacy and safety. Fi-
ally, one compound among many others that met our
iochemical and physiological criteria was tested in a pilot
tudy in mild-to-moderate AD subjects. Of several hun-
red compounds tested, we identified three significant
p-regulators of apoE synthesis and secretion, and two
epressor compounds. We also examined several members
f the Statin family (cholesterol synthesis inhibitors), but

he brain and in periphery in the adult rat. Insert illustrated the effect of
ns in t

nd integrity. Adapted from Champagne et al. [49].
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one of these modified apoE synthesis and secretion at
hysiologically relevant concentrations.

Estrogen, indomethacin, and probucol were found to
ignificantly enhance apoE synthesis and secretion in vitro
nd in vivo in the mature rodent CNS (mice and rats).
strogen not only enhanced apoE synthesis and secretion

n vivo, but also enhanced synaptogenesis and compensa-
ory terminal remodeling in response to deafferentation in
he mature rodent hippocampus [40]. Indomethacin, a cy-
looxygenase inhibitor used a few years ago to slow down
he progression of AD in a placebo-controlled, double-
lind, clinical trial in mild-to-moderate AD [41], was found
o act as a very potent apoE inducer in subnanomolar con-
entrations [42]. A subsequent systematic analysis of the
tructure-activity relationship of several indomethacin de-
ivatives revealed that the portion of the molecule respon-
ible for apoE induction activity is different from the
yclooxygenase inhibitory moiety, consistent with a non-
mmunosuppressing mode of action, and presumably involving
he peroxisome proliferating activating receptor-� (PPAR-�)
athway [42].

This observation is consistent with a recent clinical study

ig 3. Effect of probucol administration on cerebrospinal fluid levels of tot
ubjects. Graphs represent ratio values of 1 month of treatment over baseline

nd Panisset [45] and Poirier [50].
y Risner et al. at GlaxoSmithKline, who reported signifi-
ant clinical improvement of cognitive deficit in a large,
ouble-blind, placebo-controlled, 6-month clinical trial in
ild-to-moderate AD using PPAR-� agonist rosiglitazone

43]. Agonists belonging to the PPAR-� family of drugs are
ell-known inducers of apoE synthesis and secretion in
eripheral cells, and are potent anti-inflammatory agents [44].

The most interesting compound identified during our
poE induction screening assays was undoubtedly probucol,
n old cholesterol-lowering drug used to treat familial hy-
ercholesterolemia. It is still in use in Japan. The adminis-
ration of probucol (1% w/w) in rat and mouse diets, at
oncentrations designed to mimic the dose used in humans,
aused a significant induction of apoE synthesis and secre-
ion after 30 days in cortical and hippocampal areas (Fig. 2).
ynaptic density, as measured by hippocampal GAP-43 and
ynaptophysin immunohistochemistry, increased during
reatment (Fig. 2) in 24-month-old rats. Similar results were
ound in the brains of C57/Bl mice exposed to probucol
intraperitoneal) for 2 weeks (not shown).

After authorization from the Health Protection Branch of
ealth Canada, we set up a small pilot clinical trial to test

op) and total �-amyloid (bottom) in probucol-treated Alzheimer’s disease
trations for each subject enrolled in the clinical trial. Adapted from Poirier
al tau (t
concen
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robucol in a cohort of 12 mild-to-moderate AD subjects
ot using acetylcholinesterase inhibitors or Memantine.
his proof-of-concept clinical study examined the effects of
standard dose of probucol (500 mg/bid) used to treat

ypercholesterolemia before the introduction of statins al-
ost a decade ago. Probucol was administered in mild-

o-moderate AD subjects for period of 6 months. Clinical
ssessments revealed a concomitant stabilization of symp-
oms on the ADAS-cog and on the Disability Assessment of
ementia (DAD) scale over the course of the trial [45]. The

linical benefits according to the ADAS-cog correlate very
ell with the increase of apoE levels in the cerebrospinal
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ig 4. A: Alteration of apolipoprotein E concentration in the cerebrospin
ompliance analysis of the effect of cumulative doses of probucol on b
eterioration Scale (CDR) at month 6 vs. baseline in probucol-treated Alzh

oirier and Panisset [45].
uid (CSF) of these patients (P � 0.05). More interestingly,
here was a significant inverse relationship between the
ncrease in apoE levels and the reduction of total �-amyloid
evels in the CSF of probucol-treated AD subjects [46] (Fig.
). Fig. 4A illustrates the cumulative effect of probucol
dministration on apoE level measured in the CSF at 1
onth and at baseline. If one assumes that the overall

robucol consumption was constant over the course of the
rial, we can see that the impact of probucol on clinical
arameters at 6 months (Fig. 4B) was more pronounced
fter 100 g (or 100 equivalent days of treatment), whereas
he effect of probucol on apoE concentration in the CSF was

100 150 200
col over 6 Months (g)

00 150 200
col over 6 Month (g)

of Alzheimer’s disease patients in response to probucol administration:
POE levels. B: Effect of cumulative dose of probucol on the Clinical
disease patients not using esterase inhibitors or Memantine. Adapted from
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ore pronounced after 150 g (or 150 equivalent days of
reatment; Fig. 4A).

These results are suggestive at best. Only a prospective,
ouble-blind, placebo-controlled clinical trial of AD sub-
ects with and without APOE e4 over a long period of time
ill allow us to confirm the beneficial effect of probucol in

poradic AD. It is interesting to note that the effect of
robucol was significantly more pronounced in APOE e3
ases than in APOE e4 allele carriers [45], i.e., a pharma-
ogenomic response very similar to that described for ros-
glitazone [43] and estrogen [47], two very potent APOE-
nducer drugs, on cognitive performance in non-e4 subjects.

The recent discovery that nearly 80% of all APOE e4
CI subjects convert into probable/possible AD cases
ithin 3 years allows us to test the beneficial effects of apoE

nducers such as probucol, estrogen, and rosiglitazone in a
opulation heterozygous for the e4 allele, namely the APOE
4/e3 subgroup, which is characterized by (1) low circulat-
ng levels of apoE, (2) a high risk of conversion to AD, and
3) marked hippocampal and entorhinal cortical shrinkage
n a relatively short-term perspective. Such a pharmacog-
nomic trial would not only allow us to test the effect of
poE-inducers such as probucol on the progression and
onversion of the disease, but also to examine their potential
se in the prevention of sporadic AD in APOE e4 carriers.

. Conclusions

We have reviewed the apparent role of APOE e4 in the
evelopment of dementia and AD pathology. Although age
emains a key determinant that modulates the onset and
xpression of AD pathology, genetic risk factors such as
POE appear to play a central role in the pathophysiology
f this disease, for years, if not decades, before clinical
iagnosis. The combined use of genetic profiling and gene-
argeting will allow us to better identify the biochemical
echanisms regulating the loss of synaptic integrity and the

ccumulation of amyloid deposits in the aging brain. The
ecent discovery that estrogen and rosiglitazone, multifunc-
ional agents with common apoE-inducing properties, per-
orm best in APOE e3/e3 AD patients is consistent with
arly data from the probucol AD trial that also showed
referential benefits for APOE e3/e3 AD cases. The surpris-
ng convergence of these biochemical, pharmacogenomic,
nd clinical observations raises exciting new possibilities
nd certainly interesting new therapeutic avenues for the
reatment and prevention of a genetically defined and size-
ble subset of AD subjects.
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