THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 44, pp. 30538-30555, October 31, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Amyloid- Pathology and APOE Genotype Modulate Retinoid
X Receptor Agonist Activity in Vivo™

Received for publication, July 31,2014, and in revised form, September 2, 2014 Published, JBC Papers in Press, September 12,2014, DOI 10.1074/jbc.M114.600833
Leon M. Tai*, Kevin P. Koster", Jia Luo®, Sue H. Lee®, Yue-ting Wang”, Nicole C. Collins*, Manel Ben Aissa®,

Gregory R. J. Thatcher®, and Mary Jo LaDu*'

From the *Department of Anatomy and Cell Biology, SDepartment of Medicinal Chemistry and Pharmacognosy, College of
Pharmacy, and the YUICentre (Drug Discovery at UIC), University of lllinois at Chicago, Chicago, lllinois 60612

RXR agonists.
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(Background: Human APOE effects on RXR agonist activity are unclear.
Results: In RXR agonist-treated EFAD mice, beneficial effects in APOE4 hippocampus include ABCA1/ABCG1-induced apoE
lipoprotein association/lipidation. Detrimental effects in APOE3 and APOE4 cortex might be from systemic hepatomegaly.
Conclusion: A pathology and APOE genotype modulate RXR agonist effects.
Significance: Although promising for later stage Alzheimer disease, detrimental side effects limit translational application of
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Previous data demonstrate that bexarotene (Bex), retinoid X
receptor (RXR) agonist, reduces soluble and insoluble amy-
loid-B (AB) in Alzheimer disease (AD)-transgenic mice either
by increasing the levels of mouse apolipoprotein E (apoE) or
increasing ABCA1/ABCG1-induced apoE lipoprotein associa-
tion/lipidation. However, although the mechanism of action of
RXR agonists remains unclear, a major concern for their use is
human (h)-APOE4, the greatest AD geneticrisk factor. If APOE4
imparts a toxic gain-of-function, then increasing apoE4 may
increase soluble A, likely the proximal AD neurotoxin. If the
APOE4loss-of-function is lipidation of apoE4, then induction of
ABCA1/ABCG1 may be beneficial. In novel EFAD-Tg mice
(overexpressing h-AfB42 with h-APOE), levels of soluble Af
(AB42 and oligomeric Ap) are highest in E4FAD hippocampus
(HP) > E3FAD-HP > E4FAD cortex (CX) > E3FAD-CX,
whereas levels of lipoprotein-associated/lipidated apoE have
the opposite pattern (6 months). In EAFAD-HP, short-term RXR
agonist treatment (Bex or LG100268; 5.75— 6 months) increased
ABCAL1, apoE4 lipoprotein-association/lipidation, and apoE4/Af3
complex, decreased soluble Af3, and increased PSD95. In addi-
tion, hydrogel delivery, which mimics low sustained release, was
equally effective as gavage for Bex and LG100268. RXR agonists
induced no beneficial effects in the E4AFAD-HP in a prevention
protocol (5— 6 months) and actually increased soluble A levels
in E3FAD-CX and E4FAD-CX with the short-term protocol,
possibly the result of systemic hepatomegaly. Thus, RXR ago-
nists address the loss-of-function associated with APOE4 and
exacerbated by A 8 pathology, i.e. low levels of apoE4 lipoprotein
association/lipidation. Further studies are vital to address

whether RXR agonists are an APOE4-specific AD therapeutic
and the systemic side effects that limit translational application.

Alzheimer disease (AD),? the most common form of demen-
tia, has reached epidemic proportions and is a serious economic
and social burden worldwide (1). Soluble forms of the amy-
loid-B peptide (AB42) (2—4) are considered a proximal cause of
impaired synaptic function in AD, particularly soluble oligo-
meric AB (0AB) (5-8). Unfortunately, therapeutic strategies
targeting A342 production or clearance have not yet proved to
be viable due to both efficacy and safety issues (9, 10). Thus,
there is a drive to develop novel therapeutic approaches target-
ing AB. Apolipoprotein E (apoE)-containing lipoproteins, pro-
duced primarily by glia, represent a promising physiological
target for modulating A levels in the CNS. Cramer et al. (11)
identified bexarotene (Bex), a retinoid X receptor (RXR) ago-
nist developed as an anti-cancer drug, as a potential AD thera-
peutic candidate to increase apoE levels. Indeed, Bex increased
mouse (m)-apoE levels, decreased soluble AB within hours, and
reduced insoluble A after 3 days in transgenic mouse models
expressing familial AD mutations (FAD-Tg) (11). However,
recent data in multiple FAD-Tg models, although variable (12),
demonstrate that Bex has no effect on insoluble AB, but may
lower soluble AB42 and soluble oA levels (13-16). In addition,
these recent studies indicate that rather than increasing APOE
(gene coding for apolipoprotein E) expression, Bex may lower
soluble AB through increasing the levels of other RXR target
proteins, specifically, the ATP-binding cassette transporters

* This work was supported, in whole or in part, by National Institutes of Health
Grant PO1AG030128 from NIA (to M. J. L.). This work was also supported by
Alzheimer Drug Discovery Foundation grant (to M.J.L. and L. M. T.) and
University of lllinois at Chicago Center for Clinical and Translational Science
Grant UL1RR029879 (to M. J. L.). In collaboration with Skip Binder, M. J. L.
developed the antibody MOAB-2 used to develop the apoE/AB complex
and oAB ELISAs. MOAB-2 is licensed as a research tool to multiple compa-
nies. Also, for research purposes, Biosensis Pty. Ltd. has licensed the rights
to ELISA kits with MOAB-2 for detection of oA and apoE/AB complex.

" To whom correspondence should be addressed: Dept. of Anatomy and Cell
Biology, University of lllinois at Chicago, 808 S. Wood St., M/C 512, Chicago,
IL 60612. Tel.: 312-355-4795; Fax: 312-413-0354; E-mail: mladu@uic.edu.

30538 JOURNAL OF BIOLOGICAL CHEMISTRY

2 The abbreviations used are: AD, Alzheimer disease; AB, amyloid-3; ABCA1,
ATP-binding cassette subfamily A; ABCG1, ATP-binding cassette subfamily
G; apoE, apolipoprotein E; apoE/AB complex, apoE in complex with AB;
Bex, bexarotene; CX, cortex; EFAD mice, Tg-mice expressing 5X FAD muta-
tions and human APOE3 or APOE4; FAD, familial AD; FAD-Tg, transgenic
mice expressing one or more FAD mutations; FA, formic acid; LG,
LG100268; h, human; HP, hippocampus; m-apoE, mouse apoE; NR, nuclear
receptor; 0AB, oligomeric AB; PD, pharmacodynamics; Tg, transgenic; RXR,
retinoid X receptor; VC, vehicle control; BisTris, 2-[bis(2-hydroxyethyl)-
amino]-2-(hydroxymethyl)propane-1,3-diol; ANOVA, analysis of variance;
RAR, retinoic acid receptor; PPAR, peroxisome proliferator-activated
receptor; LXR, liver X receptor; WB, Western blot.

SASBMB

VOLUME 289-NUMBER 44+-OCTOBER 31,2014



A Pathology and APOE Genotype Modulate RXR Agonist Activity

(ABC) ABCA1 and ABCGI1 (13-16). As ABCA1 and ABCG1
function to transport lipids to apoE-containing lipoproteins
(17), increased apoE lipoprotein association/lipidation may be
the mechanism for reducing soluble A levels (18 —24). Thus,
there is a critical need to address confounding factors that may
interact with the activity and mechanism of action of RXR ago-
nists leading to inconsistent data in FAD-Tg models, particu-
larly as Bex is currently under consideration for clinical trials.

The major concern for the use of RXR agonists in AD is
human (h)-APOE4. APOE4 is the greatest genetic risk factor for
sporadic AD, increasing risk up to 15-fold compared with
APOES3 (25, 26). Despite representing more than half of all AD
patients, APOE4 carriers are often omitted from clinical trials
because they fail to respond or respond anomalously (27-30).
Although the impact of h-APOE on CNS function is multifac-
torial, compared with APOE3, APOE4 increases insoluble and
soluble AB levels in FAD-Tg mice (31) and in AD patients (32—
34). However, the effects of RXR agonists on A levels in the
presence of h-APOE are unclear. The critical unresolved ques-
tion is whether RXR agonists act via increasing apoE levels or
increasing the ABCA1/G1-dependent lipidation of apoE. Over-
all, concern centers on whether APOE4 imparts a toxic gain-of-
function, and thus Bex-induced increased apoE4 levels may actu-
ally increase AP levels or, if the APOE4 loss-of-function is
lipidation of apoE4, induction of ABCA1/ABCGI1 may then be
beneficial. However, the majority of published data tests Bex in
FAD-Tg mice expressing m-apoE (11, 12, 14-16), which is struc-
turally and functionally distinct from any of the human isoforms.
In the context of h-APOE, limited data in one FAD-Tg model
(APOE/APP/PS1) demonstrate that Bex lowers soluble A levels
for APOE3 and APOE4 as assessed in the interstitial fluid by micro-
dialysis, but not when measured using biochemical extractions
(13). Furthermore, APOE/APP/PS1 mice display minimal Af
accumulation (13), and the levels of AB pathology at the time of
Bex treatment may determine the overall response. In APOE-TR
mice, which do not express h-A 3, Bex reverses the lipidation defi-
ciency of APOE4 (35). Given the conflicting data on Bex treatment
in FAD-Tg mice expressing m-apoE (12), it is vital, from a transla-
tional perspective, to further dissect the interactive effects of
h-APOE and RXR agonists on Af3 accumulation in an in vivo
model that expresses h-APOE.

We recently developed novel EFAD mice, which express
5XFAD mutations and h-APOE3 or h-APOE4 and are a tracta-
ble model of APOE genotype-specific AB accumulation (31). In
EFAD mice, total brain apoE levels are lower with APOE4.
However, using a three-step sequential protein extraction pro-
tocol, TBS, TBSX (TBS containing Triton X-100) and formic
acid (FA), the reduced levels of apoE4 are seen only in the TBSX
fraction, indicating that apoE4 is less lipoprotein-associated
and/or less lipidated (31). Additional data from our group and
others support the pathway that the reduced lipoprotein asso-
ciation/lipidation of apoE4 (31, 35) results in lower levels of
apoE4/AB complex and higher levels of oA (31, 33), compro-
mising synaptic viability. Thus, EFAD mice allow the preclinical
analysis of RXR agonists in the presence of h-APOE.

There are further issues related to RXR agonists such as Bex
as an AD therapeutic. Bex is a synthetic retinoic acid analogue,
classed as a pan-RXR agonist, and is currently approved for treat-
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ment of cutaneous T-cell lymphoma. Adverse events, including
severe but reversible hypertriglyceridemia (36-39), have
prompted the design of improved Bex analogues, and LG100268
(LG) was first reported in 1995 as delivering improved potency and
selectivity for RXR over other nuclear receptors (NR), particularly
the retinoic acid receptors (RAR) (40), although further improve-
ment is needed (41). In the livers of rodents and humans, Bex
modulates metabolic enzymes associated with drug-drug interac-
tions and induces hepatomegaly (14, 42), which may outweigh any
beneficial effects in the CNS, particularly in an elderly population.
Comparison of Bex and LG is essential to confirm that any actions
of Bex represent an effect of the RXR agonist drug class, rather
than any off-target effect; furthermore, LG and later generation
RXR agonists may prove safer and potentially more effective than
Bex for AD therapy.

In this study, EFAD mice (31) were treated with the RXR
agonists Bex and LG and indirect target engagement, mecha-
nistic pharmacodynamic (PD), PD, and efficacy markers were
measured. Overall, the data demonstrate that AB levels and
APOE genotype determine the effect of RXR agonists on PD
and efficacy readouts. In untreated EFAD mice, levels of soluble
AB (AB42 and oAp) are highest in hippocampus (HP) of
E4FAD mice and follow the pattern EAFAD-HP > E3FAD-
HP > E4FAD-cortex (CX) > E3FAD-CX, although the levels of
lipoprotein-associated/lipidated apoE have the opposite pat-
tern. In the E4AFAD-HP, short-term (5.75—6M) Bex and LG
treatment support the hypothesis that RXR agonists increase
ABCAL1/G1 levels, apoE4 lipoprotein association/lipidation, and
apoE/AB complex levels, which results in decreased soluble Af3
and increased PSD95 levels. In addition, hydrogel delivery, which
mimics low sustained release, was equally effective as gavage for
Bex and LG in lowering soluble A with APOE4. However, in the
30-day prevention protocol, no beneficial effects were observed in
the E4FAD-HP (5-6M). Furthermore, in E3FAD-CX and
E4FAD-CX, brain regions with the lowest AS3 levels at the time of
short-term treatment, RXR agonists actually increased soluble A3
levels in the absence of any changes in ABCA1 levels or apoE lipo-
protein association/lipidation. The lack of a response with RXR
agonists in EAFAD-HP during prevention and the induction of
detrimental CNS effects in the CX in short-term treatment may be
the result of systemic side effects, particularly hepatomegaly,
which have been observed in models of acute and chronic liver
disease (43—46). Collectively, these data suggest that Bex and LG
can address a loss-of-function associated with APOE4 and exacer-
bated by A, i.e. lower apoE lipoprotein association/lipidation.
However, future studies are vital to determine whether this path-
way is relevant for APOE3 carriers or whether RXR agonists are an
APOE4-specific AD therapeutic. In addition, addressing the sys-
temic side effects of RXR agonists is important for their transla-
tional application in longer term AD prevention and treatment
trials.

EXPERIMENTAL PROCEDURES

Chemicals—LG was synthesized and characterized as described
previously (40, 47). Purity of Bex (LC Laboratories, Woburn,
MA) and LG were >98% by RP-HPLC.

RXR Agonist Treatment (Table 1)—All experiments follow
the Institutional Animal Care and Use Committee protocols of
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the University of Illinois at Chicago. EFAD mice (31) were gen-
erated by crossing 5XFAD mice (48) and APOE-TR mice (49).
5XFAD mice express APP K670N/M671L + 1716V + V7171
and PS1 M146L + L1286V under the control of the neuron-
specific mouse Thy-1 promoter, and in APOE-TR mice, the
coding region of the h-APOE gene replaces that of the m-APOE
gene. Thus, EFAD mice are APOE-TR*/"/5XFAD"/". It
should be noted, however, that the introduction of the h-APOE
into FAD-Tg mouse models delays A3 accumulation (34, 50,
51). Although the 5XFAD mice produce very high levels of
primarily AB42 and exhibit significant amyloid plaque deposi-
tion by 6 — 8 weeks, introduction of APOE4 (E4FAD) delays A3
accumulation ~4 months, and APOE3 (E3FAD) and APOE2
(E2FAD) delay deposition ~6 months (31, 52).

Male E3FAD (APOE3) and E4FAD (APOE4) mice were
treated with Bex (100 mg/kg/day), LG100268 (LG, 104.3
mg/kg/day equimolar to Bex), or vehicle control (VC) using
three treatment protocols as follows: T1, 7-day oral gavage
(5.75-6M); T2, 7-day hydrogel (5.75—6M); and T3, 30-day
hydrogel (5- 6M). For gavage treatment, Bex (20 mg/ml) or LG
(20.86 mg/ml) were suspended in sesame oil (Sigma), and mice
were treated with 5 ul/g. For hydrogel treatment, Bex or LG
were dissolved in DMSO and mixed in hydrogel (0.4% DMSO in
hydrogel), so that a mouse (30 g) consumed 4.5 ml of hydrogel
per day, containing 3 mg of Bex or 3.13 mg of LG. Mice were
acclimatized to consume hydrogel (Clear H20 Inc., Portland,
ME) in place of drinking water for 3 days, and hydrogel con-
sumption was routinely monitored before and after drug treat-
ment (53). Note: sample processing and analysis were con-
ducted by investigators blinded to APOE genotype and drug
treatment.

Pharmacokinetics—Drug delivery was identical to that used
for EFAD mouse studies. 3-Month-old male C57BL/6 mice
(Charles River, Wilmington, MA) were treated with Bex (100
mg/kg) or equimolar LG (104.3 mg/kg) by gavage or hydrogel.
At various time points between 0 and 960 min for gavage (Fig. 1,
A and B) and at 1, 4, and 24 h for hydrogel treatment (Fig. 1C),
mice were sacrificed using CO,; plasma was immediately drawn
from the dorsal aorta, and mice were intracardially perfused,
decapitated, and brain hemispheres flash-frozen. Levels of Bex
and LG in the plasma and brain tissues of were measured by
LC-MS/MS analysis. Working internal standard solutions were
prepared by serially diluting DMSO stock solutions of Bex or
LG (10 mm) in MeCN to 10-2000 nm. Working internal stan-
dard solutions were freshly prepared in MeCN from DMSO
stocks to a working concentration of 50 nm Bex and 12.5 nm LG.
Bex was used as the internal standard for LG and vice versa.
Analysis was carried out on commercial C57BL/6 blank plasma
and perfused brain (BioreclamationIVT, New York) for calibra-
tion and quality control. Blank plasma samples (45 ul) were
transferred into low retention Eppendorf tubes stored on ice,
mixed with 5 ul of standard solution, and 200 ul of ice-cold
internal standard solution in MeCN. Blank perfused brains
were homogenized in 3 volumes of 30% MeOH using a dispos-
able pestle. Homogenized samples (145 ul) were mixed with
5 wul of standard solution and treated with ice-cold internal stan-
dard solution in MeCN (600 ul). All samples were centrifuged
at 13,000 X g for 10 min at 4 °C. The supernatant was removed,
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dried with N,, and reconstituted with 30% MeOH (100 pul).
After centrifuging at 13,000 X g for 10 min at 4 °C, an aliquot of
25 ul was analyzed by LC-MS/MS. Analysis of plasma (50 ul)
and brain samples (150 ul) from treated animals followed the
same procedures. 30-day PK hydrogel treatment measure-
ments were made on E3FAD and E4FAD mice using plasma
samples obtained at sacrifice. Samples were analyzed on a
QTRAP 5500 system equipped with an Agilent 1260 UHPLC,
using an Acquity BEH C18 column (3.0 X 100 mm, 1.7 wm, at
40 °C) with a flow rate of 0.45 ml/min (mobile phase 50% B to
100% B over 8.5 min: A = 30% MeOH containing 5 mm
NH,HCO,; B = 95% MeCN containing 5 mm NH,HCO,).
Measurements were made in the negative ion multiple reac-
tion-monitoring mode at m/z 348.48 for Bex and 363.49 for LG.

Tissue Harvest—Brain and liver tissue was harvested as
described previously (31). EFAD mice were anesthetized with
sodium pentobarbital (50 mg/kg) and transcardially perfused
with ice-cold PBS containing protease inhibitors (Calbiochem,
set 3). Right hemi-brains were dissected on ice into CX, HP, and
cerebellum, snap-frozen in liquid nitrogen, and stored at
—80 °C until use.

Protein Extraction—Serial extraction of soluble detergent
and insoluble proteins was performed as described previously
(31, 52). Briefly, the dissected brains were homogenized in 15
volumes (w/v) of Tris-buffered saline (TBS) and centrifuged
(100,000 X g, 1 h at 4°C), and the TBS-soluble extract was
frozen in liquid nitrogen and stored at —80 °C. The pellet was
washed in TBS, resuspended in 15 volumes of TBS containing
1% Triton X-100 (TBSX), mixed by rotation at 4 °C for 30 min,
and centrifuged (100,000 X g, 1 hat4 °C), and the TBSX-soluble
fraction was stored as for TBS. Pellets were washed with TBSX,
weighed, resuspended to 150 mg/ml in FA, and rotated end
over end for 2 h at room temperature. Finally, samples were
centrifuged (100,000 X g, 1 h at 4 °C), and the supernatant was
neutralized using 20 volumes of Tris base and stored as for
TBS/TBSX. Total protein was measured in the TBS and FA
(QuickStart™ Bradford assay, Bio-Rad) and TBSX (Micro
BCA protein assay kit, Pierce) fractions.

ELISAs—ApoE and AB42 levels were measured in the TBS,
TBSX, and FA extracts, and oA and apoE/A3 complex in the
TBS extracts by ELISA. ApoE ELISA utilizes a-apoE (1:2000,
Millipore) capture and a-apoE biotin-gt (1:5000, Meridian)
detection antibodies as described previously (52). AB42 levels
were measured using ELISA kits from Invitrogen (KHB3441).
0AP levels were measured using MOAB-2 based ELISA kits
from Biosensis (BEK-2215-1P). ApoE/A3 complex levels were
measured based on a modified protocol described in (52). The
new protocol followed the oAB ELISA kit protocol (Biosensis)
but used the a-apoE biotin-gt (1:5000, Meridian) detection
antibody in place of the biotin-MOAB-2 antibody, with stan-
dards as prepared in Ref. 52. All data were normalized to total
protein in each extract.

mRNA Analysis—1 ml of RNAlater solution (Ambion) was
added to ~20 mg of brain tissue, incubated at 4 °C overnight,
and stored at —80 °C to ensure minimal mRNA degradation.
Quantitative analysis of mRNAs was performed by the Quanti-
Gene 2.0 Plex assay system (Affymetrix) for LXRa/B and
PPARYy expression. The raw output is “mean fluorescence
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TABLE 1
RXR agonist treatment protocols
Study Age and length of treatment Drug delivery Treatment
T1 5.75 to 6 months Gavage VC, sesame oil
(7 days) Bex, 20 mg/ml sesame oil
LG, 20.86 mg/ml in sesame oil
Treatment, 5 ul/g (mouse weight)
T2 5.75 to 6 months Hydrogel VC, 0.4% DMSO in hydrogel
(7 days) Bex, 3 mg/4.5 ml in hydrogel
LG, 3.13 mg/4.5 ml in hydrogel
Treatment, ~4.5 ml hydrogel consumed per mouse/day (for a 30-g mouse)
T3 5 to 6 months Hydrogel As above, hydrogel replaced every 2—3 days

(30-day prevention)

intensity” for each assay. Mean fluorescence intensity values are
adjusted by blank value subtraction, and standardized with
appropriate endogenous control gene expression value. Data
are analyzed with MasterPlex®EX software (Hitachi-Solution
America).

Western Blot—Gel electrophoresis and Western blot analyses
were performed on 30 pg of TBSX-extracted proteins accor-
ding to the manufacturer’s protocols (Invitrogen). Briefly, sam-
ples in lithium dodecyl sulfate sample buffer (Invitrogen) were
heated to 90 °C for 5 min and loaded onto 4-12% BisTris
NuPAGE gels, electrophoresed using MOPS running buffer,
and transferred to 0.2 um PVDF membranes (Invitrogen).
Membranes were blocked in 5% nonfat dry milk in Tris-buff-
ered saline containing 0.0625% Tween 20 (TBST) and incu-
bated in primary antibodies followed by HRP-conjugated sec-
ondary antibodies (1:5000 dilution of 0.8 mg/ml stocks, Jackson
ImmunoResearch). The following primary antibodies were
used: ABCA1 (1:500, Novus Biologicals); ABCG1 (1:500, Novus
Biologicals); PSD95 (1:500, Antibodies Inc.); and B-actin
(1:2000, Sigma). Immunoreactivity was detected using enhanced
chemiluminescence (ECL; Amersham Biosciences) and imaged
on a Kodak Image Station 4000R. Protein expression was quanti-
fied by absorbance of protein/absorbance of actin.

All samples from control and RXR-treated mice within a
brain region, for example EAFAD-HP, were run on the same
Western blot to allow for appropriate comparison. In addition,
to enable a comparison across brain regions, all the samples for
the VC groups within a treatment protocol were run on a single
blot, for example the VC groups for E3FAD-CX, E4AFAD-CX,
E3FAD-HP, and E4FAD-HP of T1. For the representative blots
presented in the figures, all the lanes originate from the same
gel but from different areas, i.e. the lanes were not immediately
adjacent to each other. This re-organization corresponds to the
specific results of a given figure.

Statistical Analysis—Data were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s post hoc analysis
using GraphPad Prism version 5 for Macintosh. p < 0.05 was
considered significant. Correlation analysis was conducted
using Pearson’s correlation.

RESULTS
Study Design and Pharmacokinetics

RXR Agonist Treatment Protocols of EFAD Mice—To deter-
mine the interactions between h-APOE and RXR agonists, we
used three treatment protocols (see Table 1). In all studies, male
E3FAD and E4FAD mice (31) were orally delivered Bex (100
SASBMB
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mg/kg/day) or the RXR agonist LG (104.3 mg/kg/day, equimo-
lar to Bex). T1 short-term (7 day) treatment was from 5.75 to 6
months by oral gavage. For T'1, the dosing, method of oral deliv-
ery, and 7-day treatment protocol match that previously
reported for Bex in FAD-Tg mice (13-16). Because Bex is
almost insoluble in water, gavage must be delivered as a sesame
oil slurry. For this reason and the reported toxicity of Bex in
C57BL/6 mice (maximum tolerated dose ~80 mg/kg/day) (54),
we also chose an alternative mode of oral drug delivery. T2
short-term (7 days) treatment was from 5.75 to 6 months by
hydrogel. For water-insoluble drugs, dissolution in DMSO and
delivery in hydrogel is a viable alternative, with hydrogel replac-
ing drinking water (53, 55). This short-term study was first
completed to establish comparable results to drug delivery by
gavage, thus informing protocol three. T3 medium-term (30
days) prevention protocol was from 5 to 6 months by hydrogel.
The goal of T3 was to dissect the effect of RXR agonists in a
prevention protocol.

As described under “Experimental Procedures,” proteins
were sequentially extracted into soluble (TBS), detergent-solu-
ble (TBS containing 1% Triton X-100 (TBSX)), and insoluble
(FA) fractions (31, 52) from the dissected cortex (CX) and hip-
pocampus (HP) of EFAD mice. Markers of indirect target
engagement (ABCA1/G1 and total apoE levels), mechanistic
PD (soluble apoE/Af3 complex levels, TBSX-apoE for lipopro-
tein association/lipidation), PD for AB (total AB42, soluble
AB42, and soluble 0AB), and efficacy (synaptic viability) were
assessed.

Pharmacokinetics (PK)—Bex and LG have brain bioavailabil-
ity. Initially, the plasma PK of Bex and LG was determined. In
male C57BL/6 mice, after gavage delivery of Bex (100 mg/kg),
the plasma values we observed were C,... ~3000 ng/ml
(8.6 um) and T, ~2 h (Fig. 1A). Similar values were reported
for rats after bolus oral delivery of Bex, specifically 7., ~2hat
100 mg/kg/day p.o. (56). In a female Tg mouse strain that is
susceptible to mammary cancer (C3(1)-SV40 Tag mice), gavage
delivery in sesame oil, similar to our procedure, gave reported
values for plasma of C_ .. ~20,000 ng/ml (58 um) and T, ..
~0.5 h (57). After equimolar gavage delivery, the half-life for
LG in plasma was shorter compared with Bex but with a similar
Cax (Fig. 1, A and B). Importantly, both were brain bioavailable
with an area under the curve (brain/plasma) of 1.46 and 0.41
and a brain C,,, of ~6700 ng/ml (19.4 um) and 920 ng/ml (2.53
uM) for Bex and LG, respectively. For calibration of PK with PD,
the reported cellular EC,, values for Bex and LG for RXR acti-
vation are 20—55 and 15-25 nm, respectively (40, 41).
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FIGURE 1. PK analysis of oral Bex and LG. Brain and plasma levels of Bex (100 mg/kg/day) or equimolar LG (104 mg/kg/day) delivered orally to mice were measured
by LC-MS/MS. A, concentrations of Bexin brain and plasma at various time points after delivery by gavage to C57BL/6 mice. B, concentrations of LG in brain and plasma
atvarious time points after delivery by gavage to C57BL/6 mice. G, averaged concentrations of Bex and LG in brain and plasma at 1,4, and 24 h during a 24-h delivery
by hydrogel to C57BL/6 mice (for 300day plasma samples) or to E3FAD and E4FAD mice. Data are expressed as mean = S.E. (n = 4-11).

Bex delivery to rodents has been primarily via feed an inter-
mittent, continuous drug delivery similar to hydrogel. To esti-
mate PK after hydrogel delivery, drug levels in plasma and brain
were measured at 1, 4, and 24 h, and brain concentrations for
Bex and LG were ~50 ng/ml (140 nm) and ~45 ng/ml (125 nm),
respectively (Fig. 1C). After a 30-day delivery of Bex to EFAD
mice by hydrogel, plasma concentrations were not significantly
different by 7-day hydrogel (Fig. 1C). Thus, with both gavage
and hydrogel, the concentrations of Bex and LG in the brain
were at least 3-fold higher than the in vitro 1C,, (40, 41), sug-
gesting full agonism.

Short-term RXR Agonist Treatment Induces Beneficial Effects
in E4FAD-HP (T1and T2)

Initially, the effect of short-term (5.75—-6M) gavage (T1) or
hydrogel (T2) Bex and LG treatment was determined in the
E4FAD-HP, the brain region with the highest A pathology at
the time of treatment compared with E3FAD/E4FAD-CX or
E3FAD-HP (31). Indeed, the EAFAD-HP has the highest levels
of insoluble AB42 and soluble AB (AB42 and oAf), the lowest
levels of apoE/A3 complex, and the lowest lipoprotein-associ-
ated/lipidated apoE compared with other brain regions in
E4FAD and E3FAD mice at 6 months (see other brain regions
under “Results” and Refs. 31, 52). Focusing on the E4AFAD-HP
allowed testing of the hypothesis that RXR agonists will address
aloss-of-function associated with apoE4 in treatment protocols
(Fig. 2).

RXR Agonists Increase ABCAI/ABCGI but Not Total ApoE
Levels in E4FAD-HP—Although Bex and LG were brain-pene-
trant with gavage and hydrogel delivery, it is important to dem-
onstrate target engagement to interpret PD and efficacy data.
Data are conflicted whether RXR agonists function through
increasing the levels of ABCA1/ABCG1 or total apoE (13-16).
Therefore, ABCA1 and ABCG1 and total apoE levels were
assessed as markers of indirect target engagement after RXR
agonist treatment. Both RXR agonists increased ABCA1 levels
by gavage (T1) and hydrogel (T2) treatment (Fig. 24). In T1,
compared with VC, Bex and LG increased ABCA1 levels by
~200 and 300%, respectively, as assessed by Western blot (WB)
analysis (TBSX extract). Similar increases were also observed in
T2 with increases in ABCA1 levels of ~300% with Bex and
100% with LG compared with VC. Both RXR agonists also
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increased ABCG1 levels in T1, but not in T2 (Fig. 2B). There
were no changes in total apoE levels for T1 or T2 by Bex or LG
(Fig. 2C) when assessed by ELISA (total apoE = sum of apoE
levels in the TBS, TBSX, and FA extracts divided by total
protein).

RXR Agonists Increase Detergent-soluble/Lipoprotein-associ-
ated ApoE in E4FAD-HP—A previously developed three-step
sequential protein extraction protocol (TBS, TBSX, and FA)
was used to determine the effect of APOE genotype on the levels
of lipoprotein-associated apoE (31, 52) and was used to homog-
enize the EFAD mice tissue in this study. TBSX employs a non-
ionic detergent to release apoE from lipoproteins without
inducing the formation of new micelles, as can occur with ionic
detergents such as SDS (31, 58), and thus it indicates the levels
of lipoprotein-associated apoE. In EFAD mouse brain homoge-
nates, total brain apoE levels are lower with APOE4, but this
difference is seen only in the TBSX fraction, indicating that
apoE4-containing lipoproteins are less lipoprotein-associated
and/or less lipidated (31). As RXR agonists increased ABCA1
and ABCG1 levels, apoE levels were plotted as extraction pro-
files (Fig. 2, D and E). Bex and LG increased TBSX-apoE4 levels
in the E4AFAD-HP by ~80% by gavage (T1) (Fig. 2D) and by
~140% using hydrogel (T2) (Fig. 2E) compared with the VC. In
contrast, TBS-soluble apoE4 levels were decreased by RXR
treatment by ~40% in both T1 and T2. Thus, although total
apoE levels were not affected by RXR agonist treatment, soluble
(TBS) apoE levels were decreased, and detergent-extracted
apoE4 levels were increased. These data support that RXR ago-
nists increase the lipoprotein association of apoE4.

RXR Agonists Increase ApoE/AB Complex Levels in E4FAD-
HP—A potential consequence of RXR agonist-induced increased
apoE4 lipoprotein association is increased apoE/AB complex
levels (33, 52). To determine the effect of APOE genotype on
apoE/A3 complex levels, we previously developed an apoE/Af3
complex ELISA and demonstrated that apoE/A3 complex lev-
els are lower with AD and APOE4 in human CSF and with
APOE4 in the TBS extracts of EFAD mice (33, 52). In this study,
both RXR agonists increased apoE/A 3 complex levels by gavage
(T1) and hydrogel (T2) by ~70 and 100%, respectively, com-
pared with VC when assessed by ELISA (Fig. 2F). Thus, short-
term RXR agonist treatment increased ABCA1 levels, apoE4
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FIGURE 2. Short-term RXR agonist treatment induces beneficial effects in E4AFAD-HP. E4FAD mice were treated with Bex (100 mg/kg/day), LG (104
mg/kg/day, equimolar to Bex (B)) or vehicle control (VC) from 5.75 to 6 months by daily gavage (T1) or 7-day hydrogel (T2). Proteins were sequentially extracted
from the E4FAD-HP using TBS, TBSX, and FA. Markers of indirect target engagement including the following: A, ABCA1 (WB and TBSX); B, ABCG1 (WB and TBSX);
and G, total apoE levels (ELISA, TBS + TBSX + FA). The mechanistic pharmacodynamics include the following: D and E, apoE extraction profile (ELISA); F,
soluble apoE/AB complex (ELISA, TBS, and VC levels = 73.4 = 6.8 nm AB42/mg protein). The pharmacodynamics for AB include the following: G, total
AB42 (ELISA, TBS + TBSX + FA, and VClevels = 3.6 = 0.3 ug/mg protein); H, soluble AB42 (ELISA, TBS, and VC levels = 365.1 = 51.3 pg/mg protein); and
I, soluble oAB (ELISA, TBS, and VC levels = 4.58 = 0.5 ng/mg protein), and for efficacy: J, PSD95 (WB and, TBSX) was measured. Data are expressed as the
mean * S.E. and were analyzed by one-way ANOVA followed by Tukey’s multiple comparison post hoc analysis.n = 6. *, p < 0.05 versus VC.

lipoprotein association, and apoE/AB complex levels in the
E4FAD-HP.

RXR Agonists Do Not Change Total AB42 Levels but Decrease
Soluble AB (AB42 and 0AB) in E4FAD-HP—Currently, there is
debate on the effect of RXR agonists on the levels of total A42,
measured by immunohistochemistry or biochemically. Initial
data demonstrated that Bex reduced total A3 by ~60% in APP/
PS1 mice after a 7-day gavage treatment (11), although subse-
quent studies failed to replicate these changes in a number of
mouse models (13-16). In this study, total AB42 (TBS + TBSX +
FA) levels were unchanged by RXR agonist treatment in both
short-term treatment protocols (Fig. 2G), consistent with the
latter publications with Bex in FAD-Tg mice (13-16).

Accumulating evidence over the last decade suggests that
soluble AB42 (2—4) and soluble 0AB (5- 8), rather than insolu-

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

ble AB, may be the proximal neurotoxin in AD. By ELISA, 0AB
levels are increased with APOE4 and AD in human CSF, and
both soluble AB42 and soluble 0Af levels are higher in E4FAD
mice compared with E3FAD mice (31, 33). Furthermore,
although data are varied, Bex has previously been demonstrated
to lower soluble AB in some FAD-Tg models (13-16) and in
one case oA (13). Thus, soluble AB (AB42 and oApR) repre-
sents an important PD read-out after RXR agonist treatment. In
this study, soluble (TBS) AB42 levels were reduced in
E4FAD-HP with RXR agonist treatment. Specifically, com-
pared with the VC, Bex and LG lowered soluble A 42 levels by
~52% by oral gavage (T1) and although not significantly by
~23% by hydrogel (T2) (Fig. 2H). Importantly, soluble 0Af3
levels were also reduced with RXR agonist treatment. In the T1
study, Bex and LG decreased soluble 0A3 by ~35 and ~49%,
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FIGURE 3. Medium-term RXR agonist prevention protocol induces no effects on apoE or A in E4FAD-HP. E4FAD mice were treated with Bex (100
mg/kg/day), LG (104 mg/kg/day), or VC from 5 to 6 months by hydrogel (T3). In the E4FAD-HP, markers of indirect target engagement include the following: A,
ABCAT1 (WBand TBSX), ABCG1 (WB and TBSX); B, total apoE levels (ELISA, TBS + TBSX + FA). The mechanistic pharmacodynamics include: C, TBSX-apoE (ELISA);
D, soluble apoE/AB complex (ELISA, TBS). Pharmacodynamics for AB include the following: E, total AB42 (ELISA, TBS + TBSX + FA); F, soluble AB42 (ELISA and
TBS); and G, soluble oA (ELISA and TBS), and for efficacy, H, PSD95 (WB and TBSX) was measured. Data were analyzed by one-way ANOVA followed by Tukey’s

multiple comparison post hoc analysis. n = 6. *, p < 0.05 versus VC.

respectively, and in T2 both RXR agonists reduced oA levels
by ~32% by hydrogel (Fig. 21).

RXR Agonists Increase PSD95 Levels in E4FAD-HP—An
important read-out for the preclinical analysis of a potential AD
therapeutic is a measure of neuronal viability. Increased Af3
levels are linked to reduced postsynaptic density protein 95
(PSD95) levels in humans and FAD transgenic mouse models
(59-62). Thus, in this study we utilized PSD95 levels as a
marker of drug efficacy. RXR agonist treatment increased
PSD95 levels in EAFAD-HP by ~160% with oral gavage (T1)
and ~60% by hydrogel treatment (T2) (Fig. 2)).

Therefore, both RXR agonists in short-term treatment pro-
tocols exhibit beneficial effects in the E4AFAD-HP through
increasing ABCA1/G1 levels, apoE4 lipoprotein-association,
and apoE/A B complex levels, which result in decreased soluble
AB (AB42 and 0AB) and increased PSDI5 levels.

Medium-term RXR Agonist Prevention Protocol Induces No
Effects on ApoE or AP in E4FAD-HP (T3)

To determine whether RXR agonists could prevent increases
in AP pathology and decreases in PSD95 levels in the E4FAD-
HP, a medium-term prevention study was conducted ending at
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6 months (Fig. 3). EAFAD mice were treated with both Bex and
LG from 5 to 6 months by hydrogel rather than gavage, as
hydrogel represents less stress to the animal than repeated daily
gavage and induced comparable beneficial PD and efficacy
effects in short-term treatment in the E4AFAD-HP. Bex and LG
both increased ABCA1 (but not ABCG1) levels by 70% (Fig.
3A). However, despite demonstrating indirect target engage-
ment, neither Bex nor LG exerted any changes on markers for
mechanistic PD (TBSX-apoE and apoE/Af complex), PD
(insoluble and soluble Ap), or efficacy (PSD95) (Fig. 3, B—H).
Thus, the beneficial effects of RXR agonists observed in
E4FAD-HP in short-term treatment protocols (from 5.75 to 6
months) are not replicated in a prevention protocol when
E4FAD mice are treated at an earlier stage of A pathology, but
still ending at 6 months.

Short-term RXR Agonist Treatment Increases Soluble A3
(AB42 and 0AB) Levels in E3FAD-CX and E4FAD-CX (T1 and T2)

As data were conflicted between the treatment and preven-
tion protocols in EAFAD-HP, the effect of short-term RXR ago-
nist treatment in brain regions with lower levels of A pathol-
ogy at the time of treatment was dissected (i.e. E3FAD-CX,
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FIGURE 4. Vehicle control (left) and short-term RXR agonist treatment (right) effects on ABCA1 levels, apoE lipoprotein association, and apoE/A3
complex levels in E3FAD-CX, E4AFAD-CX, and E3FAD-HP. EFAD mice were treated with Bex (100 mg/kg/day), LG (104 mg/kg/day, equimolar to Bex),
or vehicle control (VC) from 5.75 to 6 months by daily gavage (T1). In E3FAD-CX, E4FAD-CX, and E3FAD-HP, markers of indirect target engagement
include the following: A and B, ABCA1 (WB and TBSX). Mechanistic pharmacodynamics include the following: C and D, TBSX-apoE (ELISA); and E and F,
soluble apoE/AB complex (ELISA, TBS) were measured. Note: RXR agonists induce no beneficial effects in E3FAD-CX or E4AFAD-CX. Data were analyzed
by one-way ANOVA followed by Tukey’s multiple comparison post hoc analysis.n = 6. *, p < 0.05 (as shown, left); ¥, p < 0.05 versus VC (right); #, p < 0.05

Bex versus LG (right).

E4FAD-CX, E3FAD-HP). Readouts of indirect target engage-
ment, mechanistic PD, PD for AB, and efficacy in the VC group
are presented first, as these are an indication of the levels at the
time of treatment. The effects of RXR agonists are plotted for a
comparison (Figs. 4 and 5 represent T1 and, as data were simi-
lar, T2 data is not shown).

OCTOBER 31,2014-VOLUME 289-NUMBER 44 SASBMB

RXR Agonists Elicit No Effects on ABCAT Levels, ApoE
Lipoprotein Association, or ApoE/A3 Complex Levels in
E3FAD-CX and E4FAD-CX

ABCAI—Generally, in the VC groups, ABCA1 (Fig. 44) and
ABCGI (data not shown) levels are lower in E4FAD-HP com-
pared with other brain regions. For example, in the VC group
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gavage-treated mice (T1), ABCAL levels were significantly dif-
ferent for EAFAD-HP versus E3FAD-CX and E4FAD-CX. RXR
agonists induced no effect on ABCA1 or ABCG1 levels in the
E3FAD-CX or EAFAD-CX of T1 (Fig. 4B) or by hydrogel (T2)
(exceptincrease with LG in E3FAD-CX, data not shown). How-
ever, both agonists increased ABCA1 levels by 100-200% in
E3FAD-HP.

TBSX-ApoE—TBSX-apoE levels were lowest in EAFAD-HP
(Fig. 4C). RXR agonists did not significantly modulate the levels
of TBSX-apoE in the E3FAD-CX, E4AFAD-CX, or E3FAD-HP
(Fig. 4D). The only exceptions were an increase in TBSX-apoE
levels in LG-treated EAFAD-CX (Fig. 4D) and a decrease in
Bex-treated E3FAD-HP in T2 (data not shown).

ApoE/AB Complex—Consistent with published data, apoE/A
complex levels in the VC groups of both treatments were lower
in E4FAD compared with E3FAD mice in both the CX and HP
(Fig. 4E) (52). LG and Bex did not change apoE/AB complex
levels in the E3FAD-CX or EAFAD-CX. In E3FAD-HP (Fig. 4F),
LG decreased apoE/AB complex levels in T1, and Bex
decreased apoE/A3 complex levels in T2 (data not shown).

RXR Agonists Induce an Increase in Soluble A3 (AB342 and
0Ap) in the E3FAD-CX and E4FAD-CX

Total AB42—Consistent with previous data, total AB42 lev-
els in the VC followed the order EAFAD-HP > E3FAD-HP >
E4FAD-CX = E3FAD-CX (Fig. 5A4). Gavage (T1) and hydrogel
(T2) treatment with Bex did not affect total AB42 levels in the
CX or HP of EFAD mice (Fig. 5B). LG increased total AB42
levels in the E3FAD-HP of T1-treated mice and in E3FAD-CX
of T2-treated mice.

Soluble AP42—As demonstrated previously in the VC
groups, soluble AB42 levels followed the order EAFAD-HP >
E3FAD-HP > E4FAD-CX = E3FAD-CX (Fig. 5C). RXR agonist
treatment increased soluble AP42 levels by ~50% in the
E3FAD-CX and E4FAD-CX (Fig. 5D). These data were signifi-
cant for Bex and LG in the E4FAD-CX in T1, and LG in
E3FAD-CX for T1 and T2. In E3FAD-HP, Bex increased soluble
AB42 by 100% following both short-term treatments.

Soluble 0AB—oAp levels in the VC group followed the order
E4FAD-HP > E3FAD-HP > E4FAD-CX > E3FAD-CX (Fig.
5E). Both RXR agonists increased oA levels in E3FAD-CX and
E4FAD-CX (Fig. 5F). For example, in T1, Bex increased oAf3
levels by 100% in E3FAD-CX and 150% in E4AFAD-CX com-
pared with VC. In the E3FAD-HP, there were no effects on 0Af3
levels.

Although Nonsignificant, RXR Agonist Treatment Trends to
Lower PSD9S5 Levels in E4FAD-CX—In the VC groups, PSD95
levels followed the pattern E3FAD-CX > E4FAD-CX >
E3FAD-HP > E4FAD-HP (Fig. 5G). A nonsignificant trend was
observed in EAFAD-CX for decreased PSD95 levels with RXR
agonist treatment. Indeed, PSD95 levels were decreased by
~27% by both RXR agonists in T1 (p = 0.07, Fig. 5H).

Collectively, these data demonstrate that short-term RXR
agonist treatment in the CX of E3FAD and E4FAD mice does
not significantly change ABCA1, TBSX-apoE, or apoE/Af3
complex levels, and in the E3FAD-HP it increases ABCA1 levels
without significant increases in apoE lipoprotein association.
Importantly, in the E3FAD-CX and E4FAD-CX, short-term
RXR agonist treatment increases soluble A levels (AB42 and
0A), which tends to be associated with decreased PSD95 levels
in the EAFAD-CX.

Medium-term RXR Agonist Prevention Protocol Induces No
Effects on ApoE or A in E3FAD-CX, E4FAD-CX, and E3FAD-HP
(T3)

As RXR agonists increased oA levels in E3FAD-CX and
E4FAD-CX and had no effect in the E3FAD-HP, as for the
E4FAD-HP, the effect of a medium-term prevention protocol
was dissected in these regions (5— 6 months, Fig. 6). LG and Bex
increased levels of ABCA1 (Fig. 6A4), but not ABCG1 (Fig. 6B),
in all brain regions (HP and CX) for all genotypes (APOE3 and
APOE4) in EFAD mice (with exception of Bex treated E4FAD-
CX). However, in general, there were no changes in TBSX-apoE
levels or apoE/AB complex levels for any of the brain regions
(Fig. 6, C and D, exceptions include Bex-induced decrease in
TBSX-apoE in E3FAD-CX and LG-dependent decreased
apoE/AB complex in E3FAD-HP). In addition, there were no
effects of RXR agonist treatment on total AB or soluble A3
(AB42 and oAp) levels in the medium-term prevention proto-
col (Fig. 6, E-G). For PSD95, RXR agonists decreased levels by
~15% in the E4AFAD-CX but elicited no other effects (Fig. 6H).
Thus, in a medium-term prevention study, in which treatment
was initiated in brain regions with the lowest A pathology at
the time of treatment (lower than the short-term studies
described above), despite increasing ABCA1 levels, no benefi-
cial effects on any readouts for PD or efficacy were observed.

Collective Data Analysis and Interpretation, Beneficial Effects
of RXR Agonists

Increasing AP Levels Are Associated with Decreased Levels of
ApoE Lipidation-related Genes and Proteins, Potentiated by
APOE4—Our data raised the following important question.
Why did Bex and LG induce beneficial effects on apoE lipopro-
tein association only in short-term studies in the EAFAD-HP?
Critical to understanding this issue is that in 6-month EFAD
mice, AP accumulation, including insoluble A, soluble AB42,
and soluble oA, are from highest to lowest as follows: E4FAD-
HP > E3FAD-HP > E4AFAD-CX > E3FAD-CX (Fig. 5) (31, 52).
In contrast, ABCA1, ABCGI levels, and mRNA levels of the
permissive nuclear receptor heterodimer targets of RXR,
namely LXRa,3 and PPARY, followed the order E3FAD-CX >
E4FAD-CX > E3FAD-HP > E4FAD-HP (Fig. 7A, data from VC
groups T1 and T2). Thus, the levels of apoE lipidation-related
pathway genes and proteins are all decreased with increased A3

FIGURE 5. Vehicle control (left) and short-term RXR agonist treatment (right) effects on total AB42, soluble AB3 (A342 and oA), and PSD95 levels in
E3FAD-CX, E4AFAD-CX, and E3FAD-HP. EFAD mice were treated with Bex (100 mg/kg/day), LG (104 mg/kg/day, equimolar to Bex), or VC from 5.75 to 6 months
by daily gavage (T1). In E3FAD-CX, E4FAD-CX, and E3FAD-HP markers of pharmacodynamics for AB include the following: A and B, total AB42 (ELISA, TBS +
TBSX + FA); Cand D, soluble AB42 (ELISA, TBS); and E and F, soluble oA (ELISA, TBS); and for efficacy, G and H, PSD95 (WB and TBSX) was measured. Note: RXR
agonists induce an increase in soluble AB (AB42 and 0Ap) in E3FAD-CX and E4FAD-CX. Data were analyzed by one-way ANOVA followed by Tukey’s multiple
comparison post hoc analysis.n = 6.*, p < 0.05 (as shown, left); *, p < 0.05 versus VC (right); #, p < 0.05 Bex (B) versus LG (right).

SASBMB

OCTOBER 31,2014 +VOLUME 289+-NUMBER 44

JOURNAL OF BIOLOGICAL CHEMISTRY 30547



AP Pathology and APOE Genotype Modulate RXR Agonist Activity
B esrap-vc [ esrap-Bex [_]E3raD-LG B earap-vc [] E4FAD-Bex [_]E4FAD-LG

A. ABCA1 B. ABCG1
B LG VCBLG VC B LG

VC B LG VC B LG VC B LG
26°k°=rrrrntj E—m Bl L1 1 Fllnqlm
50kDa 50kDa -

L (. -1 L e |

40 “# 200
£ «# <
° =
% 30 S 150
ga o
Za >a
58 * 59
T = 20| * Q = 100
0 RRC
2 2 2 8
a 10 S 50
o o
0 0
L ] L J L ] L J
CX HP CX HP
C. TBSX-apoE D. Soluble ApoE/Aj3 Complex
1500 150
c
= 3
'@ 1000 S 100
e S
o £
o
H : :
® 500 < s0
c
0 0
L J L J L
cX HP
E. Total Ap42 F. Soluble Ap42
5e 600
4 -
£ £ 400
5 % 5
o o
o 2u o
£ £
200 =
E 2
1 -
0d 0
L 1 L '] ! 1 L ']
CcX HP CX HP
H. PSD95

110kDa - B LG VC B LG VC B
G. Soluble 0Ap Siias [—-----| E"'"""’I L""'j

4 -
3 ;
100 X
*
2d d
50
1
0 0
L ] L '} L J L 1]

FIGURE 6. Medium-term RXR agonist prevention protocol induces no effects on apoE or AB in E3FAD-CX, E4FAD-CX, and E3FAD-HP. EFAD mice were
treated with Bex (B) (100 mg/kg/day), LG (104 mg/kg/day), or VC from 5 to 6 months by hydrogel (T3). In E3FAD-CX, E4AFAD-CX, and E3FAD-HP, markers of
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TBSX + FA); F, soluble AB42 (ELISA and TBS), and G, soluble oAB (ELISA and TBS); and the efficacy, H, PSD95 (WB was TBSX) was measured. Data were analyzed
by one-way ANOVA followed by Tukey’s multiple comparison post hoc analysis. n = 6.*, p < 0.05 versus VC.
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%E3-CX VC
OD PSD95/0D f-actin

pathology, an effect that is potentiated by APOE4. These effects RXR Agonists May Increase Lipoprotein-associated ApoE
may underlie the progressive decrease in lipoprotein-associ- Only at a Critically Low Threshold—Through analyzing the
ated apoE with increased A pathology, which is therefore the effect of RXR agonists in the context of the continuum of AB
lowest in the EAFAD-HP at 6 months (Fig. 74). accumulation, ABCA1 levels are increased in the E3FAD-HP
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and E4FAD-HP; however, TBSX-apoE levels are only increased
in the EAFAD-HP (Fig. 7B). These data are important as fol-
lows: 1) ABCAL1 levels may only be increased once the RXR
targets that increase ABCA1 levels reach a critical low
threshold, equivalent to E3FAD-HP; and 2) a similar “criti-
cally low threshold” of apoE lipoprotein association may also
exist, equivalent to the E4FAD-HP. Once this critically low
threshold is attained, RXR agonists can increase ABCA1-de-
pendent apoE lipoprotein association and lower levels of sol-
uble AB. Indeed, it is striking that RXR agonist treatment
lowers soluble 0AB levels in the E4FAD-HP to those of
E3FAD-HP (Fig. 7C).

Collective Data Analysis and Interpretation, Detrimental
Effects of RXR Agonists

RXR Agonist Increased oA Levels in the Absence of Changes
in ABCA1 Levels—A further issue raised by the data is that in
the brain regions with the lowest A pathology at the time of
short-treatment (E3FAD-CX and E4FAD-CX), RXR agonists
increased oA levels (Fig. 7C). Additional analysis demon-
strated no significant correlation between ABCA1 and o0Af
(Fig. 84, Pearson’s r = +0.05) in the CX of both E3FAD and
E4FAD mice (T1 and T2), indicating that the increased oAf3
levels in the CX of EFAD mice are not a result of changes in
ABCAL1 levels and, more broadly, CNS indirect target engage-
ment. Thus, there is likely an alternative mechanism of action
for the RXR agonist-induced increases in oA levels in the CX
of EFAD mice.

RXR Agonists Induced Hepatomegaly in EFAD Mice—Evi-
dence indicates that Bex can increase liver weight (hepatomeg-
aly), potentially via hepatic steatosis (14). Indeed, hepatomegaly
is touted as an indirect indication of bioavailability and target
engagement for Bex (14). Furthermore, it is unclear whether
agonists that are more selective than Bex for RXR compared
with RAR (i.e. LG) will negate the hepatomegaly. In this study,
short-term treatment by gavage (T1) with Bex and LG
increased liver weight in E3FAD and E4FAD mice by ~80%
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(Fig. 8B). The 7-day RXR agonist treatment with hydrogel (T2)
also increased liver weight in E3FAD mice; LG (~140%)
induced a greater increase than Bex (60%) (Fig. 8C). Interest-
ingly, liver weight was not affected by RXR agonist hydrogel
treatment in E4FAD mice (although LG increased liver weight
nonsignificantly by ~25%). However, medium-term preven-
tion (T3) with either RXR agonist resulted in an ~140 and
~70% increase in liver weight for E3FAD and E4FAD mice,
respectively (Fig. 8D). Thus, both short-term treatment and
medium-term prevention protocols with RXR agonists result in
an enlarged liver (hepatomegaly), a potentially negative sys-
temic side effect. One potential interpretation is that for RXR
agonists there is balance between the beneficial effects for
increasing apoE lipoprotein association in the CNS versus neg-
ative effects in the liver, which may also impact CNS function
(see “Discussion” below). In the absence of beneficial affects in
the CNS (i.e. no critical low threshold of apoE lipoprotein asso-
ciation), systemic liver effects may induce a stress in the CNS
that is observed here as increased oA levels, and in some cases
with decreased PSD95 levels (e.g. EAFAD-CX in T1/2 and T3).
These systemic effects may also confound interpretation of lon-
ger term RXR agonist treatment strategies, such as the lack of
beneficial effects in the EAFAD-HP observed in our medium-
term prevention study.

DISCUSSION

Developing therapeutics targeting processes that underlie
AD progression is a major challenge of the 21st century. As
APOE4 is the greatest AD genetic risk factor, and either
decreased apoE4 levels or apoE4 lipoprotein association may
result in increased A levels, targeting apoE-containing lipo-
proteins, particularly apoE4, is an exciting therapeutic pros-
pect. Furthermore, the repurposing of drugs to target AD-rele-
vant pathways is considered an important approach to
accelerate drug development in AD. Thus, the provocative
paper by Cramer et al. (11) raised great hope in the field, as the
anti-cancer drug Bex (an RXR agonist) was demonstrated to
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lower A levels and improve behavior through m-apoE-depen-
dent effects in multiple FAD-Tg mouse models. However, there
is concern about the effects of Bex, and therefore RXR agonists,
in the presence of h-APOE4, with subsequent reports produc-
ing conflicting results on both the activity and mechanism of
action of Bex (11, 12, 14—-16). Thus, key factors that may deter-
mine the translatability of RXR agonists for AD, including the
effects of h-APOE and the level of AB pathology at time of
treatment, were assessed in vivo.

The first important finding of this study is that both RXR
agonists induced beneficial effects in short-term treatment pro-
tocols in the E4FAD-HP, the brain region with the highest AB
levels and lowest apoE lipoprotein association at the time of treat-
ment. In the E4FAD-HP, Bex and LG increased ABCA1/G1 levels,
apoE4 lipoprotein association, and apoE4/Af complex levels,
decreased soluble 0AB, and improved synaptic viability (Fig. 9).
These data begin to directly address important issues for the use of
RXR agonists as AD therapeutics.
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RXR Agonist Mechanism of Action, ABCAI Versus ApoE—
Post-RXR agonist treatment, ABCA1 levels are inversely corre-
lated with oA levels in the EAFAD-HP (data not shown, Pear-
son’s r value = —0.51, p < 0.01). This ABCAl-associated
reduction in soluble A levels is likely by increased apoE4 lipo-
protein association/lipidation and not increased total apoE lev-
els. Indeed, ABCA1 and TBSX-apoE are positively correlated
(Fig. 94, parts 1 and 2, Pearson’s r value = +0.67, p < 0.0001).
These data are in agreement with the increased or reduced
amyloid deposition with ABCA1-KO or overexpression in
FAD-TG mice, respectively (18 —24). Furthermore, in the con-
text of m-apoE, NR agonists, including GW3965 (63) and Bex
(13-16), appear to function via increasing the ABCA1-depen-
dent lipidation of apoE (11).

ApoE Lipoprotein Association/Lipidation, ApoE/AB Com-
plex Levels, and Soluble AP Clearance—Through increasing
apoE lipoprotein association, RXR agonists increased apoE/Af3
complex levels, as they are positively correlated in the
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FIGURE 9. Summary hypothesis, RXR agonists induce beneficial effects in the E4FAD-HP. A, data from this study support the hypothesis that in the
E4FAD-HP, the short-term RXR agonist treatment (T1 and T2) is as follows: 7, increases ABCA1/G1 levels; 2, increases apoE4 lipoprotein association/lipidation
(as ABCA1 and TBSX-apoE levels are positively correlated); 3, increases apoE4/A complex levels (as TBSX-apoE and apoE4/AB complex levels are positively
correlated); 4, decreases soluble AB levels (as oAB and apoE4/AB complex levels are inversely correlated); and 5, improves synaptic viability (as oAB and PSD95
levels are inversely correlated). Thus, RXR agonists address a loss-of-function associated with APOE4 and exacerbated by A, i.e. lower apoE4 lipoprotein

association/lipidation. B, schematic representation of the proposed hypothesis.

E4FAD-HP (Fig. 94, parts 2 and 3, Pearson’s r value = +0.42,
p < 0.05). Our novel data begin to address the mechanism by
which RXR agonist-dependent increased apoE4 lipoprotein
association/lipidation may increase soluble A clearance, i.e.
the apoE/AB complex. In vivo, apoE isoform specifically mod-
ulates A clearance (63— 69), with soluble AB clearance lower
with apoE4 compared with apoE3. Furthermore, NR agonists
increase A degradation in vitro inan ABCA1 and apoE-depen-
dent manner (63). However, the exact process of how apoE4
decreases and how NR increases Af3 clearance is unclear. The
levels of the soluble apoE/AB complex are lower and oAf
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higher with AD and APOE4 in EFAD mice and human tissue
(32). Furthermore, in this study, the apoE/A B complex and oA
levels are inversely correlated in the EAFAD-HP (Fig. 94, parts
3 and 4, Pearson’s r value = —0.53, p < 0.001). Thus, increased
levels of the apoE/AB complex may contribute to the increased
clearance rate of soluble A after RXR agonist treatment.
Soluble Versus Insoluble AB—The RXR agonist-induced ben-
eficial effects on synaptic viability, as measured by increased
PSDO5 levels, are likely the result of decreased levels of soluble
AB42 and oA levels, rather than total/insoluble AB. An
important caution is that using PSD95 as a measure of efficacy
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for synaptic viability requires future validation that RXR ago-
nist treatment correlates with improvements in functional and
cognitive readouts. Further analysis of the EAFAD-HP demon-
strated an inverse correlation between levels of oA and levels
of PSD95 (Fig. 94, parts 4 and 5, Pearson’s r value = —0.61, p <
0.001). This is in agreement with the correlation of soluble A3
and oA B with cognitive decline and disease severity in humans
(70), and the association of 0Af levels with memory decline in
FAD-Tg mice (70). Furthermore, recent data demonstrate that
transient soluble 0Af levels may underlie neuronal deficits in
FAD-Tg mice using a genetic approach (71). However, as a
dynamic equilibrium likely exists between soluble and insoluble
ApBlevels (i.e. soluble A3 may derive from insoluble A B and vice
versa (72, 73)), further research is required to rule out the con-
tribution of a particular A form impairing neuronal viability.

A second important finding is that the levels of soluble A
(AB42 and 0AB) at the time of treatment influence the effect of
RXR agonists on PD and efficacy readouts. In EFAD mice,
increasing A levels in the presence of APOE4 leads to
decreased levels of apoE lipidation-related pathway genes and
proteins, with the lowest levels in E4FAD-HP, the only brain
region examined where RXR agonists improved PD and efficacy
markers. Thus, RXR agonists may elicit beneficial effects only
when apoE lipoprotein association/lipidation falls below some
critical pathological threshold. The mechanism through which
AB down-regulates the expression of NRs may involve
decreased production of oxysterol ligands, positive modulators
of NR expression. Overall, activation of the sterol regulatory
element-binding protein 2 (SREBP2) results in the production
of oxysterol ligands from cholesterol, activating NRs, including
LXR and RXR, to increase ABCA1 expression (74). Recent data
demonstrate that AB down-regulates SREBP-2 cleavage (75),
supporting disruptions in lipid metabolism as a potential path-
ogenic process in AD (76). Thus, AB may lower RXR expression
through modulation of lipid homeostasis.

As the proposed critically low pathological threshold of apoE
lipoprotein association/lipidation is not reached in the
E3FAD-CX or E4AFAD-CX, RXR agonists would be expected to
exert no effects on soluble AB. However, soluble A3 levels actu-
ally increased with both Bex and LG in the CX of E3FAD and
E4FAD mice, the brain regions with the lowest A levels at the
time of treatment, and the effects that may be the result of
hepatomegaly, as described below. These results may facilitate
interpretation of the variable results previously reported for
Bex (11, 12, 14-16). Several FAD-Tg mouse models expressing
m-apoE were used in previous studies, with widely variable A3
levels at the time of treatment, and the level of m-apoE associ-
ated with lipoprotein-association was not measured and was
difficult to predict.

Additional AD risk factors may also modulate the activity of
the RXR agonists. Recent data demonstrate that in APOE-TR
mice, Bex increases apoE4 lipidation to apoE3 levels (35). These
data raise the intriguing possibility that apoE4-containing lipo-
proteins may be less able to modulate their lipoprotein-associ-
ated/lipidated state either at baseline or in response to stressors
both AB-dependent and AB-independent, specifically during
aging. An additional interaction that modifies AD risk is sex and
APOE genotype. Clinical data indicate that the APOE4-induced
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risk for AD is significantly greater, perhaps exclusive to, females
compared with males (77-79). Mechanistically, APOE4 may
increase AD risk in women via multiple pathways involving the
cardiovascular system (80), cellular aging (81), and importantly,
A accumulation. Indeed, we previously demonstrated that
insoluble ABis increased in female E4AFAD mice compared with
female E3FAD mice (82). Thus, although male mice were the
focus of this study, one could speculate that RXR agonists may
be particularly efficacious in E4FAD female mice.

Although repurposing drugs for AD is an attractive alterna-
tive, there are important considerations when adapting drugs
for use in the CNS that were initially developed for peripheral
indications, particularly anti-cancer drugs and specifically Bex.
The major side effects associated with Bex include severe but
reversible hypertriglyceridemia, central hypothyroidism, pan-
creatitis, and importantly hepatomegaly (83— 85). In this study,
only 1-week Bex treatment induced an increase in liver size up
to 150%, a side effect that may have impacted CNS function, as
measured by increased levels of soluble 0AB. Adverse CNS
effects are observed in models of both acute and chronic liver
disease (43—46, 86, 87). Indeed, hepatic encephalopathy, alco-
holic liver disease and nonalcoholic fatty liver disease are asso-
ciated with significant impairments in cognitive function (43—
46, 86, 87). In the liver, hepatomegaly, including steatosis (fatty
liver), induces neuroinflammation, vascular dysfunction, lipid
peroxidation, a decreased capacity for plasma detoxification,
and insulin resistance (43—46, 86, 87). Evidence indicates that
these peripheral pathways, particularly inflammation, modu-
late neuronal function either directly or by the induction of a
toxic neuroinflammatory response (43— 46, 86, 87). The poten-
tial for the liver to modulate cognitive function is highlighted by
encephalopathy induced by liver failure, characterized by
increased plasma toxin levels, brain edema, astrocyte swelling,
and impaired neuronal function (45).

As LG and Bex both showed similar effects on apoE-Af3 bio-
markers and induced hepatomegaly, these actions would
appear common to RXR agonists. There are at least three alter-
native approaches that could be pursued. The first approach is
to identify an optimal dose of Bex or a similar RXR agonist to
induce beneficial effects in the CNS without detrimental effects
in the periphery. However, our data do not support this
approach, as the lower concentrations of Bex and LG delivered
via hydrogel did not attenuate hepatomegaly. The second
approach would focus on identifying an RXR/NR heterodimer
optimal for AD symptoms. Indeed, novel RXR agonists selec-
tive for specific NR heterodimers, or tissues, have been
described (83) that may minimize liver toxicity and other
unwanted side effects. The third approach would determine
whether agonists for alternative NRs, including LXR, PPAR, or
RAR, are more beneficial than RXR.

In conclusion, our data demonstrate that in the E4AFAD-HP,
RXR agonists increase apoE4 lipoprotein association/lipidation
and apoE4/A complex levels, which result in decreased oAf3
levels and improved synaptic viability. Thus, RXR agonists
address a loss-of-function associated with apoE4 and exacer-
bated by A, i.e. lower apoE4 lipoprotein association/lipidation.
However, identifying whether this pathway is relevant for
APOES3 carriers and addressing the detrimental effects of RXR
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agonists, including hepatomegaly, may be critical for providing
viable long term prevention and treatment options for AD
patients.
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