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Abstract

Apolipoprotein E (apoE) plays a critical role in maintaining synaptic integrity by transporting 

cholesterol to neurons through the low-density lipoprotein receptor related protein-1 (LRP1). 

Bexarotene, a retinoid X receptor (RXR) agonist, has been reported to have potential beneficial 

effects on cognition by increasing brain apoE levels and lipidation. To investigate the effects of 

bexarotene on aging-related synapse loss and the contribution of neuronal LRP1 to the pathway, 

forebrain neuron-specific LRP1 knockout (nLrp1−/−) and littermate control mice were 

administered with bexarotene-formulated diet (100 mg/kg/day) or control diet at the age of 20-24 

months for 8 weeks. Upon bexarotene treatment, levels of brain apoE and ATP-binding cassette 

sub-family A member 1 (ABCA1) were significantly increased in both mice. While levels of 

PSD95, glutamate receptor 1 (GluR1), and N-methyl-D-aspartate receptor NR1 subunit (NR1), 

which are key postsynaptic proteins that regulate synaptic plasticity, were decreased with aging, 

they were restored by bexarotene treatment in the brains of control but not nLrp1−/− mice. These 

results indicate that the beneficial effects of bexarotene on synaptic integrity depend on the 

presence of neuronal LRP1. However, we also found that bexarotene treatment led to the 

activation of glial cells, weight loss and hepatomegaly, which are likely due to hepatic failure. 

Taken together, our results demonstrate that apoE-targeted treatment through the RXR pathway 

has a potential beneficial effect on synapses during aging; however, the therapeutic application of 

bexarotene requires extreme caution due to its toxic side effects.
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1. INTRODUCTION

Currently, the aging population has been expanding; the elderly over 60 years of age 

exceeds 20% of the total population in the world (WHO, 2014). Aging substantially affects 

the nervous system by altering synaptic transmission/plasticity through increased 

neuroinflammation (Perry, 2010; Sparkman and Johnson, 2008), modified dendritic spine 

morphologies (Dumitriu et al., 2010; von Bohlen und Halbach et al., 2006), loss of synaptic 

proteins (Bahr et al., 1992; Clayton et al., 2002; Sonntag et al., 2000), impaired 

endomembrane recycling and disrupted calcium homeostasis in synapses (Bezprozvanny 

and Hiesinger, 2013). In fact, cognitive performance likely starts to decline as early as 55 

years of age, even in healthy individuals (Elgamal et al., 2011; Hedden and Gabrieli, 2004). 

Thus, it is urgent to develop efficient therapeutic interventions for aging-related cognitive 

decline.

Cholesterol, a major component of neuronal membranes, is essential for synaptic formation 

and repair. In fact, cholesterol levels are decreased in human brains with aging (Ledesma et 

al., 2012; van Vliet, 2012). Thus, aging-dependent cognitive decline is likely accompanied 

with brain cholesterol reductions. In the central nervous system, apolipoprotein E (apoE) 

mediates the cholesterol supply to neurons through cell surface receptors, in particular the 

low-density lipoprotein receptor related protein-1 (LRP1) (Mauch et al., 2001). ApoE is 

mainly produced by astrocytes in the brain, where cholesterol and other lipids are loaded 

through ATP-binding cassette sub-family A member 1 (ABCA1) to form lipoprotein 

particles (Bu, 2009). Thus, an ideal pharmacological approach is to increase apoE levels 

and/or its lipidation to possibly restore the synaptic damages in pathological conditions.

Retinoid X receptor (RXR) and liver X receptor (LXR) are potential targets for apoE-based 

therapy to treat aging-related neurodegenerative diseases. Both are nuclear receptors which 

regulate the transcription of apoE and ABCA1 (Liang et al., 2004; Zhao et al., 2014) by 

forming heterodimers with each other, or with other nuclear receptors such as retinoid acid 

receptor (RAR), peroxisome proliferator-activated receptor γ (PPARγ), thyroid hormone 

receptor (TR) or vitamin D receptor (VDR) as transcriptional co-regulators (Chawla et al., 

2001; Evans and Mangelsdorf, 2014; Sussman and de Lera, 2005; Szanto et al., 2004). Of 

importance, bexarotene, an RXR agonist, has been reported to improve cognitive function as 

well as reduce brain amyloid-β (Aβ) levels in an Alzheimer’s disease (AD) mouse model 

(Cramer et al., 2012), although it was originally approved by the U.S. Food and Drug 

Administration (FDA) to treat cutaneous T-cell lymphoma (Gregoriou et al., 2013; Mehta et 

al., 2012; Scarisbrick et al., 2013; Vakeva et al., 2012). However, the effects of bexarotene 

on AD are controversial due to conflicting results from different investigators (Fitz et al., 

2013; LaClair et al., 2013; Price et al., 2013; Tesseur et al., 2013; Veeraraghavalu et al., 

2013). Furthermore, it remains unclear if bexarotene treatment restores aging-dependent loss 

of synaptic proteins by increasing apoE and whether LRP1 contributes to the pathway.
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Therefore, in this study we administered bexarotene-formulated diet or normal control diet 

to forebrain neuron-specific LRP1 knockout mice and littermate control mice at the age of 

20-24 months for 8 weeks to investigate the effects on aging-related changes of synapses 

and other health-related outcomes.

2. MATERIAL AND METHODS

2.1 Reagents

Goat polyclonal anti-apoE antibody labeled with biotin was purchased from Meridian Life 

science (Memphis, TN). Mouse monoclonal anti-ABCA1 antibody was purchased from 

Abcam. Rabbit monoclonal anti-PSD95 antibody was purchased from Cell Signaling. Rabbit 

polyclonal anti-glutamate receptor (GluR) 1, rabbit polyclonal anti-N-methyl-D-aspartate 

receptor (NMDAR) NR1 subunit (NR1), rabbit monoclonal anti-NMDAR NR2A subunit 

(NR2A), rabbit polyclonal anti-NMDAR NR2B subunit (NR2B), and mouse monoclonal 

anti-GluR2 antibodies were purchased from Millipore, and mouse monoclonal anti-β actin 

antibody was from Sigma-Aldrich. Rabbit polyclonal anti-LRP1 antibody was produced in 

our laboratory (Liu et al., 2007).

2.2 Animals

Forebrain neuron-specific LRP1 knockout (nLrp1−/−) mice were generated as previously 

described (Liu et al., 2010). Briefly, αCamKII driven Cre recombinase mice were bred with 

Lrp1 loxP mice. Littermates of male nLrp1−/− mice (Lrp1flox/flox; αCamKII-Cre+/−) or 

controls (Lrp1flox/flox; αCamKII-Cre−/−) were used for the analysis at the age of 20-24 

months. Bexarotene-containing diet was formulated by impregnating normal chow with 

bexarotene (Cayman) (800 μg/g diet; Harlan laboratories). While the mice had ad libitum 

access to bexarotene containing diet for 8 weeks, the dose was calculated to be 100 

mg/kg/day when mice take on average of 125 g/kg/day of the diet, which is the same dose 

used in a previous publication (Boehm-Cagan and Michaelson, 2014; Cramer et al., 2012; 

Fitz et al., 2013; LaClair et al., 2013; Price et al., 2013; Tai et al., 2014; Tesseur et al., 2013; 

Veeraraghavalu et al., 2013). Our preliminary analysis confirmed that the administration of 

mice with bexarotene-formulated diet (100 mg/kg/day) for 3 weeks was needed to 

sufficiently increase brain apoE levels at 3 months of age (data not shown). After 

transcardial perfusion with PBS, brain tissues were dissected and one hemisphere of each 

mouse was kept frozen at −80°C until further analysis. The other hemisphere was fixed in 

10% neutralized formalin and used for histological analysis. Blood samples were collected 

under anesthesia from inferior vena cava before perfusion. All animal experiments were 

approved by the Institutional Animal Care and Use Committee of Mayo Clinic and followed 

the National Institute of Health guidelines for the care and use of laboratory animals.

2.3 Western blot and densitometry analysis

Samples were lysed in RIPA (Millipore) containing 0.1% SDS, protease inhibitor mixture 

and phosphatase inhibitor (Roche). Protein concentration was measured in each sample 

using a protein assay kit from Bio-Rad. An equal amount of protein from each sample was 

used for SDS-PAGE. The immunoreactivity was detected and quantified using Odyssey 

Infrared Imaging System (Li-COR Biosciences).
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2.4 ELISA

Samples were homogenized in RIPA containing 0.1% SDS, protein inhibitor cocktail, and 

phosphatase inhibitor and used for the analysis. To measure mouse apoE, plates were 

blocked with 1% milk and incubated with samples for overnight at 4°C. After washing with 

PBS, a biotinylated antibody HJ6.3 was used as a detection antibody (Ulrich et al., 2013). 

The HJ6.3 antibody was kindly provided by Dr. David M. Holtzman at Washington 

University School of Medicine. Synaptophysin, PSD95, GFAP and CD11b in mouse brains 

were measured by ELISA (Shinohara et al., 2013). For synaptophysin and PSD95, capture 

antibodies were anti-rat/mouse rabbit-polyclonal synaptophysin (Osenses, Keswick, 

Australia) and rabbit anti-N-terminal region of PSD95 (Osenses) antibody, and detector 

antibodies were mouse monoclonal biotinylated antibody to SY38 (ACRIS, SanDiego, CA) 

and a biotinylated K28/43 from NeuroMab, respectively. For GFAP ELISA, a rabbit anti-

GFAP capture antibody (US Biological, Swampscott, MA, USA) and biotinylated GA-5 

detector antibody (Abcam, Cambridge, MA, USA) were used. For mouse CD11b ELISA, a 

rat monoclonal anti-mouse Integrin alpha M/CD11b antibody was used as a capture 

antibody (R&D systems, Minneapolis, MN) and a biotinylated rat anti-mouse CD11b (5C6) 

antibody (AbD Serotec, Raleigh, NC) was used as a detector antibody. Following incubation 

with horseradish peroxidase-streptavidin (Vector), the ELISA plates were developed with 

tetramethylbenzidine (Sigma-Aldrich) and read at 650 nm with a Bio-Tek 600 plate reader.

2.5 Immunohistochemical analysis

Paraffin embedded brain sections were immunostained for neuron (NeuN), astrocytes 

(GFAP) and microglia (Iba-1). The stained sections were visualized with DAB, scanned 

through Aperio AT 2 slide scanner (Aperio Technologies). To quantify the density of NeuN-

positive neurons in the cortex, a region of interest (ROI) was set to include all layers above 

the hippocampus in each image. For hippocampal region CA1, a circular ROI (1.2 × 104 

μm2) was selected in each image for the quantification. Three slices from each mouse were 

used for the analysis. The ratio of area covered by NeuN-staining was measured using the 

positive pixel count program in Image Scope software (Aperio Technlogies). The analysis 

was performed in a blinded manner.

2.6 Liver function analysis

Alanine aminotransferase (ALT) activity was measured using plasma samples by ALT 

activity assay kit (BioAssay Systems, Hayward, CA). To examine lipid synthesis in the 

liver, the triglyceride and total cholesterol levels in plasma were measured using specific 

kits from WAKO (Tokyo, Japan).

2.7 Statistical analysis

Quantified data were analyzed by two-tailed two-way ANOVA with a Tukey’s post-hoc test, 

one-way ANOVA followed by Tukey-Kramer’s post-hoc analysis, or Student’s t-test 

according to the properties of independent variables. All statistical analyses were performed 

on JMP 10.0 software (SAS Institute Inc.). Statistical significance was set to p<0.05.
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3. RESULTS

3.1 Postsynaptic proteins are decreased in aged mice

We first investigated the aging-related changes of postsynaptic protein levels as well as 

LRP1 levels in the cortex by comparing young (3-6 months of age) and old (20-24 months 

of age) mice. Consistent with our previous findings (Liu et al., 2010; Liu et al., 2007), 

Western blot analyses revealed that the levels of LRP1 were significantly decreased in aged 

nLRP1−/− mice (Fig. 1A). The residual LRP1 observed in aged nLRP1−/− mice likely 

represents the expression within glial cells and/or cerebrovasculature (Liu et al., 2010; Liu et 

al., 2007). Postsynaptic proteins, PSD95 (Fig. 1B), GluR1 (Fig. 1C), and NR1 (Fig. 1D) 

were significantly lower in aged control mice than in young control mice. These 

postsynaptic protein levels were further decreased in aged nLrp1−/− mice compared to aged 

control mice (Fig. 1B, C, D), which are consistent with previous reports (Liu et al., 2010). 

Other postsynaptic proteins, GluR2 (Fig. 1E), NR2A (Fig. 1F) and NR2B (Fig. 1G) were not 

significantly decreased in aged mice in our samples when analyzed by one-way ANOVA, 

while there was a tendency to decrease. In agreement with previous reports (Liu et al., 

2010), the levels of GluR2, NR2A, and NR2B were not affected by deletion of neuronal 

LRP1. Young nLrp1−/− mice were not analyzed, since LRP1 is gradually reduced in this 

mouse model and its deletion is not completed at their young age (Liu et al., 2010).

3.2 Bexarotene increases the levels of apoE and ABCA1 in mouse brains

To examine the effects of bexarotene on apoE and ABCA1 expression in the brain, aged 

control and nLrp1−/− mice were fed with bexarotene-formulated diet for 8 weeks. To avoid 

the potential stresses caused by oral gavage, we used bexarotene-containing diet for drug 

administration. ABCA1 expression levels in the cortex of bexarotene-treated mice were 

significantly higher than those of non-treated mice regardless of their genotypes (Fig. 2A). 

Bexarotene treatment also significantly increased endogenous mouse apoE levels in the 

cortex of both mice approximately two-fold of non-treated mice when analyzed by Western 

blot (Fig. 2B) and ELISA (Fig. 2C), while LRP1 levels were unaffected by treatment (Fig. 

2D). These results indicate that formulating bexarotene into the diet is an effective approach 

to administer this drug to experimental animals.

3.3 Bexarotene treatment rescues the age-dependent decrease in postsynaptic proteins 
through neuronal LRP1

Next, we investigated the effect of bexarotene on synaptic proteins in the aged mice. 

Bexarotene treatment significantly increased PSD95 (Fig. 3A), GluR1 (Fig. 3B) and NR1 

(Fig. 3C) levels in the cortex of aged control mice, although there was no significant effect 

of bexarotene on these postsynaptic protein levels in aged nLrp1−/− mice (Fig. 3A-C), when 

analyzed by Western blot. These protein levels were also decreased significantly in 

nLRP1−/− mice compared to control mice regardless of treatment (Fig. 3A-C). These results 

indicate that neuronal LRP1 is required for the bexarotene-mediated increase of these 

postsynaptic proteins. Nonetheless, bexarotene treatment did not influence the expression 

levels of GluR2 (Fig. 3D), NR2A (Fig. 3E) and NR2B (Fig. 3F) in the cortex in aged mice 

regardless of genotype, while they were also not affected by either aging or deficiency of 

neuronal LRP1 (Fig. 1). In addition, we also found that the expression levels of PSD95 (Fig. 
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4A), GluR1 (Fig. 4B), and NR1 (Fig. 4C) in the hippocampus were significantly increased 

by bexarotene in aged control mice by Western blot. No significant effects of bexarotene 

were detected in aged nLrp1−/− mice, while these postsynaptic proteins were decreased in 

aged nLrp1−/− mice (Fig. 4A-C). Consistent with the results from Western blot, ELISA also 

detected the up-regulation of PSD95 by the bexarotene administration in the hippocampus of 

aged control mice, but not nLrp1−/− mice (Fig. 4D). We also found that the expression levels 

of synaptophysin, a presynaptic marker, were increased by bexarotene treatment in the 

hippocampus of aged control mice (Fig. 4E). These results suggest that bexarotene treatment 

has beneficial effects on both pre- and post-synapses in a neuronal LRP1-dependent manner.

3.4 Bexarotene does not influence the density of NeuN-positive neurons in cortex and 
hippocampus

To further assess the effects of bexarotene on neurons, we quantified the density of NeuN-

positive neurons in the cortex (Fig. 5A) and hippocampus (Fig. 5B) of aged control and 

nLrp1−/− mice by immunohistochemical analysis. Bexarotene treatment had no significant 

effect on the density of neurons in either region of control and nLrp1−/− mice (Fig. 5C and 

D). Deletion of neuronal LRP1 resulted in significant neuronal loss (Fig. 5C and D) 

consistent with our previous report (Liu et al., 2010); however, bexarotene failed to restore 

this deficit (Fig. 5C and D). Taken together, these results indicate that bexarotene treatment 

upregulates the levels of synaptic proteins without increasing the density of neurons.

3.5 Bexarotene treatment activates astrocytes and microglia

To investigate whether bexarotene influences glial cell activation, we performed 

immunostaining for an activated astrocyte marker, GFAP (Fig. 6A), and an activated 

microglia marker, Iba-1 (Fig. 6B), in aged control and nLrp1−/− mice with or without 

bexarotene treatment. Bexarotene significantly increased GFAP-positive astrocytes and 

Iba-1-positive microglia in the hippocampi of control mice (Fig. 6A and B). When the levels 

of GFAP and another microglia marker CD11b in the hippocampus were analyzed by 

ELISA, we also found that bexarotene-treated control mice showed higher GFAP and 

CD11b levels than non-treated control mice (Fig. 6C and D). These results indicate that 

administration of bexarotene leads to activation of glial cells in the brains of aged mice. The 

effects of bexarotene were not significant in aged nLrp1−/− mice, despite an increase in 

activated astrocytes and microglia compared to age-matched control mice (Fig. 6C and D).

3.6 Long-term bexarotene treatment causes weight loss, hepatomegaly and liver 
dysfunction in aged mice

During the administration period, we observed gradual weight loss by 10-15% of initial 

body weight in bexarotene-treated cohorts in both genotypes, while mice fed normal chow 

did not have any significant changes in body weight (Fig. 7A). Since bexarotene has been 

reported to cause liver dysfunction (Duvic et al., 2001; Scarisbrick et al., 2013), liver weight 

and plasma ALT, triglyceride and cholesterol levels were measured at the end of treatment. 

Liver weight, which was adjusted to initial body weight before treatment, was significantly 

increased in bexarotene-treated mice to 1.5-2.0 folds to that of non-treated mice, regardless 

of genotype (Fig. 7B). Furthermore, plasma ALT (Fig. 7C), triglyceride (Fig. 7D) and 
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cholesterol (Fig. 7E) levels were significantly lower in bexarotene-treated mice than in non-

treated mice, suggesting the exhaustion of hepatic function. These results indicate that long-

term bexarotene treatment causes severe liver damage in aged mice, which likely results in 

hepatic failure.

4. DISCUSSION

APOE ε4 is the strongest genetic risk factor for AD among its three polymorphic alleles (ε2, 

ε3, ε4) (Bu, 2009; Liu et al., 2013). Furthermore, APOE4 carriers display reduced cognitive 

function compared to non-carriers during aging in healthy individuals (Reinvang et al., 

2010; Zehnder et al., 2009). ApoE likely contributes to the maintenance of brain 

homeostasis through multiple pathways depending on the isoform (Bu, 2009; Huang and 

Mucke, 2012). ApoE plays critical roles in regulating cholesterol transport, synaptic 

plasticity, neurogenesis, inflammatory responses, Aβ metabolism, and glucose metabolism, 

as well as in maintaining blood brain barrier (BBB) integrity (Bu, 2009; Liu et al., 2013). 

While apoE4 levels in the cerebrospinal fluid (CSF) and plasma are lower than those of 

apoE2 or apoE3 (Cruchaga et al., 2012), it is not fully understood whether increasing brain 

apoE levels is beneficial to neuronal functions. Accumulating evidence has shown that 

increasing apoE levels and lipidation through pharmacological approaches improves 

cognitive function and reduces brain Aβ accumulation in amyloid mouse models (Bu, 2009; 

Kanekiyo et al., 2014). In particular, therapeutic effects of a FDA-approved RXR agonist, 

bexarotene, on AD has been an intense focus since Cramer et. al. reported accelerated Aβ 

clearance and decreased amyloid plaque burden as well as improved memory function in 

amyloid mouse models after short-term treatment (Cramer et al., 2012). Although the effects 

of bexarotene on Aβ metabolism and plaque burdens are still controversial (Fitz et al., 2013; 

LaClair et al., 2013; Price et al., 2013; Tesseur et al., 2013; Veeraraghavalu et al., 2013), the 

improvements of cognitive function through bexarotene administration have been confirmed 

by other groups (Boehm-Cagan and Michaelson, 2014; Fitz et al., 2013; Tesseur et al., 

2013).

In this study, we have demonstrated beneficial effects of bexarotene on synapses upon 

formulation in diet. In particular, bexarotene treatment restored the levels of postsynaptic 

proteins PSD95, GluR1 and NR1, as well as a presynaptic protein synaptophysin, likely by 

increasing brain levels of apoE and ABCA1, and related apoE lipidation. While it remains 

unclear if bexarotene treatment increases these synaptic proteins beyond physiological levels 

in young healthy mice, recent studies demonstrated that bexarotene increased the 

presynaptic protein vGluT1 in apoE4-targeted replacement (TR) mice (Boehm-Cagan and 

Michaelson, 2014) and increased postsynaptic PSD95 levels in an amyloid AD mouse model 

with apoE4-TR background (Tai et al., 2014) at young age, 4 months and 6 months, 

respectively. Importantly, our findings showed increased synaptic proteins by bexarotene in 

old mice at the age of 20-24 months. Aging has been associated with a reduction of synaptic 

proteins (Bahr et al., 1992; Clayton et al., 2002; VanGuilder et al., 2010), changes in 

morphology and structure of the synapses (Dumitriu et al., 2010; Pereira et al., 2014; 

Petralia et al., 2014; von Bohlen und Halbach et al., 2006) and neuroinflammation (Perry, 

2010; Sparkman and Johnson, 2008), which contribute to cognitive decline. Whereas 

therapeutic approaches to treat age-related cognitive impairments by modulating 
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glutamatergic activity (Brothers et al., 2013) or neuroinflammation (Bardou et al., 2013) 

have been reported, our results demonstrate that apoE is also a promising therapeutic target 

to repair impaired synapses under pathological conditions during aging. Restoring synaptic 

protein levels might be beneficial to prevent and/or cure age-dependent cognitive decline, 

although how excessively increased synaptic proteins influence synaptic functions needs to 

be further investigated. In addition, more caution should be exercised when using such an 

approach to treat APOE4 carriers as increasing apoE4 may gain toxic effects (Kanekiyo et 

al., 2014).

Given that the density of NeuN-positive neurons were not changed by bexarotene 

administration, the effects on synaptic proteins are likely due to facilitated synaptogenesis or 

modification of synaptic structures, rather than neurogenesis or prevention of 

neurodegeneration. Indeed, substantial amounts of cholesterol delivered by apoE-lipoprotein 

particles are necessary for synaptogenesis (Mauch et al., 2001). In contrast, under stress 

conditions, the reduction of cholesterol levels in neurons appear to be advantageous for cell 

survival (Ledesma et al., 2012; Sodero et al., 2011). Thus, the efficient turnover of neuronal 

cholesterol may be more important than the amount, per se, to preserve cognitive function 

during aging. Interestingly, apoE not only provides cholesterol to neurons but also 

suppresses cholesterol release from neurons (Gong et al., 2007), which may affect the 

exchange of cholesterol at synapses. Further studies are needed to determine the influence of 

increased apoE through administrations with RXR agonists.

We also found that bexarotene treatment failed to restore synaptic proteins in aged nLrp1−/− 

mice. ApoE receptors in the brain belong to the low-density lipoprotein receptor (LDLR) 

family which includes LDLR, LRP1, very-low-density lipoprotein receptor (VLDLR) and 

apoE receptor 2 (apoER2) (Bu, 2009; Kanekiyo and Bu, 2014). Among them, LRP1 is 

abundantly expressed in neurons, where it mediates the endocytosis of a variety of ligands 

including apoE and Aβ (Kanekiyo and Bu, 2014). Furthermore, neuronal LRP1 is critical for 

brain lipid metabolism, where its deletion results in global disturbances of brain lipid 

homeostasis (Liu et al., 2010). Thus, neuronal LRP1 may be specifically required in apoE-

mediated cholesterol delivery as a transport receptor. Alternatively, it is also possible that 

deficiency of neuronal LRP1 leads to irreversible damage on synapses which cannot be 

repaired by apoE, because LRP1 may directly affect the levels of PSD95, GluR1 or NR1 

(Gan et al., 2014; May et al., 2004; Nakajima et al., 2013). Further investigation is needed to 

clarify the molecular mechanism underlying apoE-LRP1 pathway in maintaining synaptic 

homeostasis during aging.

In spite of the beneficial effects on synapses, bexarotene treatment induced severe systemic 

side effects in aged mice, which include body weight loss (Tesseur and De Strooper, 2013), 

irritability (Tesseur and De Strooper, 2013), hepatomegaly (Price et al., 2013; Tai et al., 

2014) and dyslipidemia (Price et al., 2013) as reported. Since these symptoms were also 

induced by the administration of bexarotene through oral gavage or formulating into the 

drinking water/hydrogel, it is unlikely that the delivery using the drug-formulated diet 

specifically caused these side effects. Furthermore, our results demonstrated that long-term 

administration of bexarotene exacerbated glial cell activations in aged mice. In contrast to 

our results, RXR agonists have been shown to have anti-inflammatory effects (Gonzalez et 
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al., 2009; Kang et al., 2000; Lefterov et al., 2015; Uchimura et al., 2001). One plausible 

explanation for the conflicting results may be due to hepatic neuropathy caused by liver 

dysfunction, in which astrocytosis and microglial activation are characteristic pathological 

changes (Butterworth, 2013; Jayakumar et al., 2015). Although we did not assess the effects 

of lower doses of bexarotene treatment to potentially reduce these deleterious effects in the 

current study, the clinical application of this drug in aged patients to treat aging-associated 

cognitive decline requires great caution.

In conclusion, we have demonstrated that bexarotene rescues aging-related declines of 

synaptic proteins through a neural LRP1-medtated pathway presumably by increasing apoE 

levels and lipidation. Thus, the apoE-LRP1 pathway could be a potential therapeutic target 

for aging-related cognitive decline. However, bexarotene is unlikely a suitable compound 

due to its strong side-effects. Identification of alternative compounds that can increase apoE 

levels and lipidation in the brain might be a promising strategy for prevention and treatment 

of cognitive decline in normal aging or neurodegenerative diseases.
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ABCA1 ATP binding cassette, subfamily A, member 1

AD Alzheimer’s disease

Aβ amyloid-β

apoE apolipoprotein E

Bex bexarotene

ELISA enzyme-linked immune-sorbent assay

GluR1 glutamate receptor 1

LRP1 low-density lipoprotein receptor-related protein 1

LXR liver X receptor

NR1 N-methyl-D-aspartate receptor NR1 subunit

RXR retinoid X receptor

TR targeted replacement
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Highlights

• An RXR agonist bexarotene significantly increases brain apoE levels in aged 

mice.

• Bexarotene administration rescues aging-related synapse loss.

• Neuronal apoE receptor LRP1 is required for the beneficial effects of 

bexarotene on synapses.

• Severe hepatic dysfunctions were observed upon bexarotene treatment in aged 

mice.
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FIGURE 1. Synaptic proteins are decreased in the brains of aged mice
A. LRP1 level was analyzed in the cortex from young control (male, 3-6 months), old 

control (male, 20-24 months), and old nLrp1−/− mice (male; 20-24 months) by Western 

blotting. B-G. The levels of postsynaptic markers PSD95 (B), GluR1 (C) NR1 (D), GluR2 

(E), NR2A (F), and NR2B (G) were analyzed in the cortex from the above described mice 

(N=4-6/group). Data are plotted as mean ± SEM. *p<0.05, **p<0.01 by Tukey-Kramer’s 

post-hoc analysis after one-way ANOVA. n.s., not significant.
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FIGURE 2. Bexarotene treatment increases the levels of ABCA1 and apoE, but not LRP1, in the 
cortex of aged mice
A. The levels of ABCA1 in the cortex of old control and nLrp1−/− mice (male, 20-24 

months) with or without bexarotene treatment (100 mg/kg/day) for 8 weeks were analyzed 

by Western blotting. B, C. The levels of apoE in the cortex were detected by Western 

blotting (B) and ELISA (C). D. LRP1 level was analyzed in the cortex from the above 

described mice by ELISA (N=4-6/group). Data are plotted as mean ± SEM. *p<0.05, 

**p<0.01 by Tukey’s post-hoc analysis of two-way ANOVA. n.s., not significant.
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FIGURE 3. Bexarotene treatment increases postsynaptic proteins in the cortex of aged mice in a 
neuronal LRP1-dependent manner
The levels of postsynaptic proteins PSD95 (A), GluR1 (B), NR1 (C), GluR2 (D), NR2A (E), 

and NR2B (F) in the cortex of old control and nLrp1−/− mice (male, 20-24 months) with or 

without bexarotene treatment (100 mg/kg/day) for 8 weeks were analyzed by Western 

blotting (N=4-6/group). Data are plotted as mean ± SEM. *p<0.05 by Tukey’s post-hoc 

analysis of two-way ANOVA. n.s., not significant.
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FIGURE 4. Bexarotene treatment increases synaptic proteins in the hippocampus of aged mice 
in a neuronal LRP1-dependent manner
A-C. The levels of postsynaptic proteins PSD95 (A), GluR1 (B) and NR1 (C) in the 

hippocampus of aged control and nLrp1−/− mice (male, 20-24 months) with or without 

bexarotene treatment (100 mg/kg/day) for 8 weeks were analyzed by Western blotting. D, E. 
The levels of PSD95 (D) and synaptophysin (E) in the hippocampus of the above described 

mice were analyzed by ELISA (N=4-6/group). Data are plotted as mean ± SEM. *p<0.05 by 

Tukey’s post-hoc analysis after two-way ANOVA. n.s., not significant.
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FIGURE 5. Densities of NeuN-positive neurons are not altered by bexarotene treatment in the 
brains of aged mice
A,B. NeuN immunostaining of cortex (A) and hippocampus (B) from aged control and 

nLrp1−/− mice (male, 20-24 months) with or without bexarotene treatment (100 mg/kg/day) 

for 8 weeks. Scale bars = 50 μm. (B). C, D. The ratio of area covered by NeuN-staining was 

measured in cortex (C) and hippocampus (D) (N=5/group). Data are plotted as mean ± 

SEM. n.s., not significant.
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FIGURE 6. Glial activation is induced by bexarotene treatment in the hippocampus of aged mice
A, B. Hippocampus from aged control and nLrp1−/− mice (male, 20-24 months) with or 

without bexarotene treatment (100 mg/kg/day) for 8 weeks were analyzed by 

immunostaining for GFAP (A) and Iba-1 (B). Scale bars = 50 μm. C, D. The levels of GFAP 

(C) and CD11b (D) in the hippocampus of the above described mice were analyzed by 

ELISA (N=4-6/group). Data are plotted as mean ± SEM. *p<0.05, **p<0.01 by Tukey’s 

post-hoc analysis after two-way ANOVA. n.s., not significant.
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FIGURE 7. Bexarotene treatment causes body-weight loss, hepatomegaly and liver dysfunction 
in aged mice
A. Body weight of the aged control and nLrp1−/− mice (male, 20-24 months) with or 

without bexarotene treatment (100 mg/kg/day) was monitored at least once a week 

throughout the treatment period. Body weight change of each mouse was calculated by ratio 

to the initial body weight at the beginning of the treatment. Data are plotted as mean ± SEM 

(N=7-10/group). B. Liver weight of the mice was measured at the end of treatment, and 

normalized by the initial body weight for each mouse (N=7-10/group). **p<0.01 by Tukey’s 

post-hoc analysis after two-way ANOVA. C-E. The levels of alanine transaminase (ALT) 

(C), total cholesterol (D) and triglyceride (E) were measured in plasma from the mice 

(N=9-11/group). Black and red dots indicate control and nLRP1−/− mice, respectively. Data 

are plotted as mean ± SD. **p<0.01 by Student’s t-test.
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