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Antiretroviral (ARV) drugs activate pregnane X receptors and constitutive androstane receptors, increasing the risk of drug
interactions due to altered drug metabolism and disposition. The closely related liver X receptors (LXRo/f3), oestrogen
receptors (ERo/B) and glucocorticoid receptor (GR) regulate many endogenous processes such as lipid/cholesterol
homeostasis, cellular differentiation and inflammation. However, ARV drug activation of these nuclear receptors has not been

thoroughly investigated.
EXPERIMENTAL APPROACH

The ability of an ARV drug library to activate LXRo/B, ERct/B and GR was assessed using a combined in silico and in vitro
approach encompassing computational docking and molecular descriptor filtering, cell-free time-resolved fluorescence
resonance energy transfer co-activator assays to assess direct binding to ligand-binding domains (LBDs), cell-based reporter

assays and target gene expression.

KEY RESULTS

Direct LBD interactions with LXRo and/or LXRB were predicted in silico and confirmed in vitro for darunavir, efavirenz,
flavopiridol, maraviroc and tipranavir. Likewise, efavirenz was also predicted and confirmed as a ligand of ERo-LBD.
Interestingly, atazanavir and ritonavir also activated LXRo./B in reporter assays, while tipranavir enhanced transcriptional
activity of ERa.. Effects on ER and LXR target gene expression were confirmed for efavirenz and tipranavir.

CONCLUSIONS AND IMPLICATIONS

There was good agreement between in silico predictions and in vitro results. However, some nuclear receptor interactions
identified in vitro were probably due to allosteric effects or nuclear receptor cross-talk, rather than direct LBD binding. This
study indicates that some of the adverse effects associated with ARV use may be mediated through ‘off-target’ effects

involving nuclear receptor activation.

480 British Journal of Pharmacology (2014) 171 480-497

© 2013 The British Pharmacological Society


mailto:paul.spiers@tcd.ie

Abbreviations

Novel ARV drug-nuclear receptor interactions

11B-HSD1, hydroxysteroid 11-f dehydrogenase-1; ART, antiretroviral therapy; ARV, antiretroviral; ER, oestrogen
receptor; GGPP, geranylgeranyl pyrophosphate; GR, glucocorticoid receptor; LBD, ligand binding domain; LXR, liver X
receptor; PGCla, PPARy co-activator 1a; PI, protease inhibitor; PXR, pregnane X receptor; ROC, receiver operating
characteristic; SREBP-1, sterol regulatory element binding protein; TR-FRET, time-resolved fluorescence resonance energy
transfer; TRAP220/DRIP20S5, thyroid hormone receptor-associated protein 220/vitamin D receptor-interacting protein 2

Introduction

Members of the nuclear receptor superfamily, such as liver X
receptor (LXR), oestrogen receptor (ER), glucocorticoid recep-
tor (GR) and pregnane X receptor (PXR), are intrinsically
involved in critical, diverse processes like metabolism,
inflammation and neuronal function (Dahlman-Wright et al.,
2006; Lu et al., 2006; Krasowski et al., 2011; receptor nomen-
clature follows Alexander et al., 2013). Selectivity of ligand-
dependent transcriptional activation is determined by the
structure of the ligand binding domain (LBD), which is often
highly conserved between nuclear receptor homologues
(Ekins et al., 2002). The LBDs also interact with numerous
co-regulatory proteins. For example, the PPARy co-activator
loa (PGClo) and TRAP220/DRIP20S (thyroid hormone
receptor-associated  protein  220/vitamin D receptor-
interacting protein 2) are established co-activators of LXR, ER
and PPARs (Tcherepanova etal., 2000; Vega etal., 2000;
Oberkofler et al., 2003; Son and Lee, 2009). Upon agonist
binding, the receptor undergoes a conformational change
that releases the co-repressor, permitting co-activator
recruitment and initiation of signalling, culminating in gene
expression.

Antiretroviral therapy (ART) is associated with a spectrum
of metabolic side effects, including lipid abnormalities, fat
redistribution and glucose intolerance (Haugaard, 2006). At
the cellular level, this is linked to altered expression of several
genes associated with lipid and metabolic homeostasis. For
instance, in adipose tissue from ART-treated HIV patients
suffering from lipoatrophy, mRNA expression of hydroxyster-
oid 11-f dehydrogenase-1 (113-HSD1), PPARy and sterol
regulatory element binding protein (SREBP-1) are reduced
(Bastard et al., 2002; Sutinen et al., 2004; Kratz et al., 2008).
Interestingly, LXR, ER and GR are involved in transcriptional
regulation of 113-HSD1 (Stulnig et al., 2002; Yang et al., 2007;
van den Driesche et al., 2008), while LXR is also implicated in
transcriptional regulation of SREBP-1 and PPARy (Repa et al.,
2000; Seo etal., 2004). Therefore, LXR, ER and GR may
mediate some of the ‘off-target’ effects associated with ART.

Direct supporting evidence of this is limited, as most
studies use surrogate markers of nuclear receptor activation,
sometimes with conflicting results. For example, ritonavir
increases SREBP-1 (LXR target gene) expression in mac-
rophages (Zhou et al., 2005) and adipocytes (Nguyen et al.,
2000), while others found that ritonavir-induced dyslipidae-
mia is associated with nuclear accumulation of SREBP-1,
independent of changes in SREBP-1 mRNA expression (Riddle
etal., 2001). Effects may be drug-specific, as indinavir
decreases protein levels of SREBP-1 in adipocytes (Caron
et al., 2001) and mRNA expression in fat from HIV patients
treated with indinavir or nelfinavir in combination with

stavudine/lamivudine compared with healthy controls
(Bastard et al., 2002). With regard to the ER, female LDL-null
mice exposed to ritonavir or amprenavir develop fewer ath-
erosclerotic lesions compared with males, an effect that is
obliterated by homozygous knockout of ERo (Allred et al.,
2006). Due to intricate cross-regulation, it is difficult to attrib-
ute changes in gene expression to specific nuclear receptors.
In order to characterize interactions between antiretroviral
compounds and LXR, ER or GR, experiments assessing direct
nuclear receptor activation are required.

Therefore, the aims of the present study were to (i) define
structural docking models for LXRo/B, ERo/f and GR, (ii)
predict the ability of a library of antiretroviral drugs to act as
ligands using in silico modelling; (iii) assess direct binding to
LBDs using cell-free time-resolved fluorescence resonance
energy transfer (TR-FRET) co-activator assays, (iv) assess
nuclear receptor activation wusing cell-based luciferase
reporter assays and (v) confirm effects on target gene
expression.

Methods

Establishment of nuclear receptor LBD
docking models

Ligand docking protocols were established for LXRo
(NR1H3), LXRB (NR1H2), ERo. (NR3A1), ERB (NR3A2) and GR
(NR3C1), based upon structures documented in the Research
Collaboration for Structural Collaboration Protein Data Bank
(http://www.rcsb.org; LXR 44 structure hits/33 citations, ER
123 structure hits/58 citations and GR 73 structure hits/32
citations). In the selection of crystal structures for the analy-
sis, resolution, R-value, R-free and ECs, of the associated
ligand were considered (Table 1). Structures of the receptors
co-crystallized with ligands were preprocessed using Molecu-
lar Operating Environment software (MOE version 2010.10;
Chemical Computing Group, Montreal, Canada). The posi-
tions of hydrogen atoms and partial charges were calculated
and a molecular force field minimization step performed
using AMBER99 (Assisted Model Building with Energy Refine-
ment) implemented in MOE. Co-activators and secondary
water molecules were removed and the shape and features of
the LBDs explored using MOE applications. The five preproc-
essed receptors were prepared for docking analysis with Fast
Rigid Exhaustive Docking software (FRED version 2.2.5;
OpenEye Scientific Software, Santa Fe, NM, USA; http://
www.eyesopen.com) using the fred_receptor application.
Shape-based filters were used to eliminate compounds in the
database that were not complementary to the binding site of
interest. Rigid rotation and translation of the molecules was
used to optimize ligand poses from the exhaustive docking.
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Table 1

Details of nuclear receptor LBD X-ray structures selected for in silico analysis

Receptor PDB code Resolution (nm)
LXRo 3IPQ 0.200
LXRB 1PQ6 0.240
ERo 1XPC 0.160
ERB 30LL 0.150
GR 1M2Z 0.250

R-value R-free Ligand 1C50/ECs0 (NM)?
0.201 0.234 GW3965 80.0-660.0
0.209 0.262 GW3965 20.0-410.0
0.184 0.251 AT 0.04-1.3

0.177 0.208 E2 0.1-30.0

0.267 0.267 DEXA 0.2-7.2

All structures correspond to human sequences.

PDB, Protein Data Bank (http://www.rscb.org); GW3965, synthetic LXR ligand; AlT, (25,3R)-3-(4-hydroxyphenyl)-2-[4-[(2R)-2-pyrrolidin-1-
ylpropoxy]phenyl]-2,3-dihydro-1,4-benzoxathiin-6-ol (compound 19), E2, 173-oestradiol, DEXA, dexamethasone.

’Ligand affinity data from BindingDB (http://www.bindingdb.org).

Table 2

Docking validation test data

Receptor N actives N decoys
LXRo 70 2564
LXRB 70 2564
ERar 67 2570
ERB 67 2570
GR 78 2947

D actives D decoys ROC AUC
70 504 0.754
70 504 0.829
67 2351 0.907
67 2351 0.843
78 2583 0.595

N, number of input molecules; D, number of molecules passing docking validation; ROC AUC, receiver operating characteristic area under

curve.

Following extensive in-house scoring function evaluation
against multiple nuclear receptors, the Chemgauss3 scoring
function (FRED) was used to score the optimized poses and
represent an estimation of the binding affinity.

Validation of the nuclear receptor LBD
docking models

Validation of the modelling was assessed by the ability of the
model to retrieve known active compounds from a database
containing both actives and decoys (known inactive com-
pounds). For ER and GR receptors, sets of actives/decoys were
downloaded from http://www.dud.docking.org (Huang et al.,
2006), while a set of actives/decoys was built for the LXR
receptors using parameters recommended on the same
website, with ~36 decoys for each active (Table 2). The decoys
selected had similar physicochemical and structural proper-
ties as the actives, but dissimilar topology. The distribution of
molecular descriptors for the sets of active ligands is pre-
sented in Table 3. All molecules were preprocessed with MOE
to add hydrogen atoms and partial charges, while energy
minimization was performed using MMFF94x (Merck
Molecular Force Field). OMEGA software (OMEGA version
2.4.3, OpenEye Scientific Software) (Hawkins et al., 2010) was
utilized with default parameters for conformational searches
in order to generate 50 conformers for each active/decoy.
Receiver operating characteristic (ROC) curves were con-
structed to assess the ability of each model to distinguish
known actives from decoys.
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Evaluation of antiretroviral (ARV) compounds
as nuclear receptor ligands

A library of 26 ARV compounds (Table 4) was evaluated for
binding to LXRa, LXRp, ERa, ERP and GR using FRED. Each
compound was preprocessed in MOE, and energy minimiza-
tion was performed as described above. Conformers (50 per
compound) were generated using OMEGA software and used
for docking. Docking scores were calculated using the Chem-
gauss3 scoring function in FRED. Results from the docking
analysis were filtered based upon molecular descriptors for
known ligands of each nuclear receptor: number of hydrogen
donors, hydrogen acceptors, nitrogen atoms, oxygen atoms,
rotatable bonds, hydrophobic bonds, rings, logP and molecu-
lar weight (Table 3). Compounds falling outside the descrip-
tor ranges, even those passing the docking test, were not
considered as potential ligands.

Fluorescence co-activator assays

TR-FRET co-activator assays (LanthaScreen, Invitrogen,
Paisley, UK) were utilized to assess binding of selected antiret-
roviral compounds to the ligand-binding domain of the
LXRo, LXRB and ERa nuclear receptors. Compounds were
selected on the basis of (i) in silico modelling (LXRo/f ligands:
darunavir, tipranavir, efavirenz, maraviroc, TAK-779, fla-
vopiridol; ERa ligands: efavirenz, flavopiridol), (ii) being
known PXR inducers (fosamprenavir, lopinavir, nelfinavir),
(iii) lipodystrophy association (ritonavir), (iv) favourable lipid
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Table 3
Molecular descriptors of typical known ligands for LXRa, LXRB, ERo, ERB and GR

Molecular descriptor LXRo LXRB ERo ERB GR
Number of hydrogen donors <3 <3 <4 <4 <3
Number of hydrogen acceptors <6 <6 <6 <6 <5
Number of hydrophobic atoms 16-42 16-42 10-25 10-25 15-30
Number of nitrogens <5 <5 <2 <2 <2
Number of oxygens <7 <7 <6 <6 <5
Number of rotatable bonds <18 <18 <6 <6 <6
Number of rings <6 <6 <5 <5 <5
LogP <12 <12 <6 <6 <8
Molar weight (g mol™) 300-700 300-700 200-375 200-375 250-500
Table 4

ARV compounds included in the molecular modelling analysis

Molecular Molar weight

ARV drug Abbreviation formula (g mol™)
Atazanavir ATV PI C3gHs:NgO7 704.87
Darunavir DRV Pl Cy7H37N30,S 546.66
Fosamprenavir FOS Pl Cs5H36N3O9PS 585.61
Indinavir IDV Pl C36H47N5Oy4 613.79
Lopinavir LPV Pl C37H48N4O5 628.81
Nelfinavir NFV Pl C32H45N304S 567.79
Ritonavir RTV Pl C37H45N60sS; 720.95
Saquinavir sQv Pl C35Hs5oN6Os 670.85
Tipranavir TPV Pl C31H33F3N,05S 602.67
Abacavir ABC NRTI Ci4H15N6O 286.34
Didanosine ddl NRTI CioH12N405 236.23
Emtricitabine FTC NRTI CgH10FN305S 247.25
Lamivudine 3TC NRTI CgH11N505S 229.26
Stavudine d4aT NRTI CioH12N,04 224.22
Tenofovir TFV NRTI CoH14NsO4P 287.22
Zalcitabine ddC NRTI CoH13N303 211.22
Zidovudine AZT NRTI CioH13N504 267.25
Efavirenz EFV NNRTI Ci14HoCIF3NO;, 315.68
Etravirine TMC125 NNRTI CyoH15BrNO 435.29
Nevirapine NVP NNRTI Ci5H14N4O 266.30
Maraviroc MVC CCR5 antagonist Ca9H41FoNsO 513.68
TAK-779 - CCR5 antagonist (investigational) C330,N;H3s 495.69
Bicyclam JM-2987 Hydrobromide salt of AMD-3100 CXCR4 antagonist (investigational) C30H70BrsNgO4 506.83
Raltegravir MK-0518 Integrase inhibitor C20H20FKNgOs 444.42
118-D-24 - Integrase inhibitor (investigational) C11H9N304 247.2
Flavopiridol FLAV Cdk inhibitor (investigational) C1H2005NCl 402.85

Pl, protease inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor, Cdk, cyclin-
dependent kinase.
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profile (atazanavir) or (v) being modulators of SREBP-1c
mRNA and protein expression (indinavir). Assays were per-
formed according to the manufacturer’s instructions, using
PGCla, TRAP220/DRIP20S or D22 (Stafslien et al., 2007) as
co-activators. Assays were validated using the established
LXRo/B and ERo agonists T0901317 and 17B-oestradiol.
Initial experiments were undertaken to detect effects at
100 uM, followed by serial dilutions in DMSO (46 nM to
100 uM) for any initial hits. All test concentrations were run
in triplicate in 384-well plates, along with a vehicle control, a
positive control (20 uM T0901317 or 1 uM 17B-oestradiol)
and a ‘no LBD’ control. To test if compounds demonstrated
LXRo antagonistic properties (based on the initial screen),
dose-response curve in the presence of T0901317 (ECg =
1.5 uM) was also assessed; GGPP (1 uM) was used as a positive
control. All assays were incubated for 2 h at room tempera-
ture in the dark, and FRET was quantified by measurement of
the emission ratio at 520/495 nm (BMG PheraStar microplate
reader, BMG Labtech, Offenburg, Germany).

Reporter assays: plasmids

Professor DJ Mangelsdorf (University of Texas Southwestern
Medical Center, TX, USA) provided the human pCMX-LXRa
and pCMX-LXRB plasmids. The 3xhLXRE-luc plasmid was
constructed from the human ABCAI promoter, including
three repeats of the minimal DR4 motif (Wong et al., 2007),
and was donated by Professor A] Brown (University of New
South Wales, Australia). Human pSGS5-ERo and pSGS-ERP were
gifts from Professor Jan-Ake Gustafsson (Karolinska Institutet,
Sweden). Human 3xERE-TATA-luc, containing three copies of
the human vitellogenin gene ERE (Hall and McDonnell, 1999),
was constructed by Professor DP McDonnell (Duke University
Medical School, NC, USA) and obtained through Addgene
(plasmid 11354) (Cambridge, MA, USA). Human pCMV6-GR
and GR-luc were purchased from Origene (Rockville, MD,
USA) and Panomics (Fremont, CA, USA), respectively. pRL-TK
(expressing Renilla luciferase) was obtained from Promega
(Madison, WI, USA) and used as an internal standard.

HepG2 cell culture and transfection

HepG2 cells [European Collection of Cell Cultures (ECACC),
Salisbury, UK] were cultured in Eagle’s minimum essential
medium, supplemented with 10% fetal bovine serum (FBS),
2 mM r-glutamine, 100 units penicillin, and 0.1 mg ml
streptomycin (Sigma-Aldrich). Prior to transient transfection,
cells were seeded onto 24-well plates (40 000 cells/well) and
allowed to attach overnight. Cells were transfected with the
LXR and GR reporter systems consisting of the nuclear recep-
tor expression plasmid, response element-luciferase con-
struct and internal standard (LXR: 5 ng pCMX-LXRo or
pCMX-LXRB + 400 ng 3xhLXRE-luc + 50 ng pRL-TK; GR: 5 ng
pPCMV6-GR + 400 ng GR-luc + 50 ng pRL-TK), using Lipo-
fectamine LTX (Invitrogen) according to manufacturer’s
instructions. Transfections were allowed to proceed for 8-9 h
in serum- and antibiotic-free medium prior to drug exposure.
For the ER experiments, cells were cultured in phenol red-free
minimum essential medium (Gibco/Invitrogen, Paisley, UK)
supplemented with 10% charcoal-stripped FBS, 2 mM
L-glutamine and antibiotics for 32 h prior to transfection.
Transfection (15 h) was performed in phenol red-, serum- and
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antibiotic-free medium using Lipofectamine LTX and 500 ng
ER plasmid (pSGS-ERa or pSGS-ERB), 1 ug 3xERE-TATA-luc
and 200 ng pRL-TK.

Drug exposure and assessment of

luciferase activity

Transfected cells were washed with phosphate buffered saline
(Sigma-Aldrich), and the medium was replaced with phenol
red-free minimum essential medium (Gibco/Invitrogen) sup-
plemented with glutamine and antibiotics, containing either
10% charcoal-stripped FBS (ERa, ERB, GR) or 5% fetal bovine
lipoprotein-deficient serum (FB-LPDS; Intracel, Frederick,
MD, USA). Cells were exposed to selected antiretroviral
agents (as used in the TR-FRET assay) at a concentration of
10 uM, with the exception of nelfinavir (1 uM) and flavopiri-
dol (100 nM), due to cytotoxicity. Positive controls for LXR
(10 uM T0901317), ER (100 nM 17-oestradiol, E2) and GR
(1 uM dexamethasone) were included, along with vehicle
control (0.1% v/v DMSO). Following drug exposure (24 h for
LXRs and GR, 30 h for ERs), cells were harvested and lysed,
and firefly and Renilla luciferase activity were measured using
a Dual-Luciferase Reporter Assay System (Promega) and a
luminometer (Thermo Fisher Scientific, Dublin, Ireland).

Effects on gene expression

SH-SYSY expressing cells (ABCA1) were obtained from
ECACC and cultured in Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 Ham supplemented with 2 mM
L-glutamine, antibiotics, 1% non-essential amino acids and
10% FBS. PGR expression was assessed in MCF-7 cells (Dr
Steven Gray, Trinity College Dublin) and cultured in
minimum essential medium with 2 mM L-glutamine, antibi-
otics and 10% FBS. Cells were seeded in six-well plates (SH-
SYSY: 3 x 10° cells per well; MCF-7: 5 x 10° cells per well) and
washed the following day prior to drug exposure (24 h) in
complete phenol red-free medium with 5% FB-LPDS (SH-
SY5Y) or 10% FBS (MCF-7). ARVs selected on the basis of
reporter data were assessed in SH-SY5Y or MCF-7 as appropri-
ate, at concentrations of 10 uM or 100 nM (flavopiridol).
Controls included DMSO (0.1% v/v), T0901317 (10 uM) and
17B-oestradiol (100 nM).

Total RNA was isolated using TRIsure (Bioline, UK), and
treated with DNase I prior to reverse transcription using
random hexamers and M-MulLV reverse transcriptase (Rever-
tAid Reverse Transcriptase, Thermo Scientific). The expres-
sion of ABCA1 (NM_005502.3), PGR (progesterone receptor;
NM_000926.4) and GAPDH (NM_002026) was analysed by
comparative quantitation using QuantiTect primer assays
(Qiagen, Crawley, UK) and a QuantiTect SYBR Green RT-PCR
kit on a Mx3000p real-time PCR system (Agilent, Cork,
Ireland). Relative mRNA expression of the target genes was
calculated using MxPro software based upon the 274U
method (Pfaffl, 2001), following normalization to GAPDH.

Data analysis

Data from the TR-FRET co-activator assays (n = 6) were base-
line subtracted, and concentration-response curves were
constructed for all agonists/antagonists and fitted using a
sigmoidal dose-response curve (variable slope). Maximum
response ratios (%, n = 3) were calculated in comparison



with positive controls for agonist assays — T0901317 (20 uM),
17B-oestradiol (1 uM), dexamethasone (1 uM) or GGPP
(1 uM) - and in comparison to T0901317 (1.5 uM) for LXRa
antagonist assays. One-way ANOVA followed by Dunnett’s
post hoc test was used to assess change from baseline in
dose-response curves. ECsy or ICsy values are expressed as
mean * SEM.

Luciferase reporter assay data (1 = 5) are expressed as the
ratio of firefly luciferase activity to Renilla luciferase activity.
In real-time PCR experiments (n = 5), expression of PGR and
ABCA1 was normalized to GAPDH. Results from both reporter
assays and real-time PCR experiments are presented relative
to DMSO (mean + SEM). For one-way ANOVA with Dunnett’s
post hoc analysis, data were first transformed (logio). Statistical
analyses were performed using GraphPad Prism version S,
with P < 0.05 indicating significance.

Materials

Abacavir, atazanavir, flavopiridol, maraviroc, TAK-779 and
tipranavir were obtained through the AIDS Research and Ref-
erence Reagent Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases, NIH (Bethesda, MD, USA).
Tibotec (Titusville, NJ, USA) provided darunavir, via the same
program. Fosamprenavir, lopinavir and nelfinavir were gifts
from GlaxoSmithKline (Hertfordshire, UK), Abbott (Abbott
Park, IL, USA) and Pfizer (Groton, CT, USA), respectively.
Efavirenz was purchased from LGM Pharmaceuticals (Boca
Raton, FL, USA), while indinavir and ritonavir were acquired
from USP Reference Standards (Rockville, MD, USA).
T0901317, 17B-oestradiol, dexamethasone and geranylgera-
nyl pyrophosphate (GGPP) were purchased from Sigma-
Aldrich (Wicklow, Ireland). All drug stocks were dissolved in
DMSO, except TAK-779, which was reconstituted in water;
17B-oestradiol and dexamethasone, which were dissolved in
ethanol; and GGPP, which was supplied in a solution of
methanol:NH,OH (7:3).

Results

Docking validation and ARV evaluation
A comparison of the nuclear receptor ligand-binding pockets
shows smaller sizes for ER and GR, compared with that of
LXR, which is more extended. The three receptor types
display predominantly hydrophobic ligand-binding pockets,
with a few specific hydrophilic areas involved in hydrogen
bond interactions (Figure 1). The validation of the docking
models as measured by ROC area under curve coefficients
classified ERa (0.907) as excellent, LXRa (0.754) as fair, and
LXRp (0.829) and ERP (0.843) as good, while the ROC curve
for GR (0.595) is close to a diagonal line (equivalent to
random hits), and hence a poor quality model. Previous work
demonstrated that a ligand-based design approach is more
appropriate to GR than docking (Onnis et al., 2010). Conse-
quently, scoring results for the latter must be considered
statistically less reliable. ARV docking scores and results from
filtering by molecular descriptor ranges for each receptor are
presented in Tables 5-9.

The ARV compounds that passed the LXRo docking test
and were compatible with the molecular descriptors were (in
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order of best Chemgauss3 docking score) darunavir (-101.01),
maraviroc (-98.35), flavopiridol (-88.84), efavirenz (-86.71)
and, with weaker scores but still ranked high enough to be
considered potentially active, TAK-779 (-62.81) and tiprana-
vir (-61.12). For comparison, 95% of the known actives for
LXRa scored below —80.00. Potential LXRp ligands identified
were TAK-779 (-107.86), maraviroc (-99.84), flavopiridol
(-89.65) and, with weaker scores but still considered to be
active, were efavirenz (-84.91), tipranavir (-81.21) and daru-
navir (-74.39), for which 95% of known actives scored below
-88.00. Only efavirenz passed the ERo and ERP in silico
screenings, scoring —72.73 and —64.20, respectively. This was
just outside the known actives range (<-75.00 for ERa and
<-70.00 for ERP) but still ranked well enough to be considered
a potential ER binder. Using the GR docking model, both
flavopiridol (-90.85) and efavirenz (-89.75) were identified as
potential ligands (both within the known actives Chemgauss3
score range of below —64.00). The most common molecular
descriptor leading to exclusion of compounds from the list of
potential candidates, despite passing the docking test, was
number of hydrophobic atoms (too few) for LXRa and LXRp.
This, in addition to number of nitrogens (too many), was a
common reason for exclusion in the ERa, ERf and GR analy-
ses. The molecules that failed the docking tests of all five
receptors were usually too large and had too few rotatable
bonds.

Assessment of direct receptor LBD
interactions: fluorescence co-activator assays
To assess direct binding of ARV drugs (predicted as potential
ligands in silico) to the LBDs of LXRa, LXRB and ERo, TR-FRET
co-activator assays were utilized. Initial screening experi-
ments with the drugs at a concentration of 100 uM were
carried out wusing PGClo and TRAP220/DRIP20S as
co-activators for LXRo. and ERo. In LXRa experiments,
recruitment of PGClo yielded a larger increase in fluores-
cence signal than TRAP220/DRIP205 and was subsequently
used in the dose-response experiments with potential ligands
predicted from the in silico modelling. T0901317 (ECso =
214 nM) was used as a positive control to verify assay func-
tionality. The maximum response ratios to the response in
the presence of 20 pM T0901317 were as follows: 28.9% for
maraviroc, 11.9% for darunavir and 10.4% for tipranavir at
the highest concentration tested (100 uM), all of which were
significantly different (P < 0.05) to baseline (DMSO). Based
upon the dose-response data (Figure 2A), maraviroc and
darunavir had ECs, values of 14.5 uM and 19.1 uM, respec-
tively, while tipranavir ECso could not be determined at the
concentrations tested. Initial screening of the ARV drugs in
LXRa binding assays indicated that efavirenz, TAK-779 and
flavopiridol reduced TRAP220/DRIP20S recruitment. To
confirm this, their effects were assessed in antagonist assays
utilizing T0901317 (1.5 uM) as the agonist. At the highest
concentration studied (100 uM), efavirenz and TAK-779
inhibited the response by approximately 60% (P < 0.05;
Figure 2B), with ICsy values of 39.2 uM and 41.7 uM, respec-
tively. Flavopiridol showed a trend towards reduced
TRAP220/DRIP20S recruitment by LXRa; however, the dose-
response curve did not converge, and the reduction at the
highest concentration tested was not significant (Figure 2B).
GGPP (LXR antagonist) inhibited the response by 18% at
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GR (dexamethasone)

Figure 1

ER (17B-oestradiol)

Ligand-binding pockets of LXR, ER and GR. Views of the three receptor families with prototypical ligands (in brackets) obtained using MOE
software. Hydrophobic, neutral and hydrophilic regions are shown in green, white and violet respectively.

1 uM (highest concentration tested). As several ARV drugs
were also predicted as ligands of LXRB, TR-FRET co-activator
assays were carried out with this nuclear receptor LBD.
However, none of the ARV drugs tested in high-dose single
concentrations affected D22 co-activator recruitment by
LXRp, while the ICso of T0901317 was 304 nM. As efavirenz
and flavopiridol functioned as antagonists in LXRp reporter
assays, additional TR-FRET experiments were carried out
using the following co-repressors: SMRT ID1, SMRT ID2,
NCoR ID1 and NCoR ID2. Data from these experiments indi-
cated that neither of the drugs affected recruitment of the
LXRP co-repressors (data not shown).

In ERo. TR-FRET assays, none of the ARVs tested altered
either PGC1lo or TRAP220/DRIP20S recruitment. The positive
control, 17B-oestradiol, elicited robust recruitment of both
PGCla (ICso = 0.7 nM) and TRAP220/DRIP205 (ICso = 0.6 nM)
to ERo.

Z’ factors were calculated for all TR-FRET experiments and
ranged between 0.64-0.84, indicating that all assays were
robust (1 indicates a theoretically ideal assay).
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Reporter assays
The ability of ARV drugs to activate LXRa/B, ERo/p or GR in
a cell-based system was assessed by in vitro luciferase reporter
assays. All ARV drugs were used at 10 pM except nelfinavir
(1uM) and flavopiridol (100 nM). T0901317 (positive
control, 10 pM) induced a 9.3 £ 0.9-fold change in LXRa
transcriptional activity compared with vehicle control and a
2.8 £ 0.2-fold change of LXRP transcriptional activity (P <
0.05). Atazanavir, darunavir and ritonavir increased LXRo
transcriptional activity by 3.3-, 1.8- and 3.5-fold, respectively
(Figure 3A). For LXRp, the corresponding values were 3.1 +
0.2 (atazanavir), 2.1 £ 0.2 (darunavir) and 2.4 + 0.4 (ritonavir).
In contrast, efavirenz reduced basal LXRo reporter activity by
~70% and basal LXRp activity by ~90%. Furthermore, mara-
viroc and tipranavir increased LXRp transcriptional activity
by ~1.5-fold, while flavopiridol decreased it by ~70% com-
pared to vehicle control (P < 0.05; Figure 3B).
Transcriptional activity of ERo. was increased by efavirenz
(P<0.05; fold change 11.3 £ 2.2) and tipranavir (P < 0.05; fold



Novel ARV drug-nuclear receptor interactions

Table 5

LXRo docking score results

LXRo

Molecule Sbock Nbock a_don a_acc a_hyd a_nN a_nO b_rotN Rings log P

Actives range <-80.00 - <3 <6 16-42 <5 <7 <18 <6 <12 300-700
TMC125 -104.47 70.57 2 4 16 6 1 6 3 3.81 435.29
DRV -101.01 68.23 3 6 24 3 7 13 4 2.15 546.66
MVC -98.35 66.43 1 4 28 5 1 9 5 6.64 513.68
FLAV -88.84 60.01 3 4 21 1 5 2 4 2.90 402.85
ABC -88.58 59.84 3 4 10 6 1 4 4 0.41 286.34
RAL -87.95 59.41 3 7 15 6 5 8 3 0.81 444.42
EFV -86.71 58.57 1 1 17 1 2 3 3 4.10 315.68
118-D-24 -83.59 56.46 3 6 8 3 4 6 1 1.16 248.22
AZT -78.76 53.20 2 6 7 5 4 4 2 -1.91 267.25
NVP -78.45 52.99 1 3 12 4 1 1 4 1.90 266.30
IDV -77.91 52.63 4 7 34 5 4 14 5 2.76 613.80
TRV -75.36 50.90 4 7 5 5 4 5 2 -1.60 287.22
ddl -73.74 49.81 2 5 5 4 3 2 3 0.13 236.23
ddC -72.51 48.98 2 4 6 3 3 2 2 -0.50 211.22
FTC -68.52 46.28 2 4 7 3 3 2 2 -0.52 247.25
NFV -67.60 45.66 4 5 31 3 4 12 4 5.36 567.79
3TC -67.16 45.37 2 4 3 3 2 2 -0.75 229.26
d4T -63.50 42.89 2 4 7 2 4 2 2 -1.01 224.22
TAK-779 -62.81 42.43 1 2 32 2 2 7 5 6.45 495.69
TPV -61.12 41.28 2 5 33 2 5 12 4 7.68 602.67
FOS -59.82 40.41 5 8 24 3 9 15 3 1.50 585.61
IM2987 -40.54 27.38 3 3 27 8 0 4 3 0.92 506.83
LPV -2.98 2.01 4 5 34 4 5 17 4 5.19 628.81
sQv 25.76 -17.40 5 7 34 6 5 16 5 3.31 670.85
ATV F - 5 7 34 6 7 22 3 4.74 704.87
RTV F - 4 6 36 6 5 22 4 5.00 720.96

Actives range for Spoc indicates the limit above which 95% of the known actives scored. Dark grey indicates compound outside actives range

of molecular descriptors

Sbock, docking score using Chemgauss3 scoring function (FRED software); Npock, Spock Value normalized to best-scoring known active; a_don,
number of hydrogen donors; a_acc, number of hydrogen acceptors; a_hyd, number of hydrophobic atoms; a_nN, number of nitrogens;
a_nO, number of oxygens; b_rotN, number of rotatable bonds; rings, number of rings; mw, molar weight (g mol™"); F, compound failed
docking test (listed in no specific order). See Table 4 for drug name abbreviations.

change 5.5 £ 1.7; Figure 3C). None of the ARV drugs tested
had an effect on ERB (Figure 3D) or GR promoter activation
(Figure 3E). A summary of results from in silico analysis,
TR-FRET co-activator experiments and luciferase reporter
assays is presented in Table 10.

Nuclear receptor target gene expression

T0901317 and 17-oestradiol increased (P < 0.05) ABCA1 and
PGR mRNA expression by approximately ninefold. Efavirenz
and ritonavir reduced (P < 0.05) ABCAI expression in
SH-SYSY cells by 80% and 50%, respectively (Figure 4A).
None of the other ARVs tested altered ABCAI expression.

Exposure of MCEF-7 cells to efavirenz and tipranavir increased
PGR mRNA by 2.6 + 0.3- and 4.7 + 0.4-fold (Figure 4B).

Discussion

Activation of PXR and CAR by ARV drugs, mainly protease
inhibitors (PIs), has been described previously (Gupta et al.,
2008; Svard etal.,, 2010). However, investigations of ARV
interactions with other nuclear receptors are largely limited
to indirect markers such as target gene expression and to
small numbers of study drugs. Considering the many adverse
metabolic effects experienced by HIV patients undergoing

British Journal of Pharmacology (2014) 171 480-497 487



BJP J Svard et al.

Table 6

LXRB docking score results

a_nN a_nO b_rotN rings log P

Molecule a_hyd
Actives range <-88.00 <3 <6

TAK-779 -107.86 72.09 1 2 32
TMC125 -103.74 69.33 2 4 16
RAL -101.32 67.71 3 7 15
MVC -99.84 66.72 1 4 28
ABC -90.52 60.49 3 4 10
FLAV -89.65 59.91 3 4 21
EFV -84.91 56.74 1 1 17
TRV -83.65 55.90 4 7 5
TPV -81.21 54.27 2 5 33
118-D-24 -79.15 52.90 3 6 8
NVP -78.28 52.31 1 3 12
NFV -78.20 52.26 4 5 31
AZT -75.86 50.69 2 6 7
LPV -75.11 50.19 4 5 34
DRV -74.39 49.71 3 6 24
FOS -72.84 48.68 5 8 24
ddl -71.42 47.73 2 5

FTC -69.28 46.30 2 4

3TC -67.57 45.16 2 4

ddC -67.24 44.93 2 4 6
IDV -67.07 44.82 4 7 34
d4T -66.77 44.62 2 4 7
JM-2987 -37.83 25.28 3 3 27
ATV -32.48 21.71 5 7 34
sQv -27.33 18.27 5 7 34
RTV F - 4 6 36

16-42

<S5 <7 <18 <6 <12 300-700
2 2 7 5 6.45 495.69
6 1 6 3 3.81 435.29
6 5 8 3 0.81 444.42
5 1 9 5 6.64 513.68
6 1 4 4 0.41 286.34
1 5 2 4 2.90 402.85
1 2 3 3 4.10 315.68
5 4 5 2 -1.60 287.22
2 5 12 4 7.68 602.67
3 4 6 1 1.16 248.22
4 1 1 4 1.90 266.30
3 4 12 4 5.36 567.79
5 4 4 2 -1.91 267.25
4 5 17 4 5.19 628.81
3 7 13 4 2.15 546.66
3 9 15 3 1.50 585.61
4 3 2 3 0.13 236.23
3 3 2 2 —0.52 247.25
3 3 2 2 —0.75 229.26
3 3 2 2 -0.50 211.22
5 4 14 5 2.76 613.80
2 4 2 2 -1.01 224.22
8 0 4 3 0.92 506.83
6 7 22 3 4.74 704.87
6 5 16 5 3.31 670.85
6 5 22 4 5.00 720.96

Actives range for Spoc indicates the limit above which 95% of the known actives scored. Dark grey indicates compound outside actives range

of molecular descriptors

Sbock, docking score using Chemgauss3 scoring function (FRED software); Npock, Spock Value normalized to best-scoring known active; a_don,
number of hydrogen donors; a_acc, number of hydrogen acceptors; a_hyd, number of hydrophobic atoms; a_nN, number of nitrogens;
a_nO, number of oxygens; b_rotN, number of rotatable bonds; rings, number of rings; mw, molar weight (g mol™"); F, compound failed
docking test (listed in no specific order). See Table 4 for drug name abbreviations.

ART and the involvement of LXRs, ERs and GR in the regu-
lation of lipid, cholesterol, bone and adipose tissue homeo-
stasis in addition to inflammation, it is plausible that ARVs
may also affect these nuclear receptor-signalling pathways.
The present study investigated interactions between a large
panel of ARV drugs and nuclear receptors LXRa, LXR, ERa,
ERB and GR using four different approaches: in silico predic-
tion of direct binding to LBDs, cell-free fluorescence co-
activator assays to assess direct LBD binding in vitro, reporter
assays and mRNA expression to detect nuclear receptor-
mediated transcriptional activation. These approaches are
complementary: the first is theoretically based on the phys-
icochemical properties of the compound and shape of the
nuclear receptor binding pocket, and the second is a model

488 British Journal of Pharmacology (2014) 171 480-497

system detecting LBD-drug binding but limited to the choice
of experimental co-activator, while the third and fourth are
biological, taking into account all signalling pathways and
not limited to either the LBD or specific co-regulators.

In our study, darunavir and tipranavir (PIs) were predicted
ligands of LXRo.and LXRB in silico. In vitro, both drugs increase
PGCla co-activator recruitment for LXRo and transcriptional
activity of at least one of the two receptor isotypes. Additional
predicted LXR ligands were the CCRS receptor antagonists
maraviroc and TAK-779, as well as flavopiridol, an anti-cancer
agent that has also been reported to inhibit HIV-1 replication
in vitro (Chao et al., 2000). Maraviroc augmented PGClo
recruitment by LXRo, and although the increase in LXRo
transcriptional activity was not significant, the increase in



Table 7

ERo docking score results

a_hyd

Novel ARV drug-nuclear receptor interactions

ERo

Molecule Spbock

Actives range <-75.00 <4 <6

AZT -84.12 79.11 2 6 7
FLAV -80.55 75.76 3 4 21
TRV -80.13 75.36 4 7 5
118-D-24 -79.16 74.44 3 6 8
TMC125 -72.89 68.55 2 4 16
EFV -72.73 68.40 1 1 17
d4T -71.58 67.32 2 4 7
MVC -71.50 67.24 1 4 28
ddl -70.11 65.94 2 5 5
NVP -69.32 65.19 1 3 12
FTC -64.09 60.28 2 4 7
3TC -63.11 59.35 2 4 6
ddC -62.27 58.56 2 4 6
ABC -61.25 57.60 3 4 10
ATV F - 5 7 34
DRV F - 3 6 24
FOS F - 5 8 24
IDV F - 4 7 34
LPV F - 4 5 34
NFV F - 4 5 31
RTV F - 4 6 36
sQv E - 5 7 34
TPV F - 2 5 33
TAK-779 F - 1 2 32
JM-2987 F - 3 3 27
RAL F - 3 7 15

10-25

a_nN a_nO b_rotN rings
<2 <6 <6 <5 <6 200-375
5 4 4 2 -1.91 267.25
1 5 2 4 2.90 402.85
5 4 5 2 -1.60 287.22
3 4 6 1 1.16 248.22
6 1 6 3 3.81 435.29
1 2 3 3 4.10 315.68
2 4 2 2 -1.01 22422
5 1 9 5 6.64 513.68
4 3 2 3 0.13 236.23
4 1 1 4 1.90 266.30
3 3 2 2 -0.52 247.25
3 3 2 2 -0.75 229.26
3 3 2 2 -0.50 211.22
6 1 4 4 0.41 286.34
6 7 22 3 4.74 704.87
3 7 13 4 215 546.66
3 9 15 3 1.50 585.61
5 4 14 5 2.76 613.80
4 5 17 4 5.19 628.81
3 4 12 4 5.36 567.79
6 5 22 4 5.00 720.96
6 5 16 5 3.31 670.85
2 5 12 4 7.68 602.67
2 2 7 5 6.45 495.69
8 0 4 3 0.92 506.83
6 5 8 3 0.81 444.42

Actives range for Spoc indicates the limit above which 95% of the known actives scored. Dark grey indicates compound outside actives range

of molecular descriptors

Sbock, docking score using Chemgauss3 scoring function (FRED software); Npock, Spock Value normalized to best-scoring known active; a_don,
number of hydrogen donors; a_acc, number of hydrogen acceptors; a_hyd, number of hydrophobic atoms; a_nN, number of nitrogens;
a_nO, number of oxygens; b_rotN, number of rotatable bonds; rings, number of rings; mw, molar weight (g mol™"); F, compound failed
docking test (listed in no specific order). See Table 4 for drug name abbreviations.

LXRP transcriptional activity was. TAK-779 and flavopiridol
both displayed LXRo-antagonistic effects in co-activator
assays, and flavopiridol additionally reduced LXRP transcrip-
tional activity in reporter assays.

Efavirenz, predicted to be a ligand of all five nuclear
receptors, had multiple effects: it reduced basal activation of
LXRa and LXRP and increased ERo activation in reporter
assays. These findings were confirmed by assessment of ER
and LXR target gene expression after exposure to efavirenz.
The suppression of LXR activity is supported by reports of
reduced expression of LXR target genes SREBP-I1c (El et al.,
2004) and PPAR-y (Gallego-Escuredo et al., 2010) after efa-
virenz exposure. This is of interest given that efavirenz treat-
ment is associated with depression, anxiety and impaired

neurocognition (Lochet et al., 2003), which may reflect inhi-
bition of the neuroprotective effect of LXR activation (Vaya
and Schipper, 2007), and ER modulation of monoamine
levels in female rat brains (Lubbers et al., 2010). Moreover,
ERo-selective activation results in anxiogenic responses in
female rats, while ERB-selective activation is anxiolytic (Lund
etal., 2005). Interestingly, activation of ERo by efavirenz
could explain why some patients treated with efavirenz
develop gynaecomastia (Rahim et al., 2004). In a case study
from 2002 (Kegg and Lau, 2002), gynaecomastia in an ART-
treated patient was successfully treated with the ER antago-
nist tamoxifen. This is further supported by a recent
publication (Sikora et al., 2010) showing direct efavirenz-ERo
binding by competitive binding FRET.
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Table 8

ERB docking score results

a_nO b_rotN rings

Molecule Sbock

Actives range <-70.00 <4 <6 10-25
AZT -77.63 80.09 6 2 7
118-D-24 -77.21 79.66 6 3 8
TRV -73.19 75.52 7 4 5
FLAV -72.44 74.74 4 3 21
d4T -69.59 71.80 4 2 7
NVP -69.28 71.48 3 1 12
TMC125 -64.62 66.67 4 2 16
EFV -64.20 66.23 1 1 17
FTC -62.50 64.49 4 2 7
ddl -60.06 61.97 5 2 5
ddC -57.74 59.57 4 2 6
ABC -57.56 59.39 4 3 10
3TC -57.14 58.96 4 2 6
RAL 241 -2.49 7 3 15
IM2987 9.28 -9.57 3 3 27
ATV E - 5 7 34
DRV E - 3 6 24
FOS E - 5 8 24
IDV F - 4 7 34
LPV F - 4 5 34
NFV F - 4 5 31
RTV F - 4 6 36
sQv F - 5 7 34
TPV F - 2 5 33
MVC F - 1 4 28
TAK-779 F - 1 2 32

<2 <6 <6 <5 <6 200-375
5 4 4 2 -1.91 267.25
3 4 6 1 1.16 248.22
5 4 5 2 -1.60 287.22
1 5 2 4 2.90 402.85
2 4 2 2 -1.01 224.22
4 1 1 4 1.90 266.30
6 1 6 3 3.81 435.29
1 2 3 3 4.10 315.68
3 3 2 2 -0.52 247.25
4 3 2 3 0.13 236.23
3 3 2 2 -0.50 211.22
6 1 4 4 0.41 286.34
3 3 2 2 -0.75 229.26
6 5| 8 3 0.81 444.42
8 0 4 3 0.92 506.83
6 7 22 3 4.74 704.87
3 7 13 4 2.15 546.66
3 9 15 3 1.50 585.61
5 4 14 5 2.76 613.80
4 5 17 4 5.19 628.81
3 4 12 4 5.36 567.79
6 5 22 4 5.00 720.96
6 5 16 5 3.31 670.85
2 5 12 4 7.68 602.67
5 1 9 5 6.64 513.68
2 2 7 5 6.45 495.69

Actives range for Spoc indicates the limit above which 95% of the known actives scored. Dark grey indicates compound outside actives range

of molecular descriptors

Sbock, docking score using Chemgauss3 scoring function (FRED software); Npock, Spock Value normalized to best-scoring known active; a_don,
number of hydrogen donors; a_acc, number of hydrogen acceptors; a_hyd, number of hydrophobic atoms; a_nN, number of nitrogens;
a_nO, number of oxygens; b_rotN, number of rotatable bonds; rings, number of rings; mw, molar weight (g mol™"); F, compound failed
docking test (listed in no specific order). See Table 4 for drug name abbreviations.

Although in silico predictions and in vitro results corre-
sponded well in general, there were some discrepancies.
Atazanavir and ritonavir activated LXRo. and LXRp in reporter
assays despite being deemed unlikely to fit the respective
ligand-binding pockets. In TR-FRET assays no direct binding
to LXRo-LBD was detected, which is consistent with data
from a previous study showing that ritonavir is not an LXRa-
LBD or ERo-LBD ligand (Dussault et al., 2001). In addition, we
found that atazanavir did not alter ABCAI mRNA expression,
while ritonavir inhibited its expression. This is likely to reflect
the ability of ritonavir to interact with other nuclear receptors
present in the SH-SYSY cells; for example, PXR can down-
regulate ABCA1 expression (Sporstol et al., 2005), and several
PIs, including atazanavir and ritonavir, are well-known
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inducers of PXR (Svard et al., 2010). Alternatively, the effects
of atazanavir and ritonavir on LXR reporter activity may be
due to allosteric effects. Likewise, an allosteric mechanism
may explain the ERo-inductive effect of tipranavir in reporter
assays and real-time PCR, as interaction with the ERo-LBD
was neither predicted in silico nor observed in TR-FRET assays.
In contrast, while efavirenz was regarded as a suitable ERo
ligand based on docking score and drug structure, and
increased ERa activity more than 10-fold in reporter assays,
direct binding was not supported by TR-FRET results. This
could indicate involvement of other co-factors present in the
cell-based reporter assay but not in the cell-free TR-FRET
experiments. For example, the steroid receptor co-activator 1
(SRC-1) is expressed in HepG2 cells (Martinez-Jimenez et al.,



Table 9

GR docking score results

Novel ARV drug-nuclear receptor interactions

Molecule Spbock

Actives range <—64.00 <3 <5

FLAV -90.85 66.14 3 4 21
EFV -89.75 64.74 1 1 17
TRV -86.07 62.67 4 7 5
AZT -85.04 62.43 2 6 7
118-D-24 -84.72 62.40 3 6 8
ABC -82.78 59.46 3 4 10
d4T -76.27 55.97 2 4 7
ddl -73.84 53.26 2 5 5
NVP -72.28 52.51 1 3 12
TMC125 -71.26 52.09 2 4 16
FTC -67.92 48.74 2 4 7
3TC -66.14 47.90 2 4 6
ddC -65.00 47.06 2 4

RAL -63.86 33.87 3 7 15
JM2987 -45.95 32.20 3 3 27
DRV -43.69 25.56 3 6 24
MVC -34.69 20.66 1 4 28
FOS -28.04 13.81 5 8 24
TPV -18.74 9.10 2 5 33
NFV -12.35 0.00 4 5 31
ATV F - 5 7 34
IDV E - 4 7 34
LPV F - 4 5 34
RTV F - 4 6 36
sQv F - 5 7 34
TAK-779 F - 1 2 32

b_rotN rings
<2 <5 <6 <5 <8 250-500
1 5 2 4 2.90 402.85
1 2 3 3 4.10 315.68
5 4 5 2 -1.60 287.22
5 4 4 2 -1.91 267.25
3 4 6 1 1.16 248.22
6 1 4 4 0.41 286.34
2 4 2 2 -1.01 224.22
4 3 2 3 0.13 236.23
4 1 1 4 1.90 266.30
6 1 6 3 3.81 435.29
3 3 2 2 -0.52 247.25
3 3 2 2 -0.75 229.26
3 3 2 2 -0.50 211.22
6 5 8 3 0.81 444.42
8 0 4 3 0.92 506.83
3 7 13 4 2.15 546.66
5 1 9 5 6.64 513.68
3 9 15 3 1.50 585.61
2 5 12 4 7.68 602.67
3 4 12 4 5.36 567.79
6 7 22 3 4.74 704.87
5 4 14 5 2.76 613.80
4 5 17 4 5.19 628.81
6 5 22 4 5.00 720.96
6 5 16 5 3.31 670.85
2 2 7 5 6.45 495.69

Actives range for Spoc indicates the limit above which 95% of the known actives scored. Dark grey indicates compound outside actives range

of molecular descriptors

Sbock, docking score using Chemgauss3 scoring function (FRED software); Npock, Spock Value normalized to best-scoring known active; a_don,
number of hydrogen donors; a_acc, number of hydrogen acceptors; a_hyd, number of hydrophobic atoms; a_nN, number of nitrogens;
a_nO, number of oxygens; b_rotN, number of rotatable bonds; rings, number of rings; mw, molar weight (g mol™"); F, compound failed
docking test (listed in no specific order). See Table 4 for drug name abbreviations.

2006) and has been linked to stimulation of ERa transactivity
(Zhou et al., 1998); recruitment of this co-activator by ERo
was not investigated in this study.

Tipranavir being identified as an ERa agonist is of interest
in light of reported cases of intracranial haemorrhage in
patients treated with this PI, causing the FDA to issue a
warning in 2006. In vivo and in vitro investigations revealed
decreased platelet aggregation as well as thromboxane B,
formation following tipranavir treatment (Graff et al., 2008).
Coincidentally, oestradiol also reduced production of throm-
boxane B, (Stewart et al., 1999) and inhibited platelet aggre-
gation (Arnal et al., 2006).

Another interesting finding in the present study is LXR
activation by atazanavir, darunavir and ritonavir observed in

reporter assays. Published in vitro experiments exposing
mouse skeletal muscle cells to atazanavir, darunavir and lopi-
navir in combination with ritonavir resulted in increased
expression of the LXR target gene SREBP-1 (Richmond et al.,
2010), a transcription factor involved in the regulation of
lipid homeostasis. In addition, atazanavir and ritonavir both
increased levels of SREBP-1 protein in rat primary hepatocytes
(Zhou et al., 2006a). Treatment with ritonavir has a recog-
nized association with hypertriglyceridaemia, a typical effect
of LXR-inducing compounds (Schultz et al., 2000). Clinically,
the finding that atazanavir and darunavir act as LXR agonists
is surprising, as these more recently developed PIs are gener-
ally associated with favourable lipid profiles. However, in
healthy volunteers treated with ritonavir-boosted atazanavir
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Figure 2

TR-FRET LXRow co-activator assays. A) Validation of LXRo/PGCla
co-activator assay using T0901317, a synthetic LXR agonist. Agonis-
tic effects by maraviroc (MVC), darunavir (DRV) and tipranavir (TPV)
on LXRo PGCTla recruitment. B) TR-FRET LXRo co-activator assay,
antagonist mode in presence of 1.5 uM T0901317 (LXR agonist,
ECs0). Known LXR antagonist: geranylgeranyl pyrophosphate
(GGPP). Antagonistic effects by efavirenz (EFV), TAK-779 and fla-
vopiridol (FLAV) on LXRo. TRAP220/DRIP205 recruitment. Two inde-
pendent experiments were performed for LXRo assays with triplicate
wells (n = 6). TR-FRET emission ratio measured after 2 h incubation at
room temperature in the dark. Results are presented as means *
S.E.M. ICsq values were determined using a sigmoidal dose-response
equation in GraphPad Prism version 5.

or darunavir, triglyceride levels are raised (Tomaka et al.,
2009). Similarly, lipohypertrophy of the dorso-cervical region
of the neck has been reported in a female HIV patient treated
with unboosted atazanavir plus raltegravir (Ceccarelli et al.,
2011). Moreover, hypertriglyceridaemia can also be generated
through a PXR-mediated and SREBP-independent pathway,
as occurs in rifampicin-treated mice (Zhou et al., 2006b). This
effect may be more dominant than LXR activation, and
indeed ritonavir appears to be a more potent inducer of PXR
than atazanavir (Gupta et al., 2008). In the present study the
disparity between the real-time PCR and reporter assays for
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some of the ARV agents tested probably reflects the difficulty
in distinguishing LXR-mediated from PXR-mediated effects,
as discussed previously.

Despite similarities between Cushing’s syndrome and
ART-associated lipodystrophy, there was no significant effect
on GR transcriptional activity by any of the ARV drugs tested
in the study. However, pseudo-Cushing’s syndrome seen in
patients on ART could also be caused by activation of PXR;
cases of misdiagnosis have been described in patients receiv-
ing rifampicin treatment for tuberculosis (Terzolo et al.,
1995), and PXR agonists have been demonstrated to disrupt
glucocorticoid homeostasis in transgenic mice (Zhai et al.,
2007). Indeed, many ARV drugs are inducers of PXR (Svard
et al., 2010).

As HIV disease and its treatment are highly complex,
adverse effects of ART are likely to be multifactorial, and it
may not be possible to ascribe effects to the activation of a
single nuclear receptor. Indeed, there is a significant cross-talk
between nuclear receptors, and the activation of one may
often have an indirect impact on others. However, identify-
ing direct effects of single ARV drugs on individual nuclear
receptors may help explain, at least in part, the underlying
mechanisms of ART-associated adverse events. It would be of
interest to extend this investigation to include other nuclear
receptors, such as vitamin D receptor and farnesoid X recep-
tor, which are also involved in cholesterol and lipid homeo-
stasis, insulin resistance, adipocyte differentiation and bone
formation.

In silico computational methods are often used in drug
discovery as a means of screening large libraries of com-
pounds and identifying possible receptor ligands, which
would not be possible or cost-effective by in vitro or biochemi-
cal assays. In this study, we utilized molecular modelling in a
reverse manner to assess the ability of already approved or
investigational antiretroviral drugs to activate nuclear recep-
tors. Furthermore, cell-free LBD-binding experiments, cell-
based reporter assays and mRNA target gene expression assays
were carried out to identify ligands of LXRo, LXRp, ERa, ER
and GR from a library of ARV drugs. We have demonstrated
that several ARV drugs have the ability to act as ligands of
LXRo, LXRB and/or ERo. Further investigations to elucidate
the downstream effects and clinical relevance of ARV inter-
actions with LXRa, LXRB and ERa, as well as assessment of
ARV binding to other nuclear receptors not investigated in
this study, may aid in predicting ‘off-target’ effects of ART and
prove valuable in the development of newer agents to reduce
the risk of metabolic abnormalities. Some discrepancies
observed between results generated by different methods
highlight the value of using complementary approaches and
model systems to better understand these interactions.
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Figure 3
Effect of ARVs on LXR, ER and GR transcriptional activity as measured by Dual-Luciferase Reporter Assays expressed as fold activation relative to
vehicle (DMSO) control: A) LXRo, B) LXRB, C) ERo, D) ERB and E) GR. HepG2 cells were transfected with nuclear receptor expression plasmids and
the corresponding responsive element-luciferase construct. Five independent experiments were performed in duplicates for each treatment. All
ARV drugs were used at 10 uM except nelfinavir (NFV, 1 uM) and flavopiridol (FLAV, 100 nM), due to cytotoxicity. Positive controls (LXR: 10 uM
T0901317, ER: 100 nM 17B-oestradiol, GR: 1 uM dexamethasone) and a vehicle control (0.1% DMSO) were included. *P < 0.05 by one-way
ANOVA analysis with Dunnett’s post hoc analysis. ATV, atazanavir; DEX, dexamethasone; DRV, darunavir; EFV, efavirenz; FLAV, flavopiridol; FOS,
fosamprenavir; IDV, indinavir; LPV, lopinavir; MVC, maraviroc; NFV, nelfinavir; RTV, ritonavir; TPV, tipranavir.
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Figure 4

Effect of ARVs on LXR and ER target gene expression as measured by
quantitative real-time PCR, normalized to GAPDH and expressed as
fold activation relative to vehicle (DMSO) control: A) LXR target gene
ABCAT expression in SH-SY5Y cells; B) ER target gene PGR expression
in MCF-7 cells. Five independent experiments were performed for
each treatment. All ARV drugs were used at 10 uM except flavopiri-
dol (FLAV, 100 nM), due to cytotoxicity. Positive controls (LXR:
10 uM T0901317, ER: 100 nM 17f-oestradiol) and vehicle controls
(0.1% DMSO, and additionally 0.1% ethanol for ER) were included.
*P < 0.05 by one-way ANOVA analysis with Dunnett’s post hoc
analysis. ATV, atazanavir; DRV, darunavir; EFV, efavirenz; FLAV, fla-
vopiridol; RTV, ritonavir; TPV, tipranavir.
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