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Abstract

:

Apolipoprotein E (apoE) is linked to the risk for Alzheimer’s disease (AD) and thus has been suggested to be an important therapeutic target. In our drug screening effort, we identified Ondansetron (OS), an FDA-approved 5-HT3 antagonist, as an apoE-modulating drug. OS at low micromolar concentrations significantly increased apoE secretion from immortalized astrocytes and primary astrocytes derived from apoE3 and apoE4-targeted replacement mice without generating cellular toxicity. Other 5-HT3 antagonists also had similar effects as OS, though their effects were milder and required higher concentrations. Antagonists for other 5-HT receptors did not increase apoE secretion. OS also increased mRNA and protein levels of the ATB-binding cassette protein A1 (ABCA1), which is involved in lipidation and secretion of apoE. Accordingly, OS increased high molecular weight apoE. Moreover, the liver X receptor (LXR) and ABCA1 antagonists blocked the OS-induced increase of apoE secretion, indicating that the LXR-ABCA1 pathway is involved in the OS-mediated facilitation of apoE secretion from astrocytes. The effects of OS on apoE and ABCA1 were also observed in human astrocytes derived from induced pluripotent stem cells (iPSC) carrying the APOE ε3/ε3 and APOE ε4/ε4 genotypes. Oral administration of OS at clinically-relevant doses affected apoE levels in the liver, though the effects in the brain were not observed. Collectively, though further studies are needed to probe its effects in vivo, OS could be a potential therapeutic drug for AD by modulating poE metabolism through the LXR-ABCA1 pathway.






Keywords:


apoE; astrocytes; Alzheimer’s disease; ondansetron; LXR; ABCA1












1. Introduction


Alzheimer’s disease (AD) is the most common form of dementia in the elderly population. It is well established that the apolipoprotein E (APOE) gene is the strongest genetic risk factor for AD. Compared to the ε3 allele of APOE (APOE3), the major isoform, the inheritance of one or two ε4 alleles of APOE (APOE4) increases the risk of AD by 3–4-fold and 12–13-fold, respectively [1]. apoE regulates lipid metabolism as a structural component of lipoprotein particles in both the peripheral and the central nervous systems. In the brain, apoE is mainly produced by astrocytes and supplies cholesterol and other lipids to support synaptic formation and function [2]. apoE also plays important roles in neuroinflammation and metabolism of amyloid-β (Aβ). These apoE-related pathways could be interdependently or independently involved in the pathogenesis of AD as well as cognitive function [2,3].



Though it remains unclear how apoE is involved in the pathogenesis of AD, it is of note that the levels of apoE4 are lower than those of apoE3 in the brain of apoE-targeted replacement (TR) mice expressing each of the human apoE isoforms under the control of the endogenous mouse promoter, and in the plasma and cerebrospinal fluid of humans with APOE3 or APOE4 [4,5,6,7]. Moreover, though some controversies exist, recent studies have indicated that liver X receptor (LXR) agonists or retinoid X receptor (RXR) agonists enhance apoE lipidation and secretion through the modulation of the ATB-binding cassette protein A1 (ABCA1), and benefit Aβ metabolism, neuropathology, and cognitive function in animal models of AD [8,9,10,11]. Thus, up-regulation of apoE secretion and lipidation status could be an attractive pharmacological approach for AD therapy. Despite these promises, the potential clinical applications of these compounds are debated due to their intrinsic side effects [12,13].



Thus, to identify novel compounds that can increase apoE levels with a biological safety profile, we performed a drug screen using an FDA-approved drug library, which contains 640 compounds. In the drug screen effort, we identified Ondansetron (OS), an FDA-approved antagonist of the 5-HT3 receptor—a subfamily of receptors for serotonin or 5-hydroxytryptamine (5-HT)—as an apoE-modulating drug. This study also defined the underlying mechanism by which OS regulates apoE secretion using mouse and human astrocyte cultures, and examined the effects of OS on apoE metabolism in vivo using mouse models.




2. Results


2.1. OS Increases apoE Secretion from Murine Astrocytes


Our initial screening using an FDA-drug library has identified OS as a compound that can significantly increase apoE secretion. To confirm the effects of OS on apoE secretion and test the concentration dependency, we treated immortalized astrocytes from apoE3-TR mice with different doses of OS for 24 h and observed that 1 μM or higher doses of OS increased apoE levels in a concentration-dependent manner (Figure 1A). Importantly, these doses of OS did not affect cell viability, measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay (Figure 1B). We also treated primary astrocytes from apoE3-TR mice with OS to confirm that its effects on apoE secretion did not depend on immortalized cell lines. Indeed, OS increased apoE secretion (Figure 1C) without affecting cell viability (Figure 1D) in these primary astrocytes. Of note, the effects of OS in these primary astrocytes were observed at one order of magnitude lower than that needed for immortalized cells, suggesting more potent effects to increase apoE secretion in vivo. OS also increased apoE secretion from immortalized astrocytes from apoE4-TR mice, indicating that OS effects did not depend on apoE isoform (Figure 1E).



Then, we checked whether other 5-HT3 antagonists or compounds targeting any other 5-HT receptors had similar effects on apoE secretion. In these experiments, we used OS as a positive control (Figure 2A). Although one 5-HT3 antagonist, Granisetron, did not affect apoE levels, two other 5-HT3 antagonists, Dolasetron and Tropisetron, increased apoE levels at 10 μM (Figure 2E–G). However, compounds targeting other 5-HT receptors, Methysergid (5-HT1/2 antagonist), Ketanserin (5-HT2 antagonist), Clozapine (5-HT2 antagonist), GR-113,808 (5-HT4 antagonist), SB-699,551 (5-HT5 antagonist), SB-258,585 (5-HT6 antagonist), and SB-269,970 (5-HT7 antagonist) did not increase apoE secretion (Figure 2B–D,H–K). Additionally, serotonin itself did not affect apoE secretion (Figure 2L). These results suggest that the effects of OS are specific to 5-HT3 receptors.




2.2. OS Increases apoE Secretion through LXR-ABCA1 Pathway


Next, we studied the mechanism underlying how OS increases apoE secretion. As the effects of several compounds on promoting apoE secretion are mediated by increasing ABCA1 expression [14], we assessed the ABCA1 levels after treatment with OS. Interestingly, OS increased the ABCA1 protein levels in apoE3 immortalized astrocytes (Figure 3A). On the other hand, OS did not affect protein levels of ABCG1, low-density lipoprotein receptor (LDLR), and the LDLR-related protein 1 (LRP1) (Figure 3B–D). Although OS did not apparently affect the apoE mRNA levels, ABCA1 mRNA levels were also significantly increased by OS treatment (Figure 3E,F), suggesting an analogous effect to LXR or RXR agonists [8,14]. We also confirmed that T0901317, an LXR agonist, had similar effects on levels of apoE, LDLR, LRP1, ABCG1, and ABCA1 to OS (Shinohara et al., unpublished work, 2019). Moreover, OS increased the secretion of higher molecular size, potentially lipidated apoE, consistent with an involvement of the ABCA1 pathway (Figure 3G) [14].



Importantly, geranylgeranyl pyrophosphate (GGPP), an LXR antagonist [15,16], blocked the effects of OS on apoE secretion and ABCA1 expression (Figure 4A,B). Consistently, cyclosporin A, an ABCA1 antagonist [17,18], blocked the effects of OS on apoE secretion (Figure 4C). Taken together, these results indicate that OS increases apoE secretion through the LXR-ABCA1 pathway.




2.3. OS Increases apoE Secretion from Human Astrocytes


To confirm the effects of OS on apoE secretion in human astrocytes, we introduced human astrocytes derived from iPSC. Indeed, OS increased apoE secretion in ε3/ε3 human astrocytes and ε4/ε4 human astrocytes in a concentration-dependent manner (Figure 5A,D). Of note, the effects of OS on apoE secretion in these human astrocytes were observed at 0.1 μM, similar to mouse primary astrocytes. OS treatment also increased ABCA1 levels, but not ABCG1 levels, in both ε3/ε3 human astrocytes (Figure 5B,C) and ε4/ε4 human astrocytes (Figure 5E,F), consistent with the results of mouse astrocyte experiments. These results indicate that OS can increase apoE secretion from human astrocytes irrespective of apoE isoforms.




2.4. Effects of OS on apoE Levels In Vivo


To address the in vivo relevance, we assessed the effects of OS in mice. We treated apoE3-TR mice daily with OS intraperitoneal (i.p.) at 1 mg/kg/day, which was consistent with a previous study treating neurological symptoms [19,20,21], or gradually increased the doses (3 mg/kg/day and 10 mg/kg/day) for seven days. With these doses, OS did not increase aspartate aminotransferase (AST) levels, a marker of liver toxicity, while a higher dose (100 mg/kg/day) was highly toxic and lethal (Shinohara et al., unpublished work, 2019). In this experimental scheme, OS did not affect apoE levels in the brains even at the higher doses (Figure 6A), while apoE levels were increased in the liver of mice treated with 1 mg/kg/day and 3 mg/kg/day of OS (Figure 6B).





3. Discussion


Although up-regulation of apoE secretion via the ABCA1 pathway is an attractive target for AD and other age-related neurological disorders, the clinical application of modulators of this pathway has not yet been established, partly because of their side effects [12,13]. Therefore, drugs with safer profiles and long-term tolerance are needed for the treatment and prevention of AD. Thus, we conducted drug screening using an FDA-approved drug library and identified OS as a modulator of apoE secretion with a safety profile in cultured astrocytes. Importantly, our results showed that the effects of OS are more evident in murine primary astrocytes and human astrocytes where OS could increase apoE secretion in the nanomolar range. Moreover, we found that OS could also increase high molecular size apoE particles and ABCA1 levels, and these effects were blocked by LXR or ABCA1 antagonists. Clinically relevant doses of OS also increased apoE levels in the liver, though OS effects in the brain were not observed.



OS is a 5-HT3 receptor antagonist, used for the treatment of nausea and vomiting associated with chemotherapy or pregnancy [22]. As we found that other 5-HT3 receptor antagonists also had similar (but weaker) effects on apoE secretion, this effect could be mediated by antagonism of the 5-HT3 receptor. However, it is not yet clear why OS showed stronger effects compared to the other three 5-HT3 receptor antagonists with similar or higher binding affinity to the 5-HT3 receptor [23]. The chemical structure of OS is different from the other three 5-HT3 receptor antagonists; OS is categorized as a carbazole derivative, while the other three antagonists are categorized as indazoles or indoles. Such distinct chemical structures result in different metabolism by cytochrome P450 families, and potentially different effects [24]. Indeed, independently of the antagonistic properties of OS at the 5-HT3 receptor, OS can attenuate the inositol 1,4,5-trisphosphate signaling pathway [25], which could be important for the peroxisome proliferator-activated receptor α-mediated inhibition of the LXR-ABCA1 pathway [26]. Thus, the inhibition of such specific pathways by OS might be involved in the increase in apoE secretion via the LXR-ABCA1 pathway. It warrants further investigation regarding how OS strongly affects the LXR-ABCA1 pathway among the 5-HT3 receptor antagonists.



Regarding the lipidation status, while we observed that OS increased apoE particles in the large molecular size fractions (Figure 3G), corresponding to the fractions where most cholesterol existed and its levels were increased by OS (Figure 3G: inset), we did not determine how much lipidated and non-lipidated apoE was altered by OS. Though it is natural to think OS increases lipidated apoE rather than non-lipidated apoE via the ABCA1 pathway [9,27], further studies would be necessary to confirm such a hypothesis.



The main clinical effects of OS in vivo are carried out via the peripheral vagus nerve [28], thus there has not been a careful examination of whether and how much of OS can penetrate the blood-brain barrier (so-called BBB permeability) and affect cells in the brain. Simpson et al. reported that after a single dose, OS levels in the CSF (2.6–15.4 ng/mL) reached 15% of that in the plasma (39.5–147 ng/mL), indicating a potentially low BBB permeability of OS [29]. According to several studies, OS could be effective in the treatment of some neurological symptoms associated with psychiatric problems or dyskinesia [30,31,32]; therefore, it may be that such low levels of OS in the brain could exert at least partial beneficial effects. However, the failure of OS to increase apoE levels in the brain indicates that pharmacological modification to increase BBB permeability would be necessary to achieve target effects on ABCA1 and apoE in the brain.



On the other hand, OS increased apoE levels in the liver, indicating that OS can affect peripheral ABCA1-apoE metabolism. This result is consistent with a previous study showing that plasma lipoprotein levels were up-regulated with OS treatment [33]. Although a previous clinical study failed to see improvement of cognitive deficits in AD patients with OS [34], it is of note that recent studies have shown that peripheral apoE metabolism could play an important role in the pathogenesis of AD; individuals with low levels of plasma apoE were more likely to develop AD in the future [6,7]. Thus, peripheral apoE metabolism could also be an important target for the treatment of AD. In this regard, OS might be effective for preventing AD through the modulation of peripheral apoE metabolism.



In summary, we found that OS increased apoE secretion from cultured murine and human astrocytes through the LXR-ABCA1 pathway. Although we failed to observe the effect of OS in the brain, we did observe significant effects of OS on peripheral apoE metabolism. Thus, further studies are warranted to interrogate potential effects of OS in AD and AD-related pathways.




4. Materials and Methods


4.1. Cell Lines and Reagents


Immortalized apoE3 astrocytes were a kind gift from Dr David M. Holtzman (Washington University in St. Louis, MO, USA) [14]. The screened compounds were from a commercially available FDA-approved drug library (Enzo Life Sciences, Farmingdale, NY, USA) containing 630 compounds. OS, GGPP, T0901317, cyclosporin A, and puromycin were purchased from Sigma-Aldrich (St. Louis, MO, USA). GR-113808, SB-699551, SB-258585, and SB-269970 were purchased from R&D (Minneapolis, MN, USA). All compounds were dissolved into 10 mM stock solution in dimethyl sulfoxide (DMSO). The mouse monoclonal anti-ABCA1 (ab18180) was purchased from Abcam (Cambridge, MA, USA) and the mouse monoclonal anti-actin antibody was purchased from Sigma (A5316).




4.2. Immortalized Astrocyte Cultures


Immortalized apoE3 or apoE4 astrocytes were cultured as previously described [14]. In brief, cells were cultured in astrocyte medium (DMEM/F12 (Thermo Fisher, Waltham, MA, USA), 20% fetal bovine serum, 2 mM l-glutamine, glutamine, 1× non-essential amino acids, 1 mM sodium pyruvate and 1% penicillin/streptomycin) at 37 °C in humidified air containing 5% CO2. For primary screening and dose-dependent experiments, immortalized astrocytes were seeded and cultured overnight in 96-well plates at 10,000 cells/well density. For Western blotting and RT-qPCR analyses, cells were seeded the day before treatments in 6-well plates (400,000 cells/well) and then treated with selected compounds or vehicle (DMSO) in serum-free astrocyte medium.




4.3. Primary Astrocyte Cultures


Primary astrocytes were prepared from new-born (P1–P2) human apoE3-TR mice as described previously [14]. In brief, the brain was removed from the skull and the meninges were discarded. Subsequently, the cortices were minced and incubated with 0.05% trypsin in a water bath at 37 °C for 15 min. Enzyme-digested dissociated cells were triturated with astrocyte growth medium and centrifuged at 300× g for five minutes. The pellet was resuspended, passed through a 70 μm nylon mesh, washed, and centrifuged at 300× g for five minutes. The cells were plated on poly-d-lysine–coated 75 cm2-flask in astrocyte growth media, which were changed every three days. Cells were grown until confluence and then re-plated for the experiments at a density of 2 × 105 cells/well on 12-well plates coated with Poly-d-Lysine.




4.4. Human Astrocyte Cultures


Human astrocytes were prepared from induced pluripotent stem cells (iPSCs) derived from cognitively normal individuals with different APOE genotypes (ε3/ε3 or ε4/ε4) as described previously [35]. Briefly, iPSCs were digested with Dispase (Stemcell Technologies, Vancouver, BC, Canada) for 5 min, then iPSC clumps were washed down and cultured in neural induction medium in suspension for 5–7 days for neural differentiation. Next, neurospheres were seeded onto Matrigel-coated dishes to induce neural rosette formations. Neural rosettes were manually picked, digested into single cells with Accutase (Stemcell Technologies), and re-plated onto Matrigel-coated dishes in a neural induction medium for another 10–14 days. Neural progenitor cells (NPCs) were amplified in neural progenitor cell medium (Stemcell Technologies). Astrocyte differentiation was started by changing the medium into astrocyte differentiation medium, composed of astrocyte medium (ScienCell, Carlsbad, CA, USA) with CNTF (10 ng/mL), BMP4 (10 ng/mL), and Heregulin (10 ng/mL) (all from Stemcell Technologies). Cells were passaged during the differentiation process when they reached 80% confluence. Astrocytes at day 40 were used for further drug treatment experiments.




4.5. Biochemical Analyses


For Western blotting, samples were lysed in a radio-immunoprecipitation assay (RIPA, Millipore, Billerica, MA, USA) buffer containing protease inhibitor cocktail (Roche, Florence, SC, USA), and analyzed by SDS-PAGE as previously described [14]. Levels of apoE and LRP1 were measured by ELISA as previously described [14,36]. LDLR ELISA was performed by using the Irene capture antibody [37] and the biotin-conjugated goat anti-mouse LDLR detector antibody (R&D). The recombinant mouse LDLR protein (R&D) was used as a standard. For mRNA analysis, total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Germantown, MD, USA) and subjected to DNase I digestion, reverse transcription (SuperScript II RNase H-reverse transcriptase: Life Technologies Corporation, Grand Island, NY, USA), and quantitative real-time PCR to measure levels of ABCA1, apoE, and β-actin. The CT method was used to calculate the relative amount of target genes in each group, as previously described [14]. Size-exclusion chromatography of secreted apoE was performed as previously described [14]. In brief, conditioned medium was concentrated 60-fold with a 10-kDa cut-off filter (Millipore Corporation, Bedford, MA, USA), and passed through tandem Superose-6, 10/300 GL columns (GE Healthcare, Chicago, IL, USA) in PBS containing 50 mM sodium phosphate, PH 7.4, with 150 mM NaCl, 1 mM EDTA, and 0.02% sodium azide at a flow rate of 0.4 mL/min by fast performance liquid chromatography (FPLC). Fractions were collected and analyzed for apoE and cholesterol levels by apoE ELISA and Amplex Red Cholesterol Assay kit (Thermo Fisher), respectively.




4.6. In Vivo Effects of Tested Compounds


Male apoE3-TR mice (7–8 months old) were treated (i.p., daily) with OS or vehicle as a control for one week. OS was solubilized in PBS plus hydrochloride (pH > 5.0). Four to six hours after the last administration, mice were transcardially perfused with PBS, and then the brain and liver tissue were dissected and kept frozen at −80 °C until analysis. All animal procedures were approved (A70512) by the Institutional Animal Care and Use Committee (IACUC) at the Mayo Clinic and in accordance with the regulations of the American Association for the Accreditation of Laboratory Animal Care.




4.7. Cytotoxicity Assays


In vitro cytotoxic effects of compounds were evaluated with MTT assay kits (Roche) following the manufacturer’s instructions, using puromycin treatment (10 μg/mL) as a positive control. The in vivo cytotoxic effects were evaluated by the AST activity assay kit (Sigma) according to the manufacturer’s instructions.




4.8. Statistical Analyses


All quantified data were analyzed by an analysis of variance (ANOVA) with post-hoc Tukey-Kramer test by using JMP (version 10.0, SAS Institute Inc., Cary, NC, USA). Error bars represent standard deviation and p < 0.05 was considered significant.








Author Contributions


M.S. (Motoko Shinohara), M.S. (Mitsuru Shinohara), and G.B. contributed to the concept and study design. M.S. (Motoko Shinohara), M.S. (Mitsuru Shinohara), J.Z., Y.F., C.-C.L., and G.B., contributed to data acquisition and analysis. M.S. contributed to drafting the manuscript and figures. All authors edited and reviewed the final manuscript.




Funding


This research was supported by grants from the NIH (R01AG035355, R01AG027924, R01AG046205, P01NS074969, and P50AG016574), the Alzheimer’s Association and Cure Alzheimer’s Fund and Alzheimer’s Drug Discovery Foundation (to G.B.); and fellowship supports from the Japan Heart Foundation, Naito Foundation and Bright Focus Foundation (to Mi.S.).




Acknowledgments


We thank Henrietta M. Nielsen for providing apoE ELISA protocol, Mary D. Davis for careful reading of this manuscript, and other Bu laboratory members for kind help and discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, C.C.; Kanekiyo, T.; Xu, H.; Bu, G. Apolipoprotein E and Alzheimer disease: Risk, mechanisms and therapy. Nat. Rev. Neurol. 2013, 9, 106–118. [Google Scholar] [CrossRef]

	



Bu, G. Apolipoprotein E and its receptors in Alzheimer’s disease: Pathways, pathogenesis and therapy. Nat. Rev. Neurosci. 2009, 10, 333–344. [Google Scholar] [CrossRef] [PubMed]

	



Kanekiyo, T.; Xu, H.; Bu, G. apoE and Aβ in Alzheimer’s disease: Accidental encounters or partners? Neuron 2014, 81, 740–754. [Google Scholar] [CrossRef] [PubMed]

	



Riddell, D.R.; Zhou, H.; Atchison, K.; Warwick, H.K.; Atkinson, P.J.; Jefferson, J.; Xu, L.; Aschmies, S.; Kirksey, Y.; Hu, Y.; et al. Impact of apolipoprotein E (apoE) polymorphism on brain apoE levels. J. Neurosci. 2008, 28, 11445–11453. [Google Scholar] [CrossRef]

	



Cruchaga, C.; Kauwe, J.S.K.; Nowotny, P.; Bales, K.; Pickering, E.H.; Mayo, K.; Bertelsen, S.; Hinrichs, A.; Fagan, A.M.; Alzheimer’s Disease Neuroimaging Initiative; et al. Cerebrospinal fluid APOE levels: An endophenotype for genetic studies for Alzheimer’s disease. Hum. Mol. Genet. 2012, 21, 4558–4571. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Yu, J.T.; Wang, H.F.; Jiang, T.; Tan, C.C.; Meng, X.F.; Soares, H.D.; Tan, L. Meta-analysis of peripheral blood apolipoprotein E levels in Alzheimer’s disease. PLoS ONE 2014, 9, e89041. [Google Scholar] [CrossRef]

	



Rasmussen, K.L.; Tybjaerg-Hansen, A.; Nordestgaard, B.G.; Frikke-Schmidt, R. Plasma levels of apolipoprotein E and risk of dementia in the general population. Ann. Neurol. 2015, 77, 301–311. [Google Scholar] [CrossRef]

	



Zelcer, N.; Khanlou, N.; Clare, R.; Jiang, Q.; Reed-Geaghan, E.G.; Landreth, G.E.; Vinters, H.V.; Tontonoz, P. Attenuation of neuroinflammation and Alzheimer’s disease pathology by liver x receptors. Proc. Natl. Acad. Sci. USA 2007, 104, 10601–10606. [Google Scholar] [CrossRef]

	



Jiang, Q.; Lee, C.Y.; Mandrekar, S.; Wilkinson, B.; Cramer, P.; Zelcer, N.; Mann, K.; Lamb, B.; Willson, T.M.; Collins, J.L.; et al. apoE promotes the proteolytic degradation of Aβ. Neuron 2008, 58, 681–693. [Google Scholar] [CrossRef]

	



Cramer, P.E.; Cirrito, J.R.; Wesson, D.W.; Lee, C.Y.; Karlo, J.C.; Zinn, A.E.; Casali, B.T.; Restivo, J.L.; Goebel, W.D.; James, M.J.; et al. apoE-directed therapeutics rapidly clear β-amyloid and reverse deficits in AD mouse models. Science 2012, 335, 1503–1506. [Google Scholar] [CrossRef]

	



Tousi, B. The emerging role of bexarotene in the treatment of Alzheimer’s disease: Current evidence. Neuropsychiatry Dis. Treat. 2015, 11, 311–315. [Google Scholar] [CrossRef] [PubMed]

	



Hong, C.; Tontonoz, P. Liver X receptors in lipid metabolism: Opportunities for drug discovery. Nat. Rev. Drug. Discov. 2014, 13, 433–444. [Google Scholar] [CrossRef] [PubMed]

	



Tai, L.M.; Koster, K.P.; Luo, J.; Lee, S.H.; Wang, Y.T.; Collins, N.C.; Ben Aissa, M.; Thatcher, G.R.; LaDu, M.J. Amyloid-β pathology and APOE genotype modulate retinoid X receptor agonist activity in vivo. J. Biol. Chem. 2014, 289, 30538–30555. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Fu, Y.; Liu, C.C.; Shinohara, M.; Nielsen, H.M.; Dong, Q.; Kanekiyo, T.; Bu, G. Retinoic acid isomers facilitate apolipoprotein E production and lipidation in astrocytes through the retinoid X receptor/retinoic acid receptor pathway. J. Biol. Chem. 2014, 289, 11282–11292. [Google Scholar] [CrossRef] [PubMed]

	



Gan, X.; Kaplan, R.; Menke, J.G.; MacNaul, K.; Chen, Y.; Sparrow, C.P.; Zhou, G.; Wright, S.D.; Cai, T.-Q. Dual Mechanisms of ABCA1 Regulation by Geranylgeranyl Pyrophosphate. J. Biol. Chem. 2001, 276, 48702–48708. [Google Scholar] [CrossRef][Green Version]

	



Yeh, Y.S.; Goto, T.; Takahashi, N.; Egawa, K.; Takahashi, H.; Jheng, H.F.; Kim, Y.I.; Kawada, T. Geranylgeranyl pyrophosphate performs as an endogenous regulator of adipocyte function via suppressing the LXR pathway. Biochem. Biophys. Res. Commun. 2016, 478, 1317–1322. [Google Scholar] [CrossRef] [PubMed]

	



Le Goff, W.; Peng, D.Q.; Settle, M.; Brubaker, G.; Morton, R.E.; Smith, J.D. Cyclosporin A traps ABCA1 at the plasma membrane and inhibits ABCA1-mediated lipid efflux to apolipoprotein A-I. Arterioscler. Thromb. Vasc. Biol. 2004, 24, 2155–2161. [Google Scholar] [CrossRef]

	



Nagao, K.; Maeda, M.; Manucat, N.B.; Ueda, K. Cyclosporine A and PSC833 inhibit ABCA1 function via direct binding. Biochim. Biophys. Acta 2013, 1831, 398–406. [Google Scholar] [CrossRef]

	



Roychoudhury, M.; Kulkarni, S.K. Antianxiety profile of ondansetron, a selective 5-HT3 antagonist, in a novel animal model. Methods Find. Exp. Clin. Pharm. 1997, 19, 107–111. [Google Scholar]

	



Gupta, D.; Radhakrishnan, M.; Kurhe, Y. Ondansetron, a 5HT3 receptor antagonist reverses depression and anxiety-like behavior in streptozotocin-induced diabetic mice: Possible implication of serotonergic system. Eur. J. Pharm. 2014, 744, 59–66. [Google Scholar] [CrossRef] [PubMed]

	



Ohno, Y.; Imaki, J.; Mae, Y.; Takahashi, T.; Tatara, A. Serotonergic modulation of extrapyramidal motor disorders in mice and rats: Role of striatal 5-HT3 and 5-HT6 receptors. Neuropharmacology 2011, 60, 201–208. [Google Scholar] [CrossRef]

	



Christofaki, M.; Papaioannou, A. Ondansetron: A review of pharmacokinetics and clinical experience in postoperative nausea and vomiting. Expert Opin. Drug Metab. Toxicol. 2014, 10, 437–444. [Google Scholar] [CrossRef]

	



Thompson, A.J.; Lummis, S.C. 5-HT3 receptors. Curr. Pharm. Des. 2006, 12, 3615–3630. [Google Scholar] [CrossRef]

	



Gan, T.J. Selective Serotonin 5-HT3 Receptor Antagonists for Postoperative Nausea and Vomiting. CNS Drugs 2005, 19, 225–238. [Google Scholar] [CrossRef]

	



Liu, F.C.; Liou, J.T.; Liao, H.R.; Mao, C.C.; Yang, P.; Day, Y.J. The anti-aggregation effects of ondansetron on platelets involve IP3 signaling and MAP kinase pathway, but not 5-HT3-dependent pathway. Thromb. Res. 2012, 130, 18. [Google Scholar] [CrossRef]

	



Tang, S.L.; Chen, W.J.; Yin, K.; Zhao, G.J.; Mo, Z.C.; Lv, Y.C.; Ouyang, X.P.; Yu, X.H.; Kuang, H.J.; Jiang, Z.S.; et al. PAPP-A negatively regulates ABCA1, ABCG1 and SR-B1 expression by inhibiting LXRα through the IGF-I-mediated signaling pathway. Atherosclerosis 2012, 222, 344–354. [Google Scholar] [CrossRef]

	



Suon, S.; Zhao, J.; Villarreal, S.A.; Anumula, N.; Liu, M.; Carangia, L.M.; Renger, J.J.; Zerbinatti, C.V. Systemic treatment with liver X receptor agonists raises apolipoprotein E, cholesterol, and amyloid-β peptides in the cerebral spinal fluid of rats. Mol. Neurodegener. 2010, 5, 44. [Google Scholar] [CrossRef] [PubMed]

	



Tyers, M.B.; Freeman, A.J. Mechanism of the anti-emetic activity of 5-HT3 receptor antagonists. Oncology 1992, 49, 263–268. [Google Scholar] [CrossRef]

	



Simpson, K.H.; Murphy, P.; Colthup, P.V.; Whelan, P. Concentration of ondansetron in cerebrospinal fluid following oral dosing in volunteers. Psychopharmacology 1992, 109, 497–498. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.J.; Kang, W.H.; Li, Q.; Wang, X.Y.; Yao, S.M.; Ma, A.Q. Beneficial effects of ondansetron as an adjunct to haloperidol for chronic, treatment-resistant schizophrenia: A double-blind, randomized, placebo-controlled study. Schizophr. Res. 2006, 88, 102–110. [Google Scholar] [CrossRef] [PubMed]

	



Sirota, P.; Mosheva, T.; Shabtay, H.; Giladi, N.; Korczyn, A.D. Use of the selective serotonin 3 receptor antagonist ondansetron in the treatment of neuroleptic-induced tardive dyskinesia. Am. J. Psychiatry 2000, 157, 287–289. [Google Scholar] [CrossRef]

	



Kurhe, Y.; Mahesh, R. Ondansetron attenuates co-morbid depression and anxiety associated with obesity by inhibiting the biochemical alterations and improving serotonergic neurotransmission. Pharm. Biochem. Behav. 2015, 136, 107–116. [Google Scholar] [CrossRef]

	



Krupkova, M.; Sedova, L.; Liska, F.; Krenova, D.; Kren, V.; Seda, O. Differential effects of 5-HT3 receptor antagonist on lipid profile in spontaneously hypertensive rat and chromosome 8 congenic strain. Neuro Endocrinol. Lett. 2012, 2, 43–49. [Google Scholar]

	



Dysken, M.; Kuskowski, M.; Love, S. Ondansetron in the treatment of cognitive decline in Alzheimer dementia. Am. J. Geriatr. Psychiatry 2002, 10, 212–215. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Davis, M.D.; Shinohara, M.; Younkin, S.G.; Kanekiyo, T.; Martens, Y.A.; Bu, G.; Graff-Radford, N.R.; Wszolek, Z.K. APOE ε4/ε4 diminishes neurotrophic function of human iPSC-derived astrocytes. Hum. Mol. Genet. 2017, 26, 2690–2700. [Google Scholar] [CrossRef] [PubMed]

	



Shinohara, M.; Fujioka, S.; Murray, M.E.; Wojtas, A.; Baker, M.; Rovelet-Lecrux, A.; Rademakers, R.; Das, P.; Parisi, J.E.; Graff-Radford, N.R.; et al. Regional distribution of synaptic markers and APP correlate with distinct clinicopathological features in sporadic and familial Alzheimer’s disease. Brain 2014, 137 Pt 5, 1533–1549. [Google Scholar] [CrossRef][Green Version]

	



Shinohara, M.; Petersen, R.C.; Dickson, D.W.; Bu, G. Brain regional correlation of amyloid-β with synapses and apolipoprotein E in non-demented individuals: Potential mechanisms underlying regional vulnerability to amyloid-β accumulation. Acta Neuropathol. 2013, 125, 535–547. [Google Scholar] [CrossRef]








[image: Ijms 20 01488 g001 550]





Figure 1. OS increases apoE secretion in immortalized astrocytes or primary astrocytes derived from apoE3-TR mice and apoE4-TR mice. (A,B) Immortalized astrocytes derived from apoE3-TR mice were cultured and treated with the indicated concentrations of OS. After treatment with OS for 24 h, apoE levels in culture media were determined by ELISA (A), and cell viability was assessed by MTT assay (B, left). Puromycin treatment was used as a positive control for MTT assay (B, right). (C,D) Primary astrocytes derived from apoE3-TR mice were cultured and treated with the indicated concentrations of OS. After treatment with OS for 24 h, apoE levels in culture media were determined by ELISA (C), and cell viability was assessed by MTT assay (D, left). Puromycin treatment was used as a positive control for MTT assay (D, right). apoE levels in culture media of immortalized astrocytes derived from apoE4-TR mice (E) were determined by ELISA after treatment with indicated concentrations of OS for 24 h. Data represent mean ± SD ((A,B): n = 6, biological replicate group, (C,D): n = 3, biological replicate group). * p < 0.05, ** p < 0.01; Tukey-Kramer test. 
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Figure 2. Effects of different 5-HT receptor antagonists on apoE secretion in immortalized astrocytes. apoE levels in culture media of immortalized astrocytes derived from apoE3-TR mice were determined by ELISA after treatment for 24 h with the indicated concentrations of (A) OS, (B) Methysergide, (C) Ketanserin, (D) Clozapine, (E) Granisetron, (F) Dolasetron, (G) Tropisetron, (H) GR-113,808, (I) SB-699,551, (J) SB-258,585, (K) SB-269,970, and (L) Serotonin. Data represent mean ± SD (n = 4, biological replicate group). ** p < 0.01; Tukey-Kramer test. 
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Figure 3. OS increases ABCA1 expression and high molecular size apoE secretion. Protein levels of ABCA1 (A) and ABCG1 (B) in immortalized astrocytes derived from apoE3-TR mice were analyzed by Western blotting after treatment with OS (1 μM) for 24 h. The graph represents the quantification of ABCA1 and ABCG1 levels. (C–E) After treatment with OS (1 μM) for 24 h, protein levels of LDLR (C) and LRP1 (D) were determined by ELISA, and mRNA levels of apoE (E) and ABCA1 (F) were measured by qRT-PCR and normalized by the mRNA levels of β-actin in immortalized astrocytes derived from apoE3-TR mice. (G) The culture media were concentrated and then fractioned by size-exclusion chromatography on fast protein liquid chromatography (FPLC) using tandem Superose-6 columns. The concentration of apoE and cholesterol (inset) in each fraction was analyzed by ELISA and enzymatic assay, respectively. (A–F) Data represent mean ± SE (A–F: n = 3, biological replicate group). ** p < 0.01, NS; non-significant; Student t-test. 
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Figure 4. LXR-ABCA1 antagonists block the OS-induced increase in apoE secretion. (A) apoE levels in culture media and (B) cellular ABCA1 levels in immortalized astrocytes derived from apoE3-TR mice were determined by ELISA (A) or Western blotting (B) after treatment for 24 h with OS (1 μM) in the absence or presence of an LXR antagonist, GGPP (10 μM). (C) apoE levels in culture media of immortalized astrocytes derived from apoE3-TR mice were determined by ELISA after treatment for 24 h with OS (1 μM) in the absence or presence of an ABCA1 antagonist, cyclosporin A (CycA, 10 μM). Data represent mean ± SE (A,C: n = 4, biological replicate group, B: n = 3, biological replicate group). ** p < 0.01, NS; non-significant; Tukey-Kramer test. 






Figure 4. LXR-ABCA1 antagonists block the OS-induced increase in apoE secretion. (A) apoE levels in culture media and (B) cellular ABCA1 levels in immortalized astrocytes derived from apoE3-TR mice were determined by ELISA (A) or Western blotting (B) after treatment for 24 h with OS (1 μM) in the absence or presence of an LXR antagonist, GGPP (10 μM). (C) apoE levels in culture media of immortalized astrocytes derived from apoE3-TR mice were determined by ELISA after treatment for 24 h with OS (1 μM) in the absence or presence of an ABCA1 antagonist, cyclosporin A (CycA, 10 μM). Data represent mean ± SE (A,C: n = 4, biological replicate group, B: n = 3, biological replicate group). ** p < 0.01, NS; non-significant; Tukey-Kramer test.



[image: Ijms 20 01488 g004]







[image: Ijms 20 01488 g005 550]





Figure 5. OS increases apoE secretion in astrocytes derived from human-induced pluripotent stem cell. Human iPSC-astrocytes with APOE ε3/ε3 (A–C) and APOE ε4/ε4 (D–F) genotypes were cultured and treated with the indicated concentrations of OS for 24 h, and apoE levels in culture media were determined by ELISA (A,D), and cellular ABCA1 (B,E) and ABCG1 (C,F) levels were analyzed by Western blotting using β-actin as a loading control. Data represent mean ± SD (n = 3, biological replicate group). * p < 0.05, ** p < 0.01, NS; non-significant; Tukey-Kramer test. 
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Figure 6. Effects of OS in vivo. apoE levels in the brain (A) and the liver (B) of apoE3-TR mice (male, four months old) were determined by ELISA after one week of daily intraperitoneal (i.p.) administration of OS (1 mg/kg/day, 3 mg/kg/day, or 10 mg/kg/day). Data represent mean ± SE (n = 4, biological replicate group). * p < 0.05, ** p < 0.01; Tukey-Kramer test. 
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