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Abstract
This study provides a detailed understanding of the preclinical pharmacokinetics and 
metabolism of ELP-004, an osteoclast inhibitor in development for the treatment of 
bone erosion. Current treatments for arthritis, including biological disease-modifying 
antirheumatic drugs, are not well-tolerated in a substantial subset of arthritis patients 
and are expensive; therefore, new treatments are needed. Pharmacokinetic parame-
ters of ELP-004 were tested with intravenous, oral, and subcutaneous administration 
and found to be rapidly absorbed and distributed. We found that ELP-004 was non-
mutagenic, did not induce chromosome aberrations, non-cardiotoxic, and had minimal 
off-target effects. Using in vitro hepatic systems, we found that ELP-004 is primarily 
metabolized by CYP1A2 and CYP2B6 and predicted metabolic pathways were identi-
fied. Finally, we show that ELP-004 inhibits osteoclast differentiation without sup-
pressing overall T-cell function. These preclinical data will inform future development 
of an oral compound as well as in vivo efficacy studies in mice.
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1  |  INTRODUC TION

Bone erosion is associated with several diseases including rheuma-
toid arthritis (RA), multiple myeloma, and other metastatic cancers.1–3 
RA is a chronic autoimmune disease associated with debilitating and 
painful joint destruction3 which impacts quality of life.4,5 Options to 
modulate disease progression include anti-metabolites, steroids, and 
biologics, such as TNFα-blocking molecules, all of which have sig-
nificant efficacy tempered by debilitating side effects, particularly 
over the long term.6 The biological disease-modifying antirheumatic 
drugs (bDMARDs), for example, etanercept, inhibit the activity of 
key inflammatory cytokines, tumor necrosis factor-alpha (TNFα), 
and interleukin 6 (IL-6),7–9 leading to increased infections and other 
symptoms indicating intolerance to bDMARDs.7,10 Therefore, addi-
tional treatments without debilitating consequences are needed in 
the clinic to treat patients with RA.

Patients are likely to report joint pain prior to being referred 
to a rheumatologist. However, bone erosions develop early in the 
course of RA with more than 10% of patients developing erosions 
within 8 weeks of disease onset and up to 60% by 1 year.11 New an-
tirheumatic drugs that prevent bone erosion without compromising 
systemic immune function (e.g., no changes in cytokine production) 
would benefit patients if started early on.

We previously found that 3,4-dichloropropionanilide (DCPA) 
functions as an Orai calcium channel antagonist,12 inhibits min-
eral resorption by osteoclasts in vitro,13 and reduces bone erosion 
and cartilage damage in a collagen-induced arthritis (CIA) model.14 
However, DCPA is metabolized into two immunotoxic intermedi-
ates15–19 which produce toxicities independent of its function as an 
Orai calcium channel antagonist.16 Therefore, our long-term goal 
was to make a derivative of DCPA with reduced toxicities and equal 
efficacy in reducing bone erosion in arthritis. We tested several 
derivatives of DCPA for their ability to inhibit the Orai channel20 

and identified ELP-004 as a compound with decreased toxicity but 
similar efficacy as an Orai inhibitor at as DCPA.21 Here we assess 
the pharmacological parameters of our lead compound, ELP-004 
(Figure 1A). We characterized pharmacokinetic parameters of ELP-
004 including extent of absorption (e.g., bioavailability), brain distri-
bution, and elimination (e.g., regulation of CYP enzymes). We further 
assessed potential genotoxic and off-target effects and character-
ized the metabolites using in vitro hepatic systems as well as deter-
mined the CYPs that likely metabolize ELP-004. Finally, we assessed 
its efficacy ex vivo in primary mouse osteoclasts and T cells. These 
data provide the basis for moving into in vivo efficacy experiments. 
Future studies will focus on treatment of RA with ELP-004 in models 
of established disease.

2  |  MATERIAL S AND METHODS

ELP-004 was synthesized commercially (batch number ET190701-
2-P1D; WuXi AppTec, Shanghai, China) and determined to be >99 
pure by NMR (Figure S1). Buffer components were obtained from 
commercial vendors and were of biological grade. Organic solvents 
used in the analytical procedures were LC–MS/MS grade.

Animal experiments (unless otherwise noted) were conducted at 
WVU and approved by the WVU Institutional Animal Care and Use 
Committee (Protocol 1604002075). Mice were purchased from Jackson 
Laboratory (Bar Harbor, ME) and housed in a specific pathogen-free 
barrier facility with 12 h light/dark cycles and fed normal chow.

2.1  |  Pharmacokinetic profile of ELP-004 in mice

PK experiments were performed within guidelines established by 
the Janssen Animal Care and Use Committee and approved by the 

K E Y W O R D S
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F I G U R E  1 (A) Structure of ELP-004. (B) Plasma concentration–time profiles and elimination half-life slopes following a single i.v. dose of 
2 mg/kg ELP-004 (n = 3 per timepoint). See Table S6 for individual data values. (C) BSA binding assay.
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local Johnson and Johnson Ethical Committee. ELP-004 was re-
constituted in 20% hydroxypropyl-beta-cyclodextrin (HPbCD) and 
administered to female C57Bl/6 mice (3/timepoint/route of adminis-
tration) in the fed state. Following i.v. (2 mg/kg), s.c. (2 mg/kg), or p.o. 
(10 mg/kg) administration, plasma was isolated from whole blood at 
5, 15, and 30 min and at 1, 2, 4, 7, and 24 h. Plasma from p.o. was not 
isolated at 5 min. ELP-004 concentration was measured by LC–MS/
MS (see below). The limit of quantification was 10 ng/mL and sam-
ples below that were not used in the analyses. PK parameters were 
calculated using Phoenix WinNonlin (Certara, NJ, USA).

2.2  |  ELP-004 in the brain

The distribution of ELP-004 in the brain was measured as previously 
described.22,23 Briefly, 100 μL of ELP-004 solution (40 mg/kg) was 
delivered via s.c. After 15 min or 1 h, blood was collected via cardiac 
puncture, and plasma was isolated (BD, 365965). Brains were ho-
mogenized with a Dounce homogenizer (A and B) using PBS pH 7.4, 
with 10X volume. Ethyl acetate was added for a liquid-liquid extrac-
tion; samples were vortexed and centrifuged 14 000×g for 10 min. 
The ethyl acetate fraction was transferred to a new tube and dried 
overnight. The samples were reconstituted with neat acetonitrile 
and analyzed by LC–MS/MS (AB Sciex 5500). Standard matrix op-
timization was conducted to ensure accurate concentrations were 
obtained in all LC–MS/MS experiments. Brain-corrected concentra-
tion was calculated by subtracting 2% of the plasma concentration 
from the measured brain concentration.

2.3  |  BSA binding

Bovine serum albumin (BSA) binding was measured using a fluores-
cent high-throughput screening assay.24 ELP-004 (10 mM) was se-
rially diluted in a 96-well black plate to give an 8-point data point 
curve. Diclofenac (10 mM) was used as a positive control, and the 
final concentration of BSA was 7.5 μM in a final reaction volume of 
200 μL. After 1 h at room temperature, fluorescence quenching was 
measured at Ex 280 nm and Em 340 nm.

2.4  |  Off-target pharmacology analysis

A series of 52 CEREP ultra high-throughput assays were conducted 
at Janssen Pharmaceuticals. ELP-004 was tested at 10 μM in dupli-
cate. Compound binding was calculated as a percent inhibition of 
the binding of a radioactive-labeled ligand specific for each target. 
Reference compound was tested concurrently with ELP-004, and 
the percent inhibition was calculated. The IC50 values and Hill coef-
ficients (nH) were determined by non-linear regression analysis of 
the competition curves generated with mean replicate values using 
Hill equation curve fitting using software developed at CEREP (Hill 
software).

2.5  |  AMES test

AMES tests were performed according to standard protocols at IIT 
Research Institute (IITRI). using four Salmonella typhimurium tester 
strains (TA98, TA100, TA1535, and TA1537) and one Escherichia coli 
strain (WP2 uvrA) obtained from Molecular Toxicology Inc. (Boone, 
NC). Aroclor-1254-induced rat liver post-mitochondrial S9 fraction 
(Aroclor-S9) (Molecular Toxicology Inc.) [or PBS (pH 7.4) for plates 
without S9], ELP-004 (5, 2.5, 1.0, 0.5, 0.25, 0.10, or 0.05 mg/plate) 
or DMSO (vehicle), and bacterial cultures were combined (n = 3 per 
condition) and assessed for colony growth on Vogel–Bonner Medium 
E (VBE) glucose-minimal agar plates. Positive controls included 
2-aminoanthracene (2-AA), 2-aminofluorene (2-AF), 4-nitroquinoline 
N-oxide (4-NQO), acridine mutagen (ICR-191), methyl methanesul-
fonate (MMS), sodium azide (NaN3), and daunomycin. The number 
of revertant colonies per plate were counted. Positive (or mutagenic) 
is defined as: (1) the mean number of revertant colonies per plate 
demonstrated a two-fold increase (three-fold increase for TA1535 
and TA1537) over the mean number of revertants in the concurrent 
vehicle/negative control, and (2) there was a dose-related increase 
over the range tested.

2.6  |  Structural chromosomal aberration in 
CHO cells

Clastogenic activity of ELP-004 was assessed at IITRI using the 
structural chromosomal aberration assay in Chinese hamster ovary 
(CHO-WBL; Merck Research Laboratories) cells, with and with-
out an exogenous metabolic activation system. Cells were treated 
with ELP-004 (0.008, 0.016, 0.032, 0.063, 0.13, 0.25, 0.5, 1.0, and 
2.0 mg/mL), vehicle (DMSO), or positive controls [cyclophosphamide 
(CP) with exogenous S9 and mitomycin C (MMC) without exogenous 
S9] for 3 h both in the absence and presence of Aroclor-S9. Cultures 
were treated with Gibco® Colcemid™ (final concentration of 0.1 μg/
mL) for the final 2 h of incubation and viability was assessed using 
trypan blue exclusion. Cells were exposed to a hypotonic shock with 
0.075 M KCl, fixed, dropped onto glass slides, air-dried, and stained 
with 5% Giemsa solution.

A target of 300 cells per dose level (150 from each replicate 
culture, if available) was evaluated for chromosomal aberrations. At 
least 25 metaphases were analyzed from each culture that demon-
strated >25% of cells with one or more aberrations. Percent poly-
ploidy and endoreduplication (numerical changes) were analyzed by 
evaluating 100 metaphases per culture. Statistical analysis consisted 
of one-way analysis of variance (ANOVA) followed, if necessary, by 
the post hoc Dunnett test to compare the percentage of cells with 
structural chromosome aberrations in test article-treated groups in 
comparison to vehicle. A non-parametric Kruskal–Wallis test was 
performed, with post hoc comparisons, if necessary, using Dunn's 
test. Statistical comparisons were performed using SigmaPlot® 
software (version 13.0; Systat Software Inc.; Chicago, IL). A mini-
mum significance level of p < .05 was used.
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2.7  |  Human ether-a-go-go-related gene 
(hERG) inhibition

The hERG Safety assay was performed by Evotec (Framingham, MA) 
using a hERG stably transfected HEK293 cell-based assay which 
employs QPatch HTX System (Sophion Bioscience A/S) automated 
patch clamp electrophysiology measurements. The voltage pro-
tocol was run continuously during the experiment. Pre- and post-
compound current were measured by whole cell patch clamp. The 
vehicle (0.5% DMSO) was applied for 3 min followed by the test sub-
stance (ELP-004; 0.5, 1, 5, 10, 50, or 100 μM) in triplicate. Only cells 
with a seal resistance greater than 100 MΩ and a pre-compound cur-
rent of at least 0.2 nA were used to evaluate hERG blockade. E-4031, 
a known hERG inhibitor, was used as a positive control and DMSO is 
included as a negative control.

2.8  |  CYP reaction phenotyping of ELP-004

CYP assays were conducted at Cyprotex (Framingham, MA) using 
established methodology. cDNA-expressed human P450 enzyme 
preparations from baculovirus-infected insect cells (Supersomes™, 
Corning, see Table  S1) were preincubated with 100 mM pH 7.4 
phosphate buffer, 5 mM MgCl2 and ELP-004 (1 μM; DMSO <0.1%) 
and initiated with NADPH (1 mM). Control Supersomes™ (no CYPs 
present) were used to reveal non-enzymatic degradation. Control 
compounds (Table S2) known to be metabolized specifically by each 
CYP isoform were included. ELP-004 was incubated for 0, 5, 15, 30, 
and 45 min with each CYP isoform. An aliquot was removed from 
each incubation at each timepoint and mixed with an organic sol-
vent containing an internal standard, centrifuged at 4°C to precipi-
tate the proteins, and supernatant was transferred to a new plate 
for LC–MS/MS analysis (see below). A plot of ln peak area ratio 
(compound peak area/internal standard peak area) against time 
was used to determine the slope after correction for any loss in 
the incubations with the control Supersomes™. Intrinsic clearance 
(μg/min/mg microsomal protein) and t1/2 were calculated (n = 3–5/
timepoint).

2.9  |  Reversible inhibition of CYP enzymes by 
ELP-004

ELP-004 (0.025, 0.079, 0.25, 0.79, 2.5, 7.9, and 25 μM) was incubated 
with human liver microsomes (Xenotech; 1210097, mixed sex) and 
NADPH (1 mM) in the presence of an appropriate isoform-specific 
probe substrate (Table S3) at 37°C for 10–60 min (specific to CYP 
tested). A selective inhibitor of each isoform was used as a positive 
control (Table  S3). Probe substrate metabolites were analyzed by 
LC–MS/MS: AB Sciex API5500 MS coupled with an Agilent 1290 
LC system and an Agilent 1290 Infinity HTS chilled autosampler, 
controlled through Analyst software (AB Sciex). Samples were ana-
lyzed using the solvent/gradient shown in Table S4. A decrease in 

the metabolite compared with vehicle control was used to calculate 
an IC50 value.

2.10  |  Nuclear receptor activation

Activation of Human Pregnane X Receptor (PXR) was assessed 
using the PXR Reporter Assay kit (Indigo Biosciences). The PXR 
reporter cells were dosed with increasing concentrations of ELP-
004 (0.32, 1.0, 3.2, 10, 32, 100 μM; DMSO 0.4%; n = 2), positive 
control (rifampicin, 0.032, 0.1, 0.32, 1.0, 3.2, and 10 μM) or vehicle 
control and incubated (37°C) 22–24 h. Cell viability was assessed 
using the Live Cell Multiplex Assay Kit (Indigo Biosciences), and 
luciferase activity was measured using the Luciferase Detection 
Reagent (PXR kit).

Data were expressed as fold activation relative to vehicle control 
after normalizing luciferase activity against cell viability. EC50 and 
Emax values were derived from non-linear regression analysis of the 
log dose–response curves.

Activation of Aryl Hydrocarbon Receptor (AhR) and Constitutive 
Androstane Receptor (CAR3) were performed as described above 
using Indigo Biosciences Kits with methylcholanthrene (3-MC) 
(0.0063, 0.02, 0.063, 0.2, 0.63, and 2 μM) or 6-(4-Chlorophenyl)-i
midazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-dichlorobenzyl)
oxime (CITGO) (0.0079, 0.025, 0.079, 0.25, 0.79, and 2.5 μM) con-
trols, respectively.

2.11  |  Liver S9 incubations and sample preparation

Experiments were conducted by Janssen Pharmaceuticals using 
standard protocols. Briefly, incubations were performed using ei-
ther cofactor-fortified mouse or human liver S9 (mouse liver S9: 
XenoTech, Male CD1, M1000 S9/Lot 0910418; mixed-sex human 
liver S9: BD UltraPool, 452116, Lot 38289). For phase I metabo-
lism, 0.1 M phosphate buffer (pH 7.4), 1 mg/mL liver S9, 1.2 mM 
EDTA, 6 mM MgCl2, 5 mM glutathione, 10 μM ELP-004, and 30 μL 
NADPH regenerating system [25 μL of solution A (451220) and 5 μL 
of solution B (451200)] and 1 mM of a NAD+ (N1636, Sigma) were 
incubated in 0.5 mL total volume. Phase II cofactors were 6 mM 
uridine 5′-diphosphoglucuronic acid triammonium salt (UDPGA, 
U5625, Sigma) and 1.2 mM uridine 5′-diphospho-N-acetylglucosa
mine sodium salt (UDPAG, U4375, Sigma), 2 mM d,l-dithiothreitol 
(DTT, D-0632, Sigma), and 10 μM adenosine 3′-phosphoadenosine 
5′-phosphosulfate lithium salt hydrate (PAPS, A1651, Sigma). 
Reactions were incubated at 37°C for 1 h and quenched by ultracen-
trifugation at 627 000×g for 15 min to pellet proteins.

LC–MS/MS analyses on the supernatant were performed 
using an Accela LC coupled to an LTQ XL or LTQ Orbitrap XL 
(ThermoScientific). See Table S5 for column and gradient details. All 
mass spectrometers were operated in the positive ESI mode. ELP-
004 (labeled JNJ-64093536) was quantified using a standard curve 
of ELP-004 (2–4000 ng/mL).
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2.12  |  Osteoclast differentiation

Osteoclast precursors were isolated from the femur bone mar-
row of DBA/1 male mice (8–10 weeks) and differentiated as de-
scribed.21,25,26 To evaluate osteoclastogenesis, cells were replated 
at a density of 40 000/well in 24-well plates (Ibidi, 82426) and 
stimulated with 100 ng/mL RANKL (Shenandoah Biotech, 200-04) 
and 50 ng/mL mCSF (Shenandoah Biotech, 200-08) with or without 
ELP-004. TRAP staining (Sigma, 387A) was performed after 5 days 
according to manufacturer's instructions.

To evaluate mineral resorption,27 cells were cultured on osteo-
assay mineral matrix-coated plates (Corning, 3987) at a density of 
25 000/well; resorption pit formation was imaged.21 Briefly, media 
were replaced with osteoclast differentiation media plus 100 ng/mL 
RANKL with increasing concentrations of ELP-004 (0–200 μM). Cells 
were refed/treated on day 2 (d2). On d5, osteoclast formation was 
observed. Osteoclasts were removed using 10% bleach; plates were 
rinsed with water and air-dried.

Images of entire wells were acquired using a Lionheart imaging 
system (Biotek, Agilent Technologies) merging photographs of parts 
of the wells into single images with manufacturer's software (Gen5). 
Pit analysis was performed after conversion to 8-bit greyscale for-
mat in ImageJ Software (NIH) as previously described.28 The area 
resorbed was calculated using the measure feature in ImageJ.

2.13  |  T-cell stimulation

Splenocytes were isolated from naïve DBA/1 mice in two inde-
pendent groups separated by time, as described.29 Splenocytes 
were stimulated with 5 μg/mL anti-CD3 (clone 17A2, eBioscience, 
14-0032-86) and 2 μg/mL anti-CD28 (clone 37.51, eBioscience, 14-
0281-86) ex vivo in the presence of vehicle (0.1% DMSO) or ELP-
004 (50, 100, 200, and 400 μM). Live CD3+ T cells were enumerated 
after 48 h by flow cytometry using counting beads and normalized to 

the vehicle control. Secreted cytokines were measured in the super-
natant using the Meso Scale Discovery (MSD) mouse proinflamma-
tory cytokine panel (K15048D).

2.14  |  Statistics

Resorption pit quantification and T cell–secreted cytokines were 
compared using repeated measures one-way ANOVA with Dunnett's 
post hoc test for multiple comparisons using GraphPad Prism v9. Data 
are mean ± SD unless noted. Default statistical significance was 0.05.

3  |  RESULTS

3.1  |  Pharmacokinetics

Mice were administered the test compound ELP-004 (Figure 1A) by 
i.v. (2 mg/kg), s.c. (2 mg/kg), or p.o. (10 mg/kg). Plasma concentra-
tion–time profiles and pharmacokinetic parameters are summarized 
in Figure 1B and Table 1, respectively. Intravenous administration at 
2 mg/kg resulted in a plasma concentration at time zero (extrapo-
lated; C0) of 1220 ng/mL and a terminal volume of distribution (Vd) 
of 3.65 L/kg. Elimination of the drug followed a two-compartment 
model with alpha elimination t1/2 of 0.19 h, and a beta elimination 
t1/2 of 0.49 h. Following oral administration at 10 mg/kg, a Cmax of 
211 ng/mL was reached at ~15 min (Tmax). An overall bioavailability 
(F) for oral administration was 13%. With a 2 mg/kg subcutaneous 
dose, the Cmax of 461 ng/mL was also reached at 15 min; the differ-
ence in Cmax concentrations can be attributed to the subcutaneous 
route having a bioavailability (F) of 83%. Systemic clearance and 
steady-state Vd (Vss) of ELP-004 were estimated at 85.5 mL/min/kg 
and 2.48 L/kg, respectively. The volume of distribution is ~3.4 times 
higher than total body water (0.725 L/kg), indicating that the com-
pound distributes outside the plasma.

Route of administration i.v. p.o. s.c.

Dose 2 mg/kg 10 mg/kg 2 mg/kg

t1/2 (h) 0.493 1.19 0.445

tmax (h) - 0.25 0.25

C0 (ng/mL) 1220 - -

Cmax (ng/mL) - 211 ± 42.9 461 ± 39.0

AUClast (h*ng/mL) 374 ± 23.2 227 ± 18.0 307 ± 31.7

AUCInf (h*ng/mL) 390 245 322

AUC Extr (%) 3.96 7.29 4.55

Vz (L/kg) 3.65 - -

Vss (L/kg) 2.48 - -

CL (mL/min/kg) 85.5 - -

C0 (μM) 5.26 - -

Cmax (μM) - 0.909 ± 0.185 1.986 ± 0.100

F (%) - 12.6 82.6

TA B L E  1 Pharmacokinetic data of ELP-
004 administered via i.v., p.o., s.c.
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The ability of drugs to bind plasma proteins alters the free drug 
concentration available for target binding and potential pharmaco-
logic effect; alternatively, increased binding can shield compounds 
from elimination pathways such as glomerular filtration of the kid-
neys and enzymatic reactions in the liver and blood as well as limit 
the ability of the drug to partition into tissues.30 Albumin is the most 
abundant carrier protein in the blood; therefore, the ability of ELP-
004 to bind bovine serum albumin (BSA) was tested in  vitro. The 
concentration of BSA was held at a constant concentration of 7.5 μM 
while the concentration of ELP-004 was varied (75 nM–150 μM). The 
signal was normalized to a positive control (diclofenac) which binds 
strongly to albumin in circulation. BSA-bound ELP-004 was equal to 
diclofenac at concentrations ≤7.5 μM, but minimally reduced (≤25%) 
as compared to diclofenac at concentrations of 15–150 μM.

Since the Vss suggested distribution outside of the plasma, the 
ability of ELP-004 to distribute to the central nervous system (CNS) 
was assessed. Mice were administered a high dose of 40 mg/kg ELP-
004 subcutaneously, and concentrations were assessed in the brain 
and plasma by LC–MS/MS after 15 min and 1 h. The ratio of brain/
blood was found to be 0.70 ± 0.25 and 0.27 ± 0.09 at 15 min and 1 h, 
respectively (Table 2) suggesting that ELP-004 is not preferentially 
concentrated in the brain.

3.2  |  Genotoxic evaluation

The mutagenic activity of ELP-004 was investigated in the bacterial 
reverse mutation assay. Ames tests were performed as described 
earlier. No increase in the number of revertant colonies was ob-
served in the five test strains at any ELP-004 concentrations tested, 
in either the presence or absence of S9 mix (Table  3). No growth 
inhibitory effects were detected in the bacterial test strains. The 
clastogenic activity of ELP-004 was evaluated in the structural chro-
mosomal aberration assay in Chinese hamster ovary (CHO) cells, as 
described earlier. ELP-004 did not increase the number of chromo-
somal aberrations (induce a clastogenic response) in CHO cells at 
any of the tested concentrations (Table 4). No clastogenic activity 
was seen in assays of ELP-004 performed either with or without 
metabolic activation. Based on these data, we conclude that ELP-
004 is negative for clastogenic activity (induction of structural chro-
mosome aberrations) in CHO cells.

3.3  |  Off-target toxicities

Identification of off-target interactions can help predict potential 
side effects and safety issues of compounds under development. 

ELP-004 was screened at 10 μM for its potential to interfere with the 
binding of native ligands as described earlier. Inhibition greater than 
50% represent significant effect of the test compound, whereas an 
inhibition lower than 10% is not considered significant. Nine targets 
had inhibition greater than 10% after ELP-004 treatment, with only 
one target (dopamine transporter) having greater than 50% (Table 5). 
Most receptors did not demonstrate inhibition over the assay back-
ground (Table S7).

To screen for potential cardiotoxicity, ELP-004 [0.5–100 μM] 
was evaluated for its ability to inhibit hERG (human Ether-a-go-go-
related gene) channel activity using whole cell patch clamp. ELP-004 
is not a potent inhibitor hERG activity, as indicated by its low pIC50 
of <4 and inability to inhibit the channel by greater than 30% at all 
tested concentrations (Table 6).

3.4  |  P450 phenotyping and inhibition

The stability of ELP-004 was tested in the presence of recombinant 
enzymes CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, 
and CYP3A4. ELP-004 (1 μM) was incubated with recombinant 
enzymes and NADPH. The amount of ELP-004 remaining at each 
timepoint was analyzed by LC–MS/MS. Incubations in control re-
combinant enzymes were also performed to assess non-enzymatic 
mediated stability. The intrinsic clearance of ELP-004 was 2.85, 
0.815, 0.219, 0.279, and 0.193 μg/min/mg microsomal protein in the 
presence of CYP1A2, CYP2B6, CYP2C8, CYP2C19, and CYP3A4 
recombinant enzymes, respectively (Table 7). ELP-004 was not me-
tabolized by CYP2C9 and CYP2D6 recombinant enzymes.

Next, the ability of ELP-004 to reversibly inhibit these CYP iso-
forms was assessed in human liver microsomes. A decrease in the 
formation of the metabolite compared to vehicle control is used to 
calculate an IC50 value. Metabolite peak area ratio response as a 
percentage of vehicle control is plotted against the test compound 
concentration. ELP-004 did not inhibit any CYP over the concentra-
tion range assessed (0.02–25 μM), and therefore no IC50 values were 
calculated (Table 7).

3.5  |  Nuclear receptor activation

Nuclear receptors involved in the induction of drug-metabolizing 
enzymes include PXR, AhR, and CAR which are known to regulate 
CYP3A4, CYP1A2, and CYP2B6, respectively. Induction was as-
sessed by incubating reporter cells with increasing concentrations of 
ELP-004 (0.32–100 μM) or a corresponding standard and measuring 
luminescent signal. Fold activation for each concentration is shown 

Compound Time Plasma (μM) Brain (corrected) (μM) Brain: plasma

ELP-004 15 min 4.20 ± 2.83 2.44 ± 0.97 0.70 ± 0.25

1 h 7.07 ± 2.92 2.00 ± 0.68 0.27 ± 0.09

TA B L E  2 Blood–brain barrier 
permeability following s.c. administration 
(40 mg/kg).
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in Table 8. PXR expression increased 2.28-fold at 100 μM ELP-004; 
whereas AhR expression increased 4.94-fold at 10 μM ELP-004 and 
26-fold at 100 μM ELP-004. Human PXR and AhR were both induced 
with EC50 of 38 μM. CAR3 expression was not altered at any dose 
tested.

3.6  |  Metabolite identification

To evaluate the metabolism of ELP-004 in  vitro, ELP-004 was in-
cubated with boiled (denatured) or cofactor-supplemented human 
or mouse liver S9 fractions. Cofactors included NADPH, NADH, 
UDPGA, DTT, and PAPS to ensure Phases 1 and 2 metabolism. 
Figure 2A shows the MS traces for human (left) and mouse (right) 
liver S9 fractions, respectively. In boiled and unboiled samples, the 
unchanged drug (UD) had a retention time of 26 min. By comparing 
the amount of UD from liver S9 samples to the boiled liver S9 sam-
ples, the turnover of ELP-004 was found to be 24.2% humans and 
14.3% in mice (Figure S2).

Incubation with liver S9 fractions led to the production of metab-
olites of ELP-004 (Table 9). The UD incubated in cofactor-fortified 
human liver S9 as full spectrum is shown in Figure S3, with the m/z of 
232.02. This spectrum corresponded with the ELP-004 standard is 
shown in Figure S4. The products of metabolism observed with incu-
bation of ELP-004 and murine/human liver S9 were identified from 
fragments seen in the product ion mass spectra (Figures  S5–S8). 
Four metabolites (M1, M2, M3, and M4) were identified in human 
liver S9, while only three major metabolites (M1, M2, and M3) were 
observed in mouse liver S9. Figure 2B shows the predicted in vitro 

metabolic pathways for ELP-004 in both mouse and human liver S9 
fractions.

3.7  |  Effects of ELP-004 on osteoclast 
differentiation/function and T-cell 
cytokine production

Finally, the ability of ELP-004 to inhibit osteoclast differentia-
tion and function ex  vivo was evaluated. Bone marrow cells were 
harvested from male DBA/1 mice (n = 3) and grown in mCSF- and 
RANKL-supplemented media to induce osteoclast differentiation 
with or without ELP-004. Multinucleated TRAP+ cells are the promi-
nent in the vehicle-treated cultures at d5, but multinucleation was 
inhibited by ELP-004 ~50% at 50 μM and was totally blocked at 
100 μM (Figure 3A, top). Cells were then cultured and differentiated 
on mineralized matrix to assess the ability of ELP-004 to inhibit os-
teoclast function. Lighter regions in the well are indicative of matrix 
resorption pits (Figure 3A, bottom). ELP-004 inhibited the degrada-
tion of matrix at concentrations equal to its effects on multinuclea-
tion (Figure 3A, right; p < .05).

The effects of ELP-004 treatment on primary T-cell number 
and function were also assessed ex vivo. Splenocytes were iso-
lated from DBA/1 mice (n = 5), and the T cells were stimulated 
in culture with anti-CD3/CD28 in presence or absence of ELP-
004 (0–400 μM). After 48 h of treatment and stimulation, live 
CD3+ T cells in the 400 μM ELP-004 treatment were reduced 
to 63% of vehicle (p < .05); live cells were unaffected by other 
concentrations of ELP-004 (Figure  S9A). Secreted cytokines 

TA B L E  3 Evaluation of the potential mutagenic activity ELP-004 in the bacterial reverse mutation assay (AMES test).

Revertants/plate (mean ± SD); N = 3

Strain

Metabolic activation status Material Dose (level/plate) TA98 TA100 WP2 uvr A TA1535 TA1537

With S9 DMSO 0.1 mL 32 ± 7.6 110 ± 5.3 64 ± 4.2 16 ± 0.6 13 ± 1.0

ELP-004 0.05 mg 13 ± 3.1 89 ± 22.9 41 ± 9.7 16 ± 3.5 3 ± 2.6

0.10 mg 15 ± 2.0 78 ± 13.1 30 ± 10.6 18 ± 6.4 2 ± 1.2

0.25 mg 22 ± 5.0 103 ± 16.4 33 ± 6.1 13 ± 2.9 2 ± 1.0

0.50 mg 25 ± 9.5 79 ± 3.1 44 ± 5.0 7 ± 3.8 2 ± 3.2

1.00 mg 10 ± 2.6 53 ± 4.6 31 ± 1.7 7 ± 1.2 3 ± 1.5

2.50 mg 9 ± 2.1 16 ± 3.5 19 ± 4.7 12 ± 7.5 5 ± 2.1

5.00 mg 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0

Without S9 DMSO 0.1 mL 27 ± 5.6 105 ± 17.0 53 ± 10.5 15 ± 5.5 16 ± 1.2

ELP-004 0.05 mg 28 ± 8.1 86 ± 11.9 36 ± 7.5 15 ± 4.7 0 ± 0.0

0.10 mg 19 ± 6.4 72 ± 13.9 28 ± 11.2 15 ± 5.0 2 ± 2.6

0.25 mg 16 ± 3.8 64 ± 1.0 39 ± 8.4 17 ± 3.1 1 ± 1.2

0.50 mg 12 ± 3.5 59 ± 16.8 41 ± 8.1 13 ± 4.6 1 ± 0.6

1.00 mg 5 ± 0.6 38 ± 20.2 32 ± 2.1 13 ± 2.5 1 ± 0.6

2.50 mg 7 ± 3.1 0 ± 0.6 30 ± 24.3 1 ± 0.6 2 ± 1.2

5.00 mg 0 ± 0.6 0 ± 0.0 0 ± 0.0 0 ± 0.0 0 ± 0.0
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were measured and compared with the basal expression in their 
respective vehicle control for each mouse. IL-2 and IL-6 were de-
creased at all concentrations of ELP-004 (50, 100, and 200 μM) 
while IFN-γ, TNFα, and IL-10 showed a dose-dependent inhi-
bition with significant inhibition observed at the highest dose 
(Figure 3B). All other cytokines measured (IL-12p70, IL-1β, CXCL1 
[KC/GRO], IL-5, and IL-4) were not consistently affected by ELP-
004 (Figure S9B). Together, these data suggest that ELP-004 re-
duces osteoclast activity without altering overall T-cell cytokine 
production.

4  |  DISCUSSION

Our goal is to develop a safe and effective small molecule to pre-
vent the destruction of bone. Our lead compound, ELP-004, shows 
promising effects on osteoclasts inhibition in vitro without inducing 
genotoxic or extensive off-target toxicities. The core structure of 
ELP-004 is an aniline, a class of molecules with a high risk of forming 
reactive metabolites. However, ELP-004 is predicted to preclude the 
formation of reactive metabolites by methylation of the amide ni-
trogen. The t1/2 and tmax of both p.o. and s.c. administration indicate 

TA B L E  4 Evaluation of the potential clastogenic activity ELP-004 in the structural chromosomal aberration assay in Chinese hamster 
ovary (CHO) cells.

Agent
Target 
concentration Replicate

Number of cells 
evaluated

Cells with 
aberrations (%)

Polyploidy (%) Endoreduplication (%)Onea Multiple

Chromosome aberration assay without metabolic activation: summary

Negative control—
DMSO (%)

1 A 150 0.0 0.0 0.0 0.0

B 150 0.0 0.0 2.0 0.0

A + Bb 300 0.0 0.0 1.0 0.0

Test article—ELP-004 
(mg/mL)

0.032 A 150 0.0 0.0 0.0 0.0

B 150 0.0 0.0 2.0 0.0

A + B 300 0.0 0.0 1.0 0.0

0.063 A 150 0.0 0.0 0.0 0.0

B 150 0.0 0.0 0.0 0.0

A + B 300 0.0 0.0 0.0 0.0

0.13 A 150 0.0 0.0 2.0 0.0

B 150 0.0 0.0 1.0 0.0

A + B 300 0.0 0.0 1.5 0.0

Positive control—
Mitomycin C (μg/mL)

0.5 A 25 7.3 2.7 1.0 2.0

B 25 36.0 20.0 0.0 3.0

A + B 50 11.4 5.1 0.5 2.5

Chromosome aberration assay with metabolic activation: summary

Negative control—
DMSO (%)

1 A 150 0.0 0.0 2.0 0.0

B 150 0.0 0.0 0.0 0.0

A + Bb 300 0.0 0.0 1.0 0.0

Test article—ELP-004 
(mg/mL)

0.032 A 150 0.0 0.0 0.0 0.0

B 150 0.0 0.0 0.0 0.0

A + B 300 0.0 0.0 0.0 0.0

0.063 A 150 0.0 0.0 0.0 1.0

B 150 0.0 0.0 1.0 0.0

A + B 300 0.0 0.0 0.5 0.5

0.13 A 150 0.0 0.0 0.0 2.0

B 150 1.3 0.7 1.0 4.0

A + B 300 0.7 0.3 0.5 3.0

Positive control—
Mitomycin C (μg/mL)

10 A 25 80.0 64.0 1.0 0.0

B 25 56.0 44.0 2.0 0.0

A + B 50 68.0 54.0 1.5 0.0

aParameter is analyzed by ANOVA for the test article groups versus the negative control group; No differences were observed.
bReported value is a sum for the column entitled “Number of Cells Evaluated.” For all other columns, an average value is presented.
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that ELP-004 is both rapidly absorbed and removed in vivo, suggest-
ing that further manipulation (e.g., time-release encapsulation) may 
be necessary to improve overall compound stability and efficacy.

Potential off-target inhibitions were analyzed and only nine pos-
sible off-target inhibitions were identified (Table 3). Only the dopa-
mine transporter (DAT) is of major concern. DATs are well-known 
for their involvement in brain function as transmitter imbalances 
cause psychiatric and neurodegenerative diseases31; however, 
they are also thought to play an important role in gastrointestinal 
disorders.32 We found that ELP-004 does not preferentially accu-
mulate in the brain. We have previously demonstrated that DAT in-
hibitors33–35 result in locomotor hyperactivity and increased levels 

of motor stereotypes as expected; however, we did not observe 
these symptoms in mice treated acutely with high doses of ELP-004 
(Figure S10). Furthermore, the half-life of ELP-004 is approximately 
30 min, indicating the drug is eliminated within a few hours. Given 
the short half-life and the time to Cmax, the dopaminergic side effects 
would likely occur within 1–2 h of administration. Other medications 
known to bind DAT, for example, bupropion, have an 8 to 12-h time-
frame in the body. Together, these data suggest that the in vitro DAT 
inhibition by ELP-004 may not be of large concern in vivo, but this 
will be assessed in future studies.

Species-specific differences were observed in the turnover of 
ELP-004 (24.2% in humans and 14.3% in mice after 1 h) as well as the 

TA B L E  5 Off-target pharmacological profiling of ELP-004 [10 μM] with >10% inhibition.

Radioligand assays Concentration (M) % of inhibition Reference compound

A1 (h) (antagonist) 1.0E-05 21.9 DPCPX

CCK1 (CCKA) (h) (agonist) 1.0E-05 10.3 CCK-8s

CCR1 (h) (agonist) 1.0E-05 16.2 MIP-1α

MT1 (ML1A) (h) (agonist radioligand) 1.0E-05 25.8 Melatonin

Kappa (KOP) (agonist) 1.0E-05 15.2 U 50488

5-HT1A (h) (agonist) 1.0E-05 20.7 8-OH-DPAT

5-HT2B (h) (agonist) 1.0E-05 23 (±)DOI

5-HT3 (h) (antagonist) 1.0E-05 12.4 MDL 72222

Dopamine transporter (h) (antagonist) 1.0E-05 82.2 BTCP

Note: Data are presented as mean values; n = 2. The results are expressed as percent inhibition of control-specific binding.
Abbreviation: h, human.

TA B L E  6 hERG channel inhibition of ELP-004 [0.5–100 μM].

hERG channel inhibition

% Mean inhibition IC50 determination

Test compound: ELP-004

Compound 0.5 μM 1 μM 5 μM 10 μM 50 μM 100 μM IC50 (μM) pIC50 pIC50 SE N

2.11 1.44 2.03 3 13.96 27.87 >100 <4 - 4

Negative control: Vehicle (0.5% DMSO)

Compound 1st 
addition

2nd addition 3rd addition 4th addition 5th addition 6th addition IC50 (μM) pIC50 pIC50 SE N

3.8 4.97 5.39 3.95 3.37 4.03 - - - 3

Positive control: E-4031

Compound 0.001 μM 0.003 μM 0.011 μM 0.033 μM 0.1 μM 0.3 μM IC50 (μM) pIC50 pIC50 SE N

0.79 5.36 26.5 52.71 80.06 91.55 0.03 7.53 0.03 5

TA B L E  7 Cytochrome P450 phenotyping and inhibition by ELP-004.

Isoform CYP1A2 CYP2B6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP3A4

ELP-004 t1/2 (min) 9.73 8.51 127 >180 99.2 >180 143

Recombinant CYP CLINT (μL/min/mg) 2.85 0.815 0.219 <0.154 0.279 <0.154 0.193

Inhibition IC50 (μM) >25 >25 >25 >25 >25 >25 >25a

Abbreviation: CLINT, intrinsic clearance.
aMidazolam and testosterone.
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number of metabolites produced (four in humans and three in mice). 
In vitro phenotyping revealed that ELP-004 was primarily metabo-
lized by human CYP1A2 and CYP2B6. The CYP enzyme family is the 
most important enzyme system catalyzing the Phase 1 metabolism 

of pharmaceuticals and other xenobiotics. P450 induction and inhi-
bition are essential to predicting possible drug interactions. Here, 
we measured nuclear receptor upregulation as a surrogate of CYP 
induction. Human nuclear receptors involved in the induction of 
drug-metabolizing enzymes include PXR, AhR, and CAR, which are 
known to regulate CYP3A4, CYP1A2, and CYP2B6, respectively. 
While CYP3A4 was not found to be a major metabolizer of ELP-004, 
it appears to be induced in response to high doses (100 μM) as in-
dicated by PXR upregulation. This dose is greater needed to inhibit 
osteoclast function; therefore, it is unlikely that CYP3A4 will be in-
duced at doses used in vivo. As CYP3A4 is involved in the metabo-
lism of approximately 50% of all marketed medications,36 the lack 
of induction by ELP-004 at clinically relevant concentrations is im-
portant. CYP1A2 both metabolizes ELP-004 and the upregulation of 
AhR suggests that it is induced at concentrations >10 μM. We do not 
anticipate upregulation of CYP1A2 at ELP-004 concentrations used 

TA B L E  8 Nuclear receptor activation.

Fold activation PXR AhR CAR3

100 μM ELP-004 2.28 26.00 1.00

32 μM ELP-004 1.60 11.18 0.06

10 μM ELP-004 0.86 4.94 0.69

3.2 μM ELP-004 1.18 1.86 0.66

1.0 μM ELP-004 0.48 1.41 0.82

0.32 μM ELP-004 1.21 1.09 0.48

EC50 (μM) 38.06 38.07 -

F I G U R E  2 (A) Reconstructed ion chromatograms displaying the unchanged drug and its metabolites from LC–MS/MS analysis following 
1-h incubation of 10 μM of ELP-004 in NADPH, NADH, UDPGA, DTT, PAPS fortified liver S9 from human (HL, left), and mouse (ML, right). 
(B) In vitro metabolic pathways of ELP-004 in human and mouse.



    |  11 of 13McCALL et al.

in vivo; however, this will be monitored in future studies. CYP2B6, 
the other major player in ELP-004 metabolism, is not induced at any 
ELP-004 concentration tested. Furthermore, no P450s were found 
to be inhibited at any of the concentrations tested in our studies.

Ex vivo treatment of primary monocytes with ELP-004 signifi-
cantly reduced osteoclast differentiation and function beginning at 
50 μM with almost complete inhibition at 100 and 200 μM. At these 
same concentrations, ex vivo IL-2 and IL-6 secretion was inhibited in 
stimulated T cells. These data are consistent with our previous study 

TA B L E  9 Molecular ions and characteristic fragment ions of 
ELP-004 and metabolites.

ID
Retention time 
(min) [M + H]+ m/z

Key fragment 
ions m/z

ELP-004 26.89 232.02901

M1 22.90 248.02406 174, 202

M2 24.06 248.02407 180, 195

M3 28.12 176.00282 161

M4 15.99 424.05616

F I G U R E  3 (A) Monocytes were isolated from the bone marrow of male DBA/1 mice (n = 3). Cells were stimulated with RANKL and 
mCSF and treated with escalating doses of ELP-004 ex vivo. Cells were stained for the TRAP expression (top) or plated on matrix-coated 
plates to assess bone resorption activity (bottom). Area of resorption pits was quantified (right). Groups were analyzed using repeated 
measures ANOVA with the Geisser–Greenhouse correction; multiple comparisons were performed using Tukey's post hoc test. (B) Single 
cell suspensions of splenocytes were prepared from male DBA/1 mice (n = 5). T cells were stimulated ex vivo with anti-CD3 and anti-
CD28 and treated with increasing doses of ELP-004. Secreted cytokines were assessed using a multi-analyte ELISA (MSD plate). Cytokine 
concentrations were using compared using repeated measures one-way ANOVA with a Dunnett post hoc test for multiple comparisons. 
Data are presented as mean ± SD. *p < .05; **p < .01; ****p < .0001.
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demonstrating that Orai inhibition by DCPA (the parent compound) 
decreased Ca2+ influx resulting in decreased NFAT-dependent IL-2 
secretion in Jurkat cells.15 At high doses of ELP-004 (200 μM), we also 
observed decreased concentrations of secreted proinflammatory 
(Th1) cytokines, IFN-γ and TNFα, as well as the anti-inflammatory 
(Th2) cytokine IL-10 suggesting that overall T-cell function is sup-
pressed at high concentrations. The reduction of IL-6 secretion by T 
cells stimulated ex vivo was of interest due to its known roles in au-
toimmune diseases (reviewed in [37]). Elevated serum and tissue IL-6 
levels are associated with RA38 and drugs targeting the IL-6 signaling 
are approved or are in clinical trials for the treatment of RA.39–41

In summary, these data provide an important and comprehen-
sive characterization of ELP-004 pharmacokinetics, genotoxic and 
off-target effects, and metabolism. We further demonstrate that 
ELP-004 is effective in reducing osteoclast formation and func-
tion in vitro. The overall goal is to formulate this compound for oral 
administration which can be used to reduce disease-induced bone 
erosions. Therefore, imminent studies will focus on improving the 
bioavailability and prolonging the half-life of ELP-004 in vivo. The 
data from this study will also be used to inform future efficacy stud-
ies with ELP-004 in mouse models of established arthritis as well as 
other disease models that are associated with bone erosions.
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