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Alzheimer’s disease (AD) is the most common form of 
dementia and results in severe memory impairment. The 
apoE gene, the primary lipid carrier in the CNS, is the most 
highly associated susceptibility locus for late onset AD and 
also plays major roles in the metabolism of A peptides as 
well as in inflammation (1, 2). Previous work from our lab-
oratory and others has established a key role for the ABCA1 
protein, which effluxes cholesterol and phospholipids 
onto apolipoproteins, in regulating apoE levels and func-
tion in the CNS (3–7). ABCA1 deficiency leads to poorly 
lipidated and rapidly degraded apoE and can increase amy-
loid burden in AD mouse models (7, 8). Loss-of-function 
mutations in the human ABCA1 gene are reported to  
be associated with low plasma apoE and increased AD risk 
(9, 10). Conversely, in AD mice, selective overexpression of 
ABCA1 increases CNS apoE lipidation and markedly 
decreases amyloid deposition (6). Likewise, upregulation 
of ABCA1 through inhibition of microRNA-33 increases 
lipidation of apoE and decreases A levels in the brain 
(11). Indeed, lipidated apoE has been proposed to promote 
the proteolytic degradation of A peptides (12). Hence, 
upregulating ABCA1 expression or function may be of 
therapeutic interest for AD by increasing apoE lipidation, 
thereby contributing to decreased A pathology.
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ease (AD). apoE is primarily lipidated via ABCA1, and both are 
under transcriptional regulation by the nuclear liver X receptor 
(LXR). Considerable evidence from genetic (using ABCA1 
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Both ABCA1 and apoE are transcriptionally regulated by 
the nuclear receptors, liver X receptor (LXR), PPAR, and 
retinoid X receptor (RXR) (13, 14). Direct LXR and RXR 
agonists stimulate ABCA1 activity and increase apoE lipida-
tion. In animal models of AD, direct LXR agonists can 
reduce amyloid pathology and have shown considerable 
efficacy in maintaining cognitive function [reviewed in 
Hong and Tontonoz (15)]. However, their undesired side 
effects have limited advancement in clinical trials (16, 17) 
and there is considerable interest in developing new classes 
of ABCA1 and apoE modulators.

Here, we describe a set of novel compounds discovered in 
a phenotypic screen that included a counterscreen to elimi-
nate direct LXR agonists that upregulate ABCA1 and apoE. 
Intriguingly, these compounds have dual activity, as they are 
also known antagonists of the purinergic receptor, P2X7, an 
ATP-gated cation-selective channel implicated in neurode-
generation and chronic inflammation (18), although 
the apoE modulating effects are independent of P2X7.  
As increasing ABCA1-mediated lipidation of apoE and  
reducing neuroinflammation are both desirable properties 
for potential AD therapeutics, these compounds may simulta-
neously allow the study of lipid metabolism and inflammation 
on AD pathogenesis due to their dual activity effects.

MATERIALS AND METHODS

Cell models and reagents
Human CCF-STTG1 astrocytoma cells, P2RX7/ CCF-STTG1, 

and P2X7-overexpressing HEK293 cells (described below) were 
obtained from AstraZeneca (Sweden). WT HEK293, human 
HepG2 hepatoma, and human microglia clone 3 (HMC3) cell 
lines were purchased from ATCC (Manassas, VA). Immortalized 
LXR double knockout (LXR

/LXR
) and LXR expressing 

(LXR
+/LXR

) mouse embryonic fibroblasts (MEFs) (19) were 
kindly provided by Dr. Peter Tontonoz. Primary human astro-
cytes, primary human brain vascular pericytes, and primary hepa-
tocytes were purchased from ScienCell (Carlsbad, CA). Primary 
mouse mixed glia were cultured from postnatal days 0–2 WT or 
P2rx7/ pups, as described (20). The compounds, AZ-1, AZ-2, 
and AZD9056, and the LXR antagonist, GSK2033, were provided 
by AstraZeneca. The P2X7 inhibitor, Brilliant Blue G (BBG), and 
the LXR agonists, T0901317 and GW3965, were purchased from 
Sigma-Aldrich. T0901317 was used as the positive control for most 
experiments, whereas GW3965 was used for experiments with pri-
mary cells due to the greater response of primary cells to GW3965 
than T0901317. Commercial P2X7 antagonists, A740003, A804598, 
A839977, JNJ47965567, A438079, AZ11645373, and AZ10606120, 
were purchased from Tocris Bioscience (Bristol, UK). Stocks of all 
compounds were prepared in DMSO, except for BBG that was 
prepared in distilled deionized water.

Cell culture and treatment
Parental CCF-STTG1 cells were cultured in a mixed medium 

consisting of three parts of high-glucose DMEM with l-glutamine 
(Sigma, D6429) and one part of Ham’s F12 (Sigma, N6658) sup-
plemented with 10% FBS (Gibco) and 1% penicillin/streptomy-
cin (P/S) (Gibco). P2RX7/ CCF-STTG1 cells were cultured in 
RPMI (Gibco), 1640-GlutaMAX™ supplemented with 10% FBS, 
and 1% P/S. Primary mouse mixed glia, MEFs, and HEK293 cells 
were cultured in DMEM (Gibco) supplemented with 10% FBS, 2 

mM l-glutamine, and 1% P/S; HepG2 cells were maintained in 
the same growth media further supplemented with 1 mM sodium 
pyruvate and 1× nonessential amino acids (Invitrogen). Primary 
human astrocytes, pericytes, and hepatocytes were cultured in 
their respective growth media (containing 2% FBS) provided by 
ScienCell. HMC3 cells were grown in Eagle’s minimum essential 
medium (ATCC) supplemented with 10% FBS.

For immunoblotting, mRNA, and select apoE ELISA assays, 
cells were seeded in either 12-well (CCF-STTG1: 300,000 cells/
well; MEF: 100,000 cells/well; HepG2: 400,000 cells/well; primary 
mouse mixed glia: 250,000 cells/well; primary human astrocytes: 
300,000 cells/well; primary human pericytes: 100,000 cells/well; 
primary human hepatocytes: 150,000 cells/well; HMC3: 100,000 
cells/well) or 24-well (CCF-STTG1: 150,000 cells/well) plates 
in their respective standard growth media. After 24 h, cells 
were treated with treatment media [parental CCF-STTG1: 3:1 
DMEM:F12 with 1% P/S and 1% FBS; P2RX7/ CCF-STTG1: 
RPMI 1640-GlutaMAX™ with 1% P/S and 1% FBS; MEF and pri-
mary mouse mixed glia: 1:1 DMEM:F12 (Gibco, 11330) with 1% 
P/S and no serum; primary astrocytes, pericytes, and hepatocytes: 
their respective growth media; HepG2 and HMC3: 1:1 DMEM:F12 
with 1% P/S and 1% FBS] containing DMSO, positive control 
T0901317 or GW3965, or test compounds for the indicated time 
intervals. For dose response experiments, compounds were 
serially diluted 1:3 to generate a range of concentrations. For all 
experiments, the final concentration of the vehicle DMSO was 
equalized for all treatment conditions.

Electrophoresis and immunoblotting
For native PAGE, medium samples were mixed with nondena-

turing loading dye to a final concentration of 0.04% bromophe-
nol blue, 4.0% glycerol, and 100 mM Tris (pH 6.8) and resolved 
on 6% nondenaturing Tris-HCl polyacrylamide gels. To visualize 
apoE, native gels were transferred as described below and probed 
with 1:1,000 anti-apoE antibody (Cell Signaling Technology, 
13366S) overnight. For denaturing PAGE, cells were washed with 
1× PBS and lysed in RIPA lysis buffer (20 mM Tris, 1% NP40 alter-
native, 5 mM EDTA, 50 mM NaCl, 10 mM Na pyrophosphate, 50 
mM NaF, and complete protease inhibitor (Roche) (pH 7.4)]. 
Protein concentration was determined by BCA protein assay 
(Pierce). Cellular proteins (20–40 g/well) were mixed with 
loading dye with a final concentration of 2% SDS and 1% -
mercaptoethanol, incubated for 5 min at 95°C, and resolved on 
10% Tris-HCl polyacrylamide gels. Proteins were transferred 
onto PVDF membranes (Millipore) at 24 V overnight at 4°C. Af-
ter blocking with 5% nonfat milk in PBS for 1 h, membranes 
were probed overnight at 4°C with 1:1,000 monoclonal mouse 
anti-ABCA1 (Neuromics, Edina, MN; MO13101), 1:2,000 rabbit 
anti-P2X7 (Alomone, Israel; APR-004), or 1:10,000 anti-GAPDH 
or anti--actin (Millipore) loading controls for 30 min. Mem-
branes were washed with PBST (1× PBS with 0.05% Tween-20) 
and then incubated for 1 h with HRP-labeled anti-mouse (1:1,000 
for ABCA1 detection, 1:5,000 for GAPDH or -actin detection) 
or anti-rabbit (1:1,000 for P2X7 and native apoE) secondary 
antibodies (Jackson Immuno-Research). Results were visualized 
using ECL (Amersham) and blot images were captured with a 
Bio-Rad ChemiDoc MP imaging system (Bio-Rad). Band density 
was quantified using ImageJ software (version 1.47q, National 
Institutes of Health). Levels of ABCA1 were normalized to 
GAPDH (human) or -actin (mouse).

Capillary Western blotting by Wes™ simple Western
ABCA1 levels in P2rx7/ primary mouse mixed glia were 

assessed using an automated simple Western system (ProteinSimple) 
(21, 22). All procedures were performed with the manufacturer’s 
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reagents, except for the primary antibodies described above, 
according to the user’s manual. Samples were loaded at a protein 
concentration of 0.5 g/l, incubated with primary antibodies 
(ABCA1, 1:5,000; -actin, 1:500) for 60 min and secondary anti-
mouse IgG for 30 min. Data were analyzed with Compass software 
(ProteinSimple). ABCA1 levels were normalized to -actin.

Real-time quantitative PCR
Cells were lysed in TRIzol (Invitrogen). RNA was extracted and 

treated with DNase I according to the manufacturer’s protocol 
(Invitrogen). Real-time quantitative PCR (qPCR) was done with 
SYBR Green reagents (Roche) on a LightCycler96 system (Roche). 
The real-time qPCR primer sequences used in this study were pre-
viously described (23). Each sample was assayed at least in dupli-
cate and normalized to GAPDH (human) or -actin (mouse).

apoE ELISA
Secreted apoE levels in culture media were measured by an 

apoE ELISA protocol described previously (23). Fluorescence was 
read at 325Ex/420Em on an Infinite M200 Pro plate reader (Tecan 
Life Science, Switzerland).

Cholesterol efflux assay
CCF-STTG1 cells were seeded at 150,000 cells/well in 24-well 

plates and cultured for 24 h before labeling for 24 h with 1 Ci/
ml of 3H-cholesterol (PerkinElmer Life Sciences) in growth media 
supplemented with DMSO, 1 M T0901317, or 10 M AZ-1 or 
AZ-2. Labeled cells were then washed and equilibrated in serum-
free media for 60 min. Serum-free media containing the same 
drug treatments were then added to the cells in the absence [no 
acceptor (NA)] or presence of 10 g/ml of exogenous lipid-free 
apoA-I (a kind gift from CSL Behring, Switzerland). After 24 h at 
37°C, culture medium was collected and cells were lysed by 
addition of 0.1 M NaOH and 0.2% SDS, followed by incubation 
at room temperature for a minimum of 1 h. Radioactivity in 
media and cell lysate samples was quantified by scintillation 
counting (PerkinElmer). The percentage cholesterol efflux was 
calculated as the total counts per minute in the media divided 
by the sum of the counts per minute in the media plus in the 
cell lysate.

LXR-Gal4 reporter assay
To profile LXR agonist activity, we used a cell-based reporter 

gene assay based on expression of a chimeric receptor contain-
ing the yeast Gal4 DNA binding domain fused to the human 
LXR or LXR ligand binding domain, as previously described 
for SHSY5Y cells (24). The assay was modified for performance 
in U2-OS cells, which have low endogenous steroid receptor ac-
tivity (25). Briefly, U2-OS cells were transfected in bulk using 
Maxcyte technology (MaxCyte STX) with a pSGGAL human 
LXR (amino acids 205–447) or pSGGAL human LXR (amino 
acids 216–461) expression plasmid and a 5xUAS Luc reporter 
plasmid. On the day of assay, cryopreserved Maxcyte transfected 
cells were thawed and seeded to 384-well plates in assay medium 
(DMEM, 1% FBS, 2 mM l-glutamine, 20 mM HEPES, 0.36% glu-
cose, and 1% PEST). After at least 3 h recovery at 37°C and 5% 
CO2, compounds were added to the cell plates using Echo acous-
tic dispensing and incubated for an additional 40 h before mea-
suring luciferase reporter gene activity using Steadylite plus 
substrate (PerkinElmer).

Electrophysiology on P2X7-HEK cells
HEK293 cells stably transfected with the human P2X7 receptor 

were grown in DMEM containing 10% FBS, 1% P/S, and 800 g/ml 

geneticin (G418). Cells were plated on glass coverslips and grown 
for 48 h before experimentation. Cells were recorded at room 
temperature and at a holding potential of –50 mV. Patch pipettes 
were pulled from borosilicate glass, with resistances of 2–5 M. 
Patch pipettes contained saline: 130 mM K-gluconate, 10 mM 
KCl, 0.1 mM CaCl2, 2 mM Mg-ATP, 1.1 mM EGTA, 10 mM HEPES, 
and pH 7.4 KOH. Bath saline contained: 140 mM NaCl, 2.5 mM 
KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 10 mM HEPES, 11 mM 
glucose, and pH 7.4 NaOH. Data were acquired at 10 kHz with an 
Axopatch 200B amplifier and analyzed off-line with pClamp 
10 software (Molecular Devices). All cell culture materials were 
purchased from Invitrogen.

P2X7 CRISPR knockout cell line generation
CCF-STTG-1 cells were maintained in RPMI-1640 (Life Tech-

nologies) supplemented with 10% FBS (PAA Laboratories). 
Cells were transfected by Neon electroporation (two pulses at 
1,200 V, 20 ms; Life Technologies), with a custom vector har-
boring a Cas9-T2A-GFP expression cassette and a U6-sgRNA  
expression cassette containing a guide sequence to P2X7 exon 
3: 5′-AGAGCAGCGGTTGTGTCCC-3′. Following transfection, 
single GFP-positive cells were isolated by FACS after 48 h. Clones 
were screened for indels by PCR amplification of genomic DNA 
using the following primers: 5′-AGGTAGCGCCGGCCTCT-
GCT-3′ and 5′-AGCCCGAATCCCTGTGCCCTGG-3′. PCR prod-
ucts were Sanger sequenced. Sequence was also confirmed by 
next generation sequencing using the following primers: for-
ward primer 5′-TCGTCGGCAGCGTCAGATGTGTATA-
AGAGACAGGAAAAGTGGAGAGGTTCGCC-3′; reverse primer 
5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTGG
GCTCAAATACACCCC-3′. P2X7 loss was confirmed by Western 
blotting using anti-P2X7 antibodies (Novus Biologicals, NB100-
109), anti-GAPDH 14C10 (Cell Signaling Technology, 2118), 
and anti-rabbit HRP (Cell Signaling Technology, 7074) 
antibodies.

Statistics
To minimize inter-experimental noise, we performed statisti-

cal analysis using randomized block ANOVA on raw values with 
experimental runs as blocks (26). Because ANOVA is a linear 
model, raw data from immunoblot studies (target protein value 
over loading control protein value) were first log transformed 
and then analyzed by a blocked two-way (“Experiment” and 
“Drug” as the two factors) ANOVA model with Experiment being 
the blocking factor and with a Dunnett’s multiple comparison 
posttest (i.e., each drug condition compared with vehicle con-
trol). For real-time qPCR analysis, CT values (target gene CT mi-
nus reference gene CT) were used in the same blocked two-way 
ANOVA model. For cholesterol efflux, GSK2033 inhibition, and 
MEF LXR-dependency experiments, a blocked three-way (Drug, 
Experiment, and “Additional condition” as the three factors) 
ANOVA with Experiment as the blocking factor with Sidak’s mul-
tiple-comparison tests was used to compare either the test com-
pounds’ effect over vehicle control within each genotype/
treatment condition or the effect of genotype/treatment them-
selves under each test compound condition.

For immunoblot and real-time qPCR results, data are plotted as 
mean fold-change over vehicle control ± 95% confidence interval 
(calculated from the aforementioned ANOVA analysis) of the in-
dicated number of independent experiments. For ELISA and 
cholesterol efflux results, data are presented as mean measure-
ment ± SD from the indicated number of experiments. All statisti-
cal analyses were performed using SPSS (version 23) and P values 
<0.05 were considered significant. Prism 5 (GraphPad Software) 
was used to graph all data.
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RESULTS

Compounds AZ-1 and AZ-2 enhance ABCA1 expression 
and activity, as well as apoE secretion, in human  
CCF-STTG1 astrocytoma cells

Compounds AZ-1 and AZ-2 (Fig. 1A) were identified 
through a phenotypic screen performed in human CCF-
STTG1 astrocytoma cells for modulators of apoE secretion 
(Fig. 1B). Screening conditions were similar to those pre-
viously published in Fan et al. (23) and will be reported 
separately (unpublished observations). Both compounds 
were robust inducers of ABCA1; as at 10 M, the maximum 
effective dose, both significantly upregulated ABCA1 mRNA 
expression (Fig. 1C), as well as cellular ABCA1 protein levels 
(Fig. 1D) in CCF-STTG1 cells after 72 h of treatment. To  
determine the effect of AZ-1 and AZ-2 on cholesterol efflux 
activity to apoA-I, the classical assay of ABCA1 activity, CCF-
STTG1 cells were labeled with 3H-cholesterol in the presence 
of 1 M T0901317 (a direct LXR agonist) or 10 M of either 
AZ-1 or AZ-2 for 24 h. Cholesterol efflux was measured over 
a 24 h period in the continuous presence of the test com-
pounds using unlipidated recombinant apoA-I as an exoge-
nous lipid acceptor, as the low level of endogenous apoE 
secreted within 24 h has only a minor contribution to overall 
cholesterol efflux activity. As expected, the positive control 
compound, T0901317, which induces both ABCA1 and apoE 
expression, significantly increased cholesterol efflux both 
with and without apoA-I (Fig. 2A). By contrast, AZ-1 and AZ-2 
significantly enhanced cholesterol efflux compared with the 
DMSO vehicle control only in the presence of exogenous 
apoA-I relative to T0901317 at the concentrations used (Fig. 
2A). To determine whether overall apoE lipidation was  
affected by drug treatment, conditioned media were resolved 
on nondenaturing Tris gels to reveal the particle size distribu-
tion of the apoE-containing lipoproteins secreted by CCF-
STTG1 cells. As expected and similar to T0901317, both AZ-1 
and AZ-2 increased the amount of the HDL-like sized apoE 

particles ranging from 7 to 17 nm in diameter (Fig. 2B). 
These results demonstrate that both AZ-1 and AZ-2 increase 
ABCA1 expression and activity in CCF-STTG1 cells and 
elevate particles that resemble native lipidated apoE.

Compounds AZ-1 and AZ-2 are not LXR ligands, but 
activate the LXR pathway indirectly

As both ABCA1 and apoE are LXR target genes, we next 
tested to determine whether AZ-1 and AZ-2 are direct LXR 
agonists using a U2-OS Gal4 chimeric cell-based reporter 
assay (25). Control and test compounds were added to U2-
OS cells that were transfected with vectors containing a li-
gand-binding domain of LXR or LXR receptor fused to 
the Gal4 DNA binding domain. Luciferase reporter gene ac-
tivities were measured after 40 h of treatment. While the posi-
tive control compound, T0901317, exhibited strong agonist 
activity for both the LXR and LXR receptors in a dose-de-
pendent manner, neither AZ-1 nor AZ-2 showed activity at 
either LXR receptor, clearly demonstrating that these com-
pounds do not directly bind LXR receptors (Fig. 3). Using 
the same chimeric reporter construct, lack of direct nuclear 
receptor activity was confirmed at 1 and 10 M AZ-2 for sev-
eral receptors, including LXR, LXR, RXR, RXR, RXR, 
PPAR, and FXR, all of which were below the threshold 
of 2-fold activation (data not shown).

That AZ-1 and AZ-2 upregulate ABCA1 and apoE without 
being direct LXR agonists raised the possibility that these 
compounds indirectly activate LXR signaling. To test this hy-
pothesis, we tested to determine whether AZ-1 and AZ-2 
could also stimulate other LXR target genes. Treatment of 
CCF-STTG1 cells with AZ-1 and AZ-2 significantly increased 
mRNA levels of ABCG1 (Fig. 4A) and inducible degrader of 
the LDL receptor (IDOL) (Fig. 4B), suggesting that AZ-1 and 
AZ-2 can modulate expression of ABCA1 and other LXR 
genes to various degrees. We then used two methods to test 
whether ABCA1 and apoE upregulation required activation 
of the LXR pathway. First, CCF-STTG1 cells were cotreated 

Fig.  1.  Compounds AZ-1 and AZ-2 modulate ABCA1 
and apoE in CCF-STTG1 cells. A: Chemical structures 
of compounds AZ-1 and AZ-2. B: CCF-STTG1 cells 
were treated with AZ-1 and AZ-2 using a seven-point 
concentration response performed at half-log inter-
vals (0.03–30 M) for 72 h. Data are expressed as per-
cent apoE secretion relative to DMSO (0%) and 1 M 
of the positive control LXR agonist, T0901317 (100%). 
Error bars represent range of duplicate wells in one rep-
resentative assay. ABCA1 mRNA levels were measured 
by real-time qPCR (C) and cellular ABCA1 protein lev-
els were measured by immunoblot in CCF-STTG1 cells 
after 72 h treatment with vehicle control DMSO, 1 M 
T0901317, or 10 M AZ-1 or AZ-2 (D). Graphs repre-
sent fold-change over DMSO control (dashed line) 
and ±95% confidence intervals from N independent 
experiments indicated in brackets. ***P < 0.001 com-
pared with vehicle control using blocked two-way 
ANOVA post hoc tests.
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with a known LXR antagonist, GSK2033, to pharmacologi-
cally inhibit LXR activity. Concentration-response curves of 
GSK2033 were established using half-log increments to mea-
sure suppression of T0901317-, AZ-1-, or AZ-2-induced apoE 
secretion (Fig. 4C, D). While more than 10 M of GSK2033 
was needed to completely inhibit T0901317-induced upregu-
lation of apoE secretion (Fig. 4C), 300 nM of GSK2033 was 
sufficient to completely block AZ-1- or AZ-2-induced apoE 
secretion (Fig. 4D), demonstrating that both AZ-1 and AZ-2 
require LXR activity to increase apoE secretion. Notably, 
GSK2033 itself displayed a modest inhibitory activity on base-
line apoE secretion, which is not surprising as LXR activity 
likely contributes to endogenous apoE regulation in astro-
cytes (27). Furthermore, 10 M GSK2033 completely abol-
ished the ability of 10 M AZ-1 or AZ-2 to induce ABCA1 

mRNA expression, apoE mRNA expression, and secreted 
apoE levels (Fig. 4E–G). While 10 M of GSK2033 was not 
sufficient to inhibit the ability of 1 M of T0901317 to induce 
ABCA1 mRNA levels (Fig. 4E), this dose of GSK2033 reduced 
T0901317-induced apoE expression (Fig. 4F) and abolished 
apoE secretion (Fig. 4G). Of note, as GSK2033 reduced base-
line ABCA1 mRNA levels by more than 90%, cellular ABCA1 
protein levels were undetectable by immunoblotting in any 
GSK2033-treated condition (data not shown).

Second, immortalized MEFs deficient for both LXR 
and LXR and isogenic MEFs that were reconstituted with 
LXR were used to confirm whether AZ-1- or AZ-2-induced 
upregulation of ABCA1 expression requires LXR activity. 
T0901317-, AZ-1-, and AZ-2-induced ABCA1 upregulation 
was completely abolished in LXR and LXR double 
knockout MEFs (Fig. 4H). These data confirm that LXR 
activity is required for AZ-1- and AZ-2-induced ABCA1 ex-
pression. Taken together, as neither compound is a direct 
LXR ligand, these data show that AZ-1 and AZ-2 lead to 
indirect activation of the endogenous LXR pathway.

Fig.  2.  Compounds AZ-1 and AZ-2 enhance ABCA1 activity. A: 
CCF-STTG1 cells were labeled with 3H-cholesterol with cotreatment 
of DMSO alone, 1 M T0901317, or 10 M AZ-1 or AZ-2 for 24 h. 
Cholesterol efflux over 24 h in the absence (NA) or presence of 10 
g/ml of lipid-free apoA-I along with the above drug treatment was 
evaluated. Graphs represent mean percent efflux and SD of three 
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 com-
paring drug effect over respective DMSO control; ###P < 0.001 com-
paring between NA versus apoA-I within each drug condition by 
blocked three-way ANOVA post hoc tests. B: Particle size distribu-
tion of apoE-containing lipoproteins in the unconcentrated 72 
h-conditioned media from drug-treated CCF-STTG1 were assessed 
by 6% native PAGE followed by immunoblotting for apoE. The ladder 
on the left represents Stokes diameter. Due to the large signal intensity 
difference between T0901317-treated and other drug-treated samples, 
two exposures of the same blot are presented.

Fig.  3.  Compounds AZ-1 and AZ-2 are not direct LXR ligands. 
U2-OS LXR-Gal4 chimeric luciferase reporter assays were used to 
demonstrate that AZ-1 and AZ-2 (1.5 nM–30 M) have no direct 
LXR (A) or LXR (B) agonist activity, unlike the direct LXR 
agonist T091317, after 40 h of treatment.
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Fig.  4.  AZ-1 and AZ-2 activate endogenous LXR signaling. ABCG1 (A) and IDOL (B) mRNA levels were measured by real-time qPCR in CCF-
STTG1 cells after 72 h treatment with vehicle control DMSO, 1 M T0901317, or 10 M AZ-1 or AZ-2. Graphs represent fold-change over DMSO 
control (dashed line) and ±95% confidence intervals from four independent experiments. ***P < 0.001 compared with vehicle control using 
blocked two-way ANOVA post hoc tests. C: Log dose response curves for a known LXR antagonist, GSK2033 (0.1–10 M), on apoE secretion by 
CCF-STTG1 in cotreatment with DMSO or 1 M T0901317 for 72 h. D: Log dose response curves for GSK2033 (0.05 nM to 30 M) on apoE secre-
tion in cotreatment with DMSO or 10 M AZ-1 or AZ-2 for 72 h. ABCA1 mRNA (E), apoE mRNA (F), and media apoE (G) levels were measured 
following 72 h treatment of 1 M T0901317 or 10 M AZ-1 or AZ-2 without or with 10 M GSK2033 (GSK). Graphs are presented either as fold-
change over respective DMSO control (dashed line) and ±95% confidence interval for C and D, or as mean concentration and SD for G from 
three experiments. *P < 0.05, **P < 0.01, ***P < 0.001 comparing drug effect over respective DMSO control; ###P < 0.001 comparing between no 
GSK2033 versus GSK2033 inhibition within each drug condition by blocked three-way ANOVA post hoc tests. H: LXR-knockout (LXR

/
) and 

LXR-expressing (LXR
+/

) MEF cells were treated with DMSO or drugs for 48 h. ABCA1 mRNA levels were measured by real-time qPCR. The 
graph represents fold-change over respective DMSO control (dashed line) ±95% confidence interval from five experiments.
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Compounds AZ-1 and AZ-2 have confirmed purinergic 
receptor P2X7 antagonist activity

The novel compounds AZ-1 and AZ-2 have been described 
in patent applications US20010003121 and US6492355, 
respectively (28, 29). AZ-2 shares an N-(1-adamantylmethyl)-
2-chloro-benzamide core with AZD9056 (PubChem CID 
10161381), a well-tolerated drug developed by AstraZeneca 
that has been previously evaluated for treatment of rheuma-
toid arthritis, osteoarthritis, chronic obstructive pulmonary 
disease, and Crohn’s disease (30, 31). AZ-1 belongs to a dif-
ferent chemical class of P2X7 antagonists (i.e., quinolyl 
amide). To confirm the activity of these compounds as 
P2X7 antagonists, HEK293 cells stably expressing full-
length human P2X7 were cotreated with Bz-ATP, a known 
P2X7 agonist, in the presence of increasing concentra-
tions of AZ-1 and AZ-2 from 0.1 to 10 M. Inhibition curves 
for Bz-ATP membrane currents demonstrated that both 

compounds inhibited ligand-induced receptor activity 
with an IC50 of 1.1 M for AZ-1 and an IC50 of 1.0 M for 
AZ-2 (Fig. 5A, B). At 10 M, both AZ-1 and AZ-2 blocked 
Bz-ATP-induced whole-cell currents (Fig. 5C, D).

Other structurally distinct P2X7 antagonists do not induce 
ABCA1 or apoE

Nine additional P2X7 antagonists, including AZD9056, 
A740003, A804598, A839977, BBG, JNJ47965567, A438079, 
AZ11645373, and AZ10606120, were then tested for their 
ability to increase ABCA1 protein levels at 10 M in 
CCF-STTG1 cells. Eight of the nine P2X7 antagonists screened 
did not induce ABCA1 protein levels, demonstrating that 
ABCA1 upregulation is not a general activity of known 
P2X7 antagonists. Only one compound, AZ10606120, 
modestly but significantly increased cellular ABCA1 pro-
tein levels (Fig. 6A, B). When this compound panel was 

Fig.  5.  AZ-1 and AZ-2 exhibit P2X7 receptor antagonist activity. A: Concentration-dependent inhibition of Bz-ATP (100 M) evoked  
responses by compound AZ-1 in HEK293 cells that stably overexpress the full-length human P2X7 receptor. The graph represents mean and  
SD from four cells. B: Concentration-dependent inhibition of Bz-ATP evoked responses by compound AZ-2. The graph represents mean and 
SD from five cells. C, D: Sample traces of whole-cell currents evoked by Bz-ATP (indicated by the arrow) in the absence or presence of a range 
of concentrations of AZ-1 or AZ-2.
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examined for its effect on apoE secretion from CCF-
STTG1, only AZ10606120 and AZD9056 exhibited trends 
toward increasing secreted apoE in a dose-dependent 
manner (data not shown). Similar to compounds AZ-2 and 

AZD9056, AZ10606120 also contains an adamantyl moiety, 
but has a quinolyl acetamide instead of a benzamide group 
and the amide moiety is reversed between AZ-2/AZD9056 
and AZ10606120 (Fig. 6C). Given that several additional 

Fig.  6.  Structurally distinct P2X7 antagonists do not induce ABCA1 or apoE. CCF-STTG1 cells were treated with 10 M of published P2X7 
antagonists A740003, A804598, A839977, BBG, JNJ47965567, A438079, AZ11645373, AZ10606120, and AZD9056, along with AZ-1, AZ-2, and 
controls for 72 h. A: Representative immunoblots of cellular ABCA1. B: Quantification of ABCA1 protein levels. The graphs represent fold 
changes over DMSO control (dashed line) and ±95% confidence interval from three independent experiments. *P < 0.05, ***P < 0.001 
compared with vehicle control using blocked two-way ANOVA post hoc tests. C: Chemical structures of the tested P2X7 antagonists.
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Fig.  7.  Induction of ABCA1 by AZ-1 and AZ-2 is P2X7 receptor independent. A: Representative immunoblot 
confirming lack of P2X7 receptor protein in primary mixed glia derived from P2rx7/ mice. Untreated cell 
lysates of each genotype from three experiments are presented. ABCA1 mRNA levels (B) and cellular ABCA1 
protein levels(C) in WT mixed glia treated with DMSO, 1 M T0901317, or 10 M AZ-1 or AZ-2 for 72 h. 
ABCA1 mRNA levels (D) and cellular ABCA1 protein levels (E) in P2rx7/ mixed glia treated with DMSO, 
1 M T0901317, or 10 M AZ-1 or AZ-2 for 72 h. Graphs represent fold change over DMSO control (dashed 
line) and ±95% confidence interval from N independent experiments indicated in brackets. **P < 0.01, 
***P < 0.001 compared with vehicle control by blocked two-way ANOVA post hoc tests. F: Representative 
immunoblot showing cellular P2X7 protein levels in WT and P2RX7/ CCF-STTG1 (CCF) cells. G: ABCA1 
mRNA levels in WT CCF-STTG1 (WT), P2RX7/ clone 1 (P2RX7/ cl1), P2RX7/ clone 2 (P2RX7/ cl2), 
and P2RX7/ clone 3 (P2RX7/ cl3) CCF-STTG1 cells treated with DMSO, 1 M T0901317, or 10 M AZ-1 
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structurally distinct P2X7 antagonists do not exhibit ABCA1 
or apoE activities, the ability of AZ-1 and AZ-2 to induce 
ABCA1 is unlikely to depend upon P2X7 antagonism.

Inactivation of the P2X7 receptor does not abolish the 
ability of AZ-1 and AZ-2 to induce ABCA1

To determine whether antagonism of the P2X7 receptor 
is required for induction of ABCA1 expression, we cultured 
primary mixed glia derived from either WT or P2X7-deficient 
(P2rx7/) mice (Fig. 7A). Consistent with the CCF-STTG1 
results, primary murine glia also showed significantly in-
creased ABCA1 mRNA (Fig. 7B) and protein levels (Fig. 
7C) upon treatment with compounds AZ-1 and AZ-2 for 
72 h. As both compounds retained the ability to induce 
ABCA1 in P2rx7/ murine glia (Fig. 7D, E), ABCA1 induc-
tion and P2X7 antagonism appear to be separable activities 
of AZ-1 and AZ-2.

To provide further confirmation that the ability of AZ-1 
and AZ-2 to induce ABCA1 is independent of P2X7, we as-
sessed P2RX7 knockout CCF-STTG1 cells generated by the 
CRISPR/Cas9 method. Three clones cultured from the 
same P2RX7/ CCT-STTG1 line (clones 1–3) that were 
confirmed to have no detectable P2X7 protein (Fig. 7F) 
were compared with parental WT CCF-STTG1 cells. Two of 
the three clones evaluated, clones 2 and 3, retained AZ-1- 
and AZ-2-mediated ABCA1 upregulation in the absence of 
P2X7 protein (Fig. 7G). By contrast, clone 1 showed no 
ABCA1 response to AZ-1 and AZ-2, although direct induc-
tion by T0901317 was intact (Fig. 7G). As we noted that 
each CRISPR/Cas9 knockout clone exhibited distinct cell 
morphology, we assessed three available clones and found 
the majority to retain significant ABCA1 induction in the 
absence of P2RX7. Finally, although parental CCF-STTG1 
cells express P2X7 mRNA, they were unresponsive to 
Bz-ATP, a classical P2X7 agonist (data not shown).

Compounds AZ-1 and AZ-2 induce ABCA1 in other CNS 
cells that lack detectable P2X7

We further explored the responses to compounds AZ-1 
and AZ-2 in CNS cells, including primary human astro-
cytes, a human microglia cell line, HMC3, and primary hu-
man brain vascular pericytes. Interestingly, ABCA1 protein 
levels were significantly elevated by AZ-1 and AZ-2 in all 
three cell types, whereas the P2X7 receptor was completely 
undetectable by immunoblotting in any of these cell types 
(Fig. 8A–C). However, we did detect P2X7 real-time qPCR 
amplification products of the expected size on an agarose 
gel for all three cell types, suggesting that these cells still 
express P2X7 transcript (data not shown). These data pro-
vide additional evidence that the ability of AZ-1 and AZ-2 
to modulate ABCA1 expression is independent of P2X7. 
Furthermore, neither compound showed apoE activity in 
either primary human astrocytes (Fig. 8D) or HMC3 microglia 
(Fig. 8E), while AZ-1 and AZ-2 significantly increased apoE 

secretion from primary human pericytes (Fig. 8F), indicating 
that compounds AZ-1 and AZ-2 consistently induce ABCA1, 
but differentially modulate apoE in a cell type-specific 
manner.

AZ-1 and AZ-2 lead to minimal or no SREBP-1c induction 
in human liver cells

Induction of hepatic SREBP-1c, an LXR target that in-
duces lipogenesis and leads to hepatic steatosis and hyper-
triglyceridemia (15), is a major liability of current direct 
LXR agonists. Importantly, and in contrast to T0901317, 
AZ-1 caused minimal SREBP-1c induction, whereas AZ-2 
showed no effect on SREBP-1c expression in either HepG2 
hepatoma cells (Fig. 9A) or primary human hepatocytes 
(Fig. 9B), suggesting that these compounds may avoid the 
hepatotoxicity of LXR agonists.

DISCUSSION

ABCA1 is a desirable therapeutic target for AD, as it  
mediates lipidation of apoE in the CNS and consistently 
demonstrates beneficial effects on cognition and neuropa-
thology in multiple AD models (32). In people, ABCA1 
functional capacity may be impaired with cognitive decline, 
as ABCA1-mediated cholesterol efflux capacity was re-
ported to be reduced by 30% in the cerebrospinal fluid 
(CSF) of patients with mild cognitive impairment and AD 
patients compared with cognitively healthy controls using a 
BHK ABCA1-expressing cell line cholesterol efflux assay 
and human CSF (33). Therapies that specifically boost 
ABCA1 activity could be promising and, perhaps, more im-
portant than CSF apoE levels, as the concentrations of 
apoE and apoA-I in CSF do not clearly correlate with efflux 
capacity and will also be influenced by lipoprotein uptake. 
Indeed, a recently described apoE-derived peptide (CS-
6253) was reported to elevate ABCA1 levels and increase 
apoE4 lipidation leading to improved brain pathology and 
cognitive defects in apoE4-targeted replacement mice 
(34). As the known hepatic steatosis side effects of direct 
LXR and RXR agonists pose significant safety challenges to 
chronic and long-term use, new compound classes that up-
regulate ABCA1 expression and activity independent of 
direct LXR transactivation are highly desirable.

This study reports that two compounds, AZ-1 and AZ-2, 
induce ABCA1 expression across multiple CNS cell types, 
including astrocytes, pericytes, and microglia. Importantly, 
AZ-1 and AZ-2 are also selective antagonists of P2X7, yet 
their effects on ABCA1 and apoE induction are indepen-
dent of P2X7, demonstrating that AZ-1 and AZ-2 have dual 
functions, both of which are desirable for AD. The increase 
in ABCA1 expression is associated with enhanced ABCA1 
cholesterol efflux activity resulting in apoE particles 
that resemble native lipidated apoE and, in some cases, 

or AZ-2 for 72 h. The graphs represent fold changes over respective DMSO control (dashed line) and ±95% 
confidence interval from four experiments for WT and three experiments for each P2RX7/ clone.  
*P < 0.05, **P < 0.01, ***P < 0.001 compared with respective DMSO by blocked two-way ANOVA post hoc 
tests. ns, not significant.
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significantly upregulated apoE secretion. A unique feature 
of AZ-1 and AZ-2 is that they are not direct LXR ligands. 
For AZ-2, we further confirmed lack of direct activity at 
RXR and PPAR, which, together with LXR, comprise the 
principal known nuclear receptors that transcriptionally 
regulate ABCA1 and apoE (13, 14).

While AZ-1 and AZ-2 are not direct LXR ligands, they do 
require LXR activity to induce ABCA1 and apoE, and we 
hypothesize that they converge indirectly on endogenous 
LXR signaling pathways, as expression of other target 

genes, including ABCG1 and IDOL, are also affected. AZ-1 
belongs to a family of quinolyl amide P2X7 antagonists, 
whereas AZ-2 is part of an adamantane series. AZ-2 is struc-
turally similar to AZD9056, which is also able to induce 
apoE. AZD9056 has been evaluated in phase 2 clinical trials 
for the treatment of rheumatoid arthritis, osteoarthritis, 
chronic obstructive pulmonary disease, and Crohn’s dis-
ease, and was well-tolerated in all studies, but efficacious 
only for Crohn’s disease (30, 31). Finally, AZ10606120, a 
selective high-affinity antagonist that functions by a mode 

Fig.  8.  AZ-1 and AZ-2 induce ABCA1 in other CNS cells that lack detectable P2X7. Primary human astrocytes (hAstrocyte) (A, D), human 
microglia cell line HMC3 (B, E), and primary human brain vascular pericytes (hPericyte) (C, F) were treated with DMSO, 1 M GW3965, or 
10 M AZ-1 or AZ-2 for 72 h. A–C: Top panels: Representative immunoblots of cellular ABCA1 and P2X7 protein levels. WT HEK293 (HEK-
WT) and transfected HEK293 overexpressing human P2X7 receptors (HEK-P2X7) were used as negative and positive controls for P2X7 
detection. GAPDH serves as the loading control. Bottom panels: Quantification of ABCA1 protein levels. The graphs represent fold change 
over DMSO (dashed line) and ±95% confidence interval from three independent experiments. ***P < 0.001 compared with DMSO by 
blocked two-way ANOVA post hoc tests. D–F: Secreted apoE levels in conditioned media were measured by apoE ELISA. The graph repre-
sents mean concentration and SD from three experiments. **P < 0.01, ***P < 0.001 compared with DMSO by blocked two-way ANOVA post 
hoc tests.



Novel ABCA1 modulators 841

of allosteric inhibition of P2X7, was also able to upregulate 
both ABCA1 and apoE (35).

All the P2X7 antagonists we tested are well-characterized 
inhibitors of the P2X7 receptor. The structure activity rela-
tionships of the adamantane series of P2X7 antagonists 
have been well explored and compound 21, which has 
high activity at the rat P2X7 receptor, shares substantial 
similarity, namely the N-(1-adamantylmethyl)-2-chloro-
benzamide core, with AZ-2 (36, 37). We further confirmed 
P2X7 antagonist activity of compounds AZ-1 and AZ-2 to 
block ligand-induced whole-cell currents in HEK-P2X7 
cells. Additionally, AZ-1 and AZ-2 have IC50s of 56 and 
6.9 nM, respectively, in Bz-ATP-stimulated THP-1 cells when 
measuring inhibition of pore-mediated ethidium bromide 
uptake as described (28, 29).

There is mounting evidence that P2X receptor signaling 
pathways may play a substantial role in neurodegenerative 
diseases. P2X2 has recently been reported to mediate synaptic 
loss and dyshomeostasis in primary rat hippocampal neurons 
exposed to oligomeric A (38) and P2X7 has previously been 
suggested as an AD target (18). P2X7 is reported to be elevated 
around amyloid plaques in humans, and upregulation of 
P2X7 in mice is age dependent, parallels A accumulation, 
precedes plaque development, and correlates with synapto-
toxicity (39). BBG, a blood-brain barrier-permeable rodent 
P2X7 antagonist, has been reported to attenuate toxicity of 
injected A42 in these models (40, 41). The high concen-
tration of ATP required to activate the P2X7 receptor 
usually occurs following a “danger signal,” such as injury, 
damage, and inflammation, and P2X7 is thought to have 
negligible activity under normal conditions (42). Indeed, 
we observed that ABCA1 and apoE activity conferred by 
AZ-1 and AZ-2 is P2X7-independent, supported by the find-
ings that: 1) genetic deletion of P2RX7 in mouse and hu-
man glia does not abolish the ability of AZ-1 and AZ-2 to 
upregulate ABCA1; and 2) these compounds induce ABCA1 
in primary CNS cells that lack detectable P2X7. To explore 
whether compounds AZ-1 and AZ-2 have off target inhibition 

at other P2X or P2Y receptors, we performed a concentra-
tion response of suramin, a broad-spectrum antagonist 
that inhibits various P2X and P2Y receptors, but has little 
activity against P2X7 at low micromolar concentrations. 
Suramin-treated CCF-STTF1 cells had no upregulation of 
apoE, even up to concentrations of 100 M (43) (not 
shown). In addition, we used FLIPR intracellular calcium 
assays to specifically measure selectivity at P2X4, which 
shares a close physical and functional association with P2X7 
as well as P2X3 (44). Neither AZ-1 nor AZ-2 functionally 
inhibited these channels (not shown). These findings imply 
that inhibition of related P2X or P2Y family members is 
likely not responsible for modulation of lipid metabolism in 
response to AZ-1 or AZ-2.

That P2X7 is not the target by which AZ-1 and AZ-2 in-
duce ABCA1 activity raises the obvious question about what 
this target may be and how it intersects with endogenous 
LXR signaling pathways. The mechanisms that enable LXR 
target gene expression in certain cellular contexts in re-
sponse to these compounds likely depend on the levels and 
composition of transcription factors and coregulators, as 
well as epigenetic modifications. AZ-1 and AZ-2 are struc-
turally distinct, but share P2X7 antagonism and modulation 
of lipid signaling through an unknown target mechanism 
that results in induction of ABCA1. AZ-1 and AZ-2 compounds 
can now be used as unique dual-activity tool compounds to 
further investigate interactions between endogenous LXR 
signaling, inflammatory pathways, and lipoprotein metabo-
lism.

The authors would like to thank Dean Brown (AstraZeneca) for 
reviewing the manuscript.
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