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Abstract

In Duchenne muscular dystrophy (DMD), NF-κB is activated in skeletal muscle from infancy regardless of the underlying dystrophin mutation and
drives inflammation and muscle degeneration while inhibiting muscle regeneration. Edasalonexent (CAT-1004) is a bifunctional orally administered
small molecule that covalently links 2 compounds known to inhibit NF-κB, salicylic acid and docosahexaenoic acid (DHA). Edasalonexent is designed
to inhibit activated NF-κB upon intracellular cleavage to these bioactive components. Preclinical data demonstrate disease-modifying activity in DMD
animal models. Three placebo-controlled studies in adult subjects assessed the safety, pharmacokinetics, and pharmacodynamics of single or multiple
edasalonexent doses up to 6000 mg. Seventy-nine adult subjects received edasalonexent, and 25 received placebo. Pharmacokinetic results were
consistent with the intracellular cleavage of edasalonexent to its active components. Food increased plasma exposures of edasalonexent and salicyluric
acid, an intracellularly formed metabolite of salicylic acid. The NF-κB pathway and proteosome gene expression profiles in peripheral mononuclear
cells were significantly decreased (P = .02 and P = .002, respectively) after 2 weeks of edasalonexent treatment.NF-κB activity was inhibited following
a single dose of edasalonexent but not by equimolar doses of salicylic acid and DHA.Edasalonexent was well tolerated, and the most common adverse
events were mild diarrhea and headache. In first-in-human studies, edasalonexent was safe, well tolerated, and inhibited activated NF-κB pathways,
suggesting potential therapeutic utility in DMD regardless of the causative dystrophin mutation, as well as other NF-κB–mediated diseases.
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Duchenne muscular dystrophy (DMD) is characterized
by progressive loss of skeletal muscle function and is the
most common neuromuscular disorder of childhood,
with a birth prevalence of approximately 1 in 3500 live
male births.1 The X-linked genetic disorder results from
1 of many possible dystrophin gene mutations. The
lack of functional dystrophin is necessary, but not in
and of itself sufficient, to cause the progressive and
severe loss of muscle mass and function characteristic
of DMD.2 Skeletal muscle inflammation and activation
of the transcription factor NF-κB are present from
early stages of the disease and precede loss of muscle
function.3 Activated NF-κB is known to drive muscle
degeneration and suppress muscle regeneration.4 Al-
though no treatment halts disease progression, current
standards of care include glucocorticoids that reduce
muscle inflammation and prolong ambulation, reduce
cardiomyopathy, and increase life span.5,6 However,
long-term glucocorticoid use is limited by clinically
significant side effects including growth inhibition,
puberty delay, weight gain, behavioral changes, hy-
pertension, hyperglycemia, osteoporosis, Cushingoid

habitus/facies, and cataracts.5,7 In addition, glucocor-
ticoids are known to induce muscle atrophy by acti-
vating expression of genes, such as Murf1, involved
in the proteasomal degradation of skeletal muscle
proteins, and by inhibiting expression of genes, such
as MyoD, required for skeletal muscle regeneration
and development.8 This leads to chronic myopathy
that is difficult to distinguish from the underlying
DMD pathology.9 Thus, there is an unmet need for
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disease-modifying agents for DMD that can be used
alone or in combination with drugs that directly target
the dystrophin gene to inhibit muscle loss and allow
muscle regeneration.

NF-κB is a multifunctional transcription factor
that controls gene expression and is involved in
cellular responses to stress, modulating immune
and inflammatory responses as well as skeletal
muscle development and protein homeostasis.10

NF-κB is activated in skeletal muscle in DMD as
a result of the loss of sarcolemmal dystrophin.
Activated NF-κB results in translocation of the active
transcription factor p50/p65 to the nucleus, which
regulates expression of genes involved in inflammation
such as TNFα and IL-1β, extracellular matrix such as
MMP9, muscle protein homeostasis such as Murf1,
and muscle regeneration such as MyoD.8 NF-κB
activation is an early event in DMD pathology and
occurs in the muscles of infants with DMD prior
to the onset of fibrosis or clinical manifestations.3,11

Chronic activation of NF-κB is a key driver of muscle
degeneration in DMD.12–15 NF-κB signaling pathways
are persistently elevated in immune cells and muscle
fibers of patients with DMD, and inhibition of NF-
κB pathways13,16,17 significantly improves histology,
function, and muscle regeneration in mdx mice, even
with only a 50 % reduction in NF-κB activity.13 NF-κB
is specifically activated in skeletal muscles undergoing
mechanical stress,18 which may explain in part the
disproportionate inflammation, muscle degeneration,
and fibrosis in certain muscles (ie, posterior leg
muscles)2,19 of patients with DMD even though every
muscle is deficient in dystrophin. In contrast, muscles
such as the gracilis and sartorius in the thigh and
the extraocular muscles, which are exposed to less
mechanical stress and presumably less activation of
NF-κB, are relatively preserved.2,19 Edasalonexent, [N-
(2-[(4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-
hexaenamido] ethyl)-2-hydroxybenzamide], is an
orally administered novel small molecule in which
salicylic acid and docosahexaenoic acid (DHA) are
covalently conjugated through an ethylenediamine
linker and that is designed to synergistically leverage
the ability of both of these compounds to inhibit
NF-κB.20 In preclinical studies salicylic acid has been
shown to prevent NF-κB–mediated muscle atrophy
and to decrease protein catabolism in muscle.21–23

However, toxicity at the doses needed to achieve
the high concentrations required to inhibit NF-κB
precludes their clinical utility for this target.24 DHA
has been shown to upregulate anti-inflammatory
pathways and suppress proinflammatory pathways via
modulation of NF-κB activity.25,26 In addition, DHA
is metabolized intracellularly to anti-inflammatory
eicosanoids,27–30 which also play a role in muscle

fiber regeneration. Following uptake into cells by
endocytosis, edasalonexent is hydrolyzed by the fatty
acid amide hydrolase (FAAH) to release salicylic acid
and DHA intracellularly and to suppress activated
NF-κB.20 Edasalonexent demonstrates better potency
than its individual components separately, presumably
because of the simultaneous delivery of the salicylate
and DHA.20

Edasalonexent significantly inhibits NF-κB p65-
dependent inflammatory responses as well as down-
stream proinflammatory genes modulated by p65 in
the golden retriever DMD model.31 Long-term ad-
ministration of edasalonexent, or the related analogue
CAT-1041 in which DHA is replaced by eicosapen-
taenoic acid to maintain equivalent pharmacology,
demonstrated several disease-modifying characteristics.
Reduction of fatigue in skeletal muscle following re-
peated eccentric contractions and increases in skeletal
muscle mass were observed.31 In addition, reduction of
inflammation and fibrosis resulted in increased exercise
endurance in mdxmice and improved diaphragm func-
tion in both the mouse and dog DMD models.31

This paper presents the results of the phase 1
clinical program for edasalonexent that includes 3
placebo-controlled studies in adults (Figure 1): a
randomized, double-blind single-ascending-dose study
(Study 101; edasalonexent-101; NCT01440166) to
evaluate the safety and tolerability of edasalonexent
relative to placebo and pharmacokinetics (PK) under
fed and fasted conditions; a randomized, double-
blind multiple-ascending-dose study (Study 102;
edasalonexent-102; NCT01511900) to evaluate the
safety and tolerability of edasalonexent over 2 weeks,
PK, and the effects of edasalonexent treatment on
NF-κB activity; and a crossover biomarker study
(Study 103; edasalonexent-103; NCT01670773) to
compare the effects of edasalonexent and equimolar
doses of DHA and salicylic acid (in the form of
salsalate, which is comprised of 2 molecules of salicylic
acid released extracellularly by esterase activity) on
NF-κB activity. In this way the effect of edasalonexent
on NF-κB could be compared with the effect of DHA
and salicylic acid delivered extracellularly.

Subjects and Methods
Studies were approved by independent review boards
(IRBs) at all sites (Celerion IRB, Lincoln Nebraska;
Independent IRB, Plantation, Florida; New England
IRB, Newton, Massachusetts) and conducted in ac-
cordance with the Declaration of Helsinki and Good
Clinical Practice guidelines as set forth by the Interna-
tional Conference onHarmonisation (ICH) and theUS
Code of Federal Regulations. All subjects gave written
informed consent prior to study participation.
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Figure 1. Disposition of subjects.

Eligible subjects in Studies 101 and 103 were healthy
adults 18 (19 for Study 101) to 55 years of age with a
bodymass index (BMI) of 18 to 30 kg/m2. In Study 102,
eligible subjects were male and female adults 18 to 65
years of age with a diagnosis of type 2 diabetes (who
are known to have elevated levels of proinflammatory
mediators and subclinical inflammation32), a BMI of
25 to 40 kg/m2, and screening glycosylated hemoglobin
(HbA1c) �7.0% and �10.0% if treated with diet and
exercise alone or �6.5% and �9.0% if receiving met-
formin. Subjects discontinued metformin during the
study following a 7- to 21-day washout period prior to
dosing.

For all studies, subjects with a history of clinically
significant allergies, alcohol/substance abuse, or eating
disorders were not eligible. Women not pregnant or
lactating were eligible if they were either using accept-
able contraception or not of child-bearing potential.
Use of products containing salicylates or ω-3 fatty
acids was not permitted in the 2 weeks prior to study
drug dosing, except for low-dose aspirin permitted
for subjects in Study 102. No use of prescription or
nonprescription drugs or herbal or dietary supplements
was permitted within 7 days of randomization for
subjects in Studies 101 and 103. Permitted medications
in Study 102 included stable (at least 2 months) use
of antihypertensive, lipid-lowering, and/or thyroid re-
placement therapies.

Subjects in Study 101 part 1 received a single dose of
oral placebo or edasalonexent (300, 1000, 2000, 4000,

or 6000 mg) after an overnight fast of at least 8 hours.
In parts 2 and 3 of the study, continuing or new subjects
received placebo or edasalonexent 1000, 2000, 4000,
and 6000 mg immediately following a standardized
high-fatmeal (50 g). Continuing subjects had awashout
period of at least 10 days. Subjects were monitored for
72 hours in the clinic and had 1 follow-up visit 7 to 10
days after dosing.

Subjects in Study 102 received oral placebo or edasa-
lonexent at total daily doses of 300 mg, 1000 mg,
2000 mg (1000 mg BID), or 4000 mg (2000 mg BID)
administeredwith a standardmeal (up to 22 g of fat) for
14 days. Subjects were monitored as inpatients through
day 7, returned for an outpatient visit on day 10, and
were admitted to the clinic on day 13 until 24 hours
after the last dose. A follow-up visit occurred 7 to
10 days after the final dosing.

Subjects in Study 103 received a series of 3 single-
dose treatments administered with a high-fat breakfast
on an outpatient basis in the following order and with
at least 7-day washout periods:

edasalonexent 2000 mg →
salsalate 500 mg + DHA 1400 mg → placebo

Amounts of salsalate (comprised of 2 molecules of
salicylic acid that are released extracellularly by esterase
activity) and DHA corresponded to the approximate
contents of salicylic acid and DHA in a 2000-mg dose
of edasalonexent, which corresponded to the highest
individual dose in Study 102.
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Assessments

Pharmacokinetics. Blood samples for PK assessments
in Study 101 were collected predose and through
72 hours postdose on day 1. In Study 102, blood
samples were collected prior to the morning doses on
days 1 and 14 and for 24 hours postdose. Plasma edasa-
lonexent, salicylic acid, salicyluric acid, and DHA in
blood were determined using high-performance liquid
chromatography-tandem mass spectrometry (HPLC-
MS/MS) methods validated with respect to accuracy,
precision, linearity, sensitivity, and specificity at Cele-
rion (Lincoln, Nebraska). The lower limits of quantita-
tion (LLOQ) values were 1.00 ng/mL for edasalonexent,
100 ng/mL for DHA, 100 ng/mL for salicylic acid, and
2.50 ng/mL for salicyluric acid.

Pharmacodynamics. In Study 102,NF-κBactivitywas
assessed by measuring LPS-stimulated p65 activation
in blood samples obtained from 8 subjects in the
2000 mg BID edasalonexent cohort and 3 subjects in
the placebo group predose on day 1 and after 14 days
of treatment. Whole blood was stimulated with LPS
for 2 hours prior to isolation of CD14-positive cells
using an anti-CD14 affinity resin. Whole-cell lysates
were prepared, and total protein concentrations were
measured using a BCA protein assay (Thermo Scien-
tific Pierce, Rockford, Illinois). An enzyme-linked im-
munosorbent assay (ELISA) was used to determine the
amount of active p65 (NF-κB p65 Transcription Factor
Kit from Thermo Scientific Pierce, Rockford, Illinois).
Gene expression analysis of a predefined NF-κB gene
set, as well as others for comparison (Biocarta and
KEGG proteasome gene set), was performed via qPCR
following isolation and amplification of mRNA (PAX-
gene Blood miRNAKit, PreAnalytix, Hombrechtikon,
Switzerland). In Study 103, NF-κB activity was also
assessed by measuring nuclear p65 DNA binding fol-
lowing ex vivo LPS stimulation in blood drawn before
and 2 hours after administering edasalonexent, DHA,
and salsalate given in combination, or placebo. Whole
blood was stimulated with 200 ng/mL LPS for 2 hours
before harvesting peripheral blood mononuclear cells
(PBMCs). Nuclear lysates from isolated PBMCs were
prepared using a commercially available nuclear extract
kit (Active Motif, Carlsbad, California). Nuclear pro-
tein was quantified using ProStain fluorescent protein
quantification (Active Motif). NF-κB DNA binding
activity was determined using a TransAM p65 DNA
binding ELISA (Active Motif) in which equal volumes
of nuclear lysates were loaded, and data were quantified
against purified NF-κB protein standard and normal-
ized to the amount of protein loaded.

Mean changes or percentage changes from baseline
plasma concentrations of adiponectin, high-sensitivity
C-reactive protein, triglycerides, insulin, total choles-

terol, high- and low-density lipoprotein-cholesterol,
and apolipoprotein B for patients in Study 102 were
assessed to determine any treatment effects.

Safety. Safety assessments included laboratory eval-
uations (hematology, chemistry, coagulation, and uri-
nalysis), physical examinations, adverse events, 12-lead
ECGs, and vital signs (blood pressure, pulse, tempera-
ture, and respiration). Vital signs, physical exams, clini-
cal labs, and ECGs were assessed/conducted at baseline
(predose), throughout the treatment period, and at
the end of dosing. Adverse events were monitored
throughout the treatment and follow-up periods.

Analyses and Statistics. Plasma concentrations were
summarized by treatment group and day using de-
scriptive statistics. Estimation of PK parameters was
performed using WinNonlin v5.2 (Pharsight, Moun-
tain View, California). The primary single-dose or
steady-state (ss) PK parameters included area under
the plasma concentration-time curve (AUC) (including
AUClast and AUCτ , the AUC from time 0 to time
of last quantifiable concentration under single- and
multiple-dose conditions, respectively, and AUC�, the
AUC time curve from time 0 extrapolated to infinity by
dividing the last measurable time point in the AUClast

calculation by the apparent terminal elimination rate
constant and summing it with AUClast), the observed
maximum plasma concentration (Cmax), half-life (t½),
and the time of maximumplasma concentration (Tmax).
Apparent oral clearance, CL/F, and apparent volume of
distribution, Vz/F, were calculated.

Assessment of dose proportionality after a single-
dose of edasalonexent was made by examining plots
of individual dose-normalized edasalonexent, salicylic
acid, salicyluric acid, andDHAAUC� and Cmax values
vs the edasalonexent doses using the power model
(SASR© PROC MIXED, v9.1.3) by linear regression of
the natural log (ln)-transformed PK parameters on the
ln-transformed dose.

The effect of food on PK parameters after a single
dose of edasalonexent was evaluated by comparing ln-
transformed edasalonexent, salicylic acid, salicyluric
acid, and DHA PK parameters Cmax, AUClast, and
AUC� using an analysis of variance (ANOVA) model
using PROC MIXED of SASR© (Version 9.1.3), with
treatment as a fixed effect and subject as a random
effect.

Paired 2-tailed t-testing compared p65 activity be-
tween edasalonexent and placebo groups. Raw qPCR
data were used for t-test analysis of individual genes.
A preidentified NF-κB gene set consisting of 14
genes (Biocarta NF-κB Pathway) was analyzed along
with other gene sets (including Proteasome, MAPK,
ROS, Interleukins/Cytokines, and housekeeping genes,
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Table 1. Subject Demographics

Study 101

Fasted Feda Study 102 Study 103
N = 44 N = 36 N = 44 N = 9

Sex
Female 4 (9%) 3 (9%) 15 (34%) 2 (22%)
Male 40 (91%) 32 (91%) 29 (66%) 7 (78%)

Race
White 33 (75%) 28 (80%) 34 (77%) 1 (11%)
Black or African American 10 (23%) 5 (14%) 6 (14%) 6 (67%)
Other 1 (2%) 3 (9%) 4 (9%) 2 (22%)

Ethnicity: not Hispanic or Latino 44 (100%) 35 (100%) 11 (25%) 8 (89%)
Age, y, mean (SD) 33.1 (11.3) 33.0 (11.5) 55.3 (7.1) 40.5 (9.1)
Weight, kg, mean (SD) 75.95 (10.42) 76.83 (10.99) 88.11 (15.42) 83.4 (11.6)
Height, cm, mean (SD) 175.8 (7.3) 176.3 (7.1) 167.2 (10.7) 177.2 (10.5)
BMI, kg/mg2, mean (SD) 24.56 (2.87) 24.64 (2.57) 31.48 (4.05) 26.9 (2.8)

a28 of the 44 subjects in the fasted portion of the study plus 8 new subjects participated in the fed portion.

total = 75). For statistical analysis, changes from pre-
dose to day 14 for the preidentified NF-κB gene set
were assessed using the Student t-test (2-sided, equal
variance) to test the null hypothesis that there was no
change in expression of the preidentified NF-κB gene
set compared to baseline after 14 days of dosing with
edasalonexent. Transcripts in the housekeeping and
other gene sets were alsomeasured for comparison, and
P-values for these gene sets were not adjusted for mul-
tiple comparisons. Descriptive statistics were reported
for all safety assessments. ECG and clinical laboratory
test results were classified as normal, abnormal not
clinically significant, or abnormal clinically significant.

Results
Figure 1 shows the progression of subjects in the studies
from screening to study end. A group of 105 subjects
were randomized between September 2011 andOctober
2012, and all but 2 subjects completed the studies.
Of these, 79 subjects received edasalonexent, and 25
received placebo. In Study 101, 44 subjects received
single doses of placebo (n = 10) or 300 mg (n =
6), 1000 mg (n = 8), 2000 mg (n = 8), 4000 mg
(n = 6), or 6000 mg (n = 6) edasalonexent during the
fasted portion of the study. For the fed portion of
the study, 28 subjects from the fasted portion of the
study continued, and 8 additional new subjects were
enrolled and randomized to placebo (n= 8) or 1000 mg
(n = 8), 2000 mg (n = 7), 4000 mg (n = 6), or 6000 mg
(n = 6) edasalonexent. One subject withdrew for per-
sonal reasons in the fed portion. In Study 102, 44
subjects were randomized to placebo (n = 12) or
300 mg (n = 6), 1000 mg (n = 8), 2000 mg (n = 9) as
1000 mg BID, or 4000 mg (n = 9) as 2000 mg BID
edasalonexent; all subjects completed the study. Nine
subjects were enrolled in Study 103. One subject was

discontinued due to a positive drug screen prior to
receiving edasalonexent.

Subject demographics are shown in Table 1. The
majority of subjects in all 3 studies were male. In
Studies 101 and 102, the majority of subjects were
white, whereas in Study 103 most subjects were African
American/black. Mean age across studies ranged from
33 to 53 years.

Pharmacokinetics

Single-Dose Pharmacokinetics. Pharmacokinetic pa-
rameters following a single edasalonexent dose are
shown in Table 2 for Study 101 and Table 4 for
Study 102. Edasalonexent was rapidly absorbed, with
median plasma Tmax values ranging from 0.8 hours to
3 hours across dose levels, and absorption was similar
under fasting and fed conditions. Mean edasalonexent
plasma exposure (Cmax, AUClast, and AUC�) generally
increased with increasing edasalonexent dose up to
4000 mg under fasting conditions and 6000 mg fol-
lowing a high-fat meal. Mean t½ values increased with
increasing dose and under fed conditions. Plots for
edasalonexent AUC vs dose under fed and fasted
conditions following a single dose on day 1 for
subjects in Studies 101 and 102 are shown in Fig-
ure 2A. Exposure levels of edasalonexent takenwith the
22-g fat meal used in Study 102 were lower than those
obtained in Study 101 following the standard high-
fat (�50 g) meal but greater than the exposures when
edasalonexent was administered under fasting condi-
tions. Dose proportionality could not be concluded
for plasma edasalonexent PK parameters under fed or
fasted conditions (data not shown). Mean CL/F and
Vz/F values of edasalonexent tended to increase with
increasing edasalonexent dose, likely reflecting lack of
dose proportionality.
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Table 2. Edasalonexent Plasma Pharmacokinetic Parameters Following Single Edasalonexent Doses (Study 101)

Edasalonexent Dose (mg) in Fasted Portion of Study

300 1000 2000 4000 6000
Parameter N = 6 N = 8a N = 8 N = 6 N = 6

Edasalonexent Mean ± SD
Cmax (ng/mL) 87 ± 35 69 ± 43 162 ± 108 206 ± 66 193 ± 55
AUClast (ng·h/mL) 130 ± 58 155 ± 94 359 ± 245 596 ± 121 546 ± 50
t½ (h) 2.3 ± 0.4 1.9 ± 0.3 4.0 ± 3.1 10.3 ± 7.6 8.7 ± 4.1
CL/F (L/h) 2832 ± 1872 6613 ± 3104 9685 ± 9945 6730 ± 1636 10,726 ± 966
Vz/F (L) 8867 ± 4454 17,360 ± 6967 36,109 ± 16,976 91,791 ± 59,035 136,106 ± 70,386
Tmax (h)b 0.8 (0.7, 1.5) 1.5 (1, 6) 1.5 (0.7, 2) 1.5 (1.5, 3) 1.3 (1, 4)

Salicyluric acid N = 5 N = 7 N = 8 N = 5 N = 6
Cmax (ng/mL) 116 ± 29 128 ± 66 202 ± 60 185 ± 68 257 ± 89
AUClast (ng·h/mL) 416 ± 181 677 ± 279 876 ± 493 849 ± 367 1364 ± 393
t½ (h) NR NR 20.8 ± 10.1ǂ 12.3 ± 5.7C 29.4 ± 1.6ǂ

Tmax (h)b 1 (1, 1.5) 2 (1.5, 6) 2 (1.5, 2) 2 (1.5, 3) 1.75 (1, 4)

DHA N = 6 N = 8 N = 8 N = 6 N = 6
Cmax (ng/mL) 693 ± 127 738 ± 157 744 ± 192 746 ± 252 733 ± 186
AUClast (ng·h/mL) 21,375 ± 5208 25,245 ± 6165 25,325 ± 7589 26,606 ± 8774 26,956 ± 5262
Tmax (h)** 5 (3, 18) 5 (0.7, 6) 4 (0.3, 18) 5 (0.3, 24) 3 (2, 6)

Edasalonexent Dose (mg) in Fed Portion of Study

1000 2000 4000 6000
N = 8 N = 7 N = 6 N = 6

Edasalonexent
Cmax (ng/mL) 383 ± 305 996 ± 174 1108 ± 463 946 ± 563
AUClast (ng·h/mL) 801 ± 410 2331 ± 638 2852 ± 1076 3573 ± 1558
AUC� (ng·h/mL) 823 ± 421 2366 ± 640 2903 ± 1098 3643 ± 1576
t½ (h) 10.4 ± 8.0 19.0 ± 2.7 21.4 ± 7.8 20.3 ± 9.3
CL/F (L/h) 1747 ± 1450 906 ± 280 1549 ± 563 2764 ± 3247
Vz/F (L) 17,956 ± 7978 24,795 ± 8501 43,879 ± 16,125 51,552 ± 17,424
Tmax (h)a 1.8 (1.5, 4) 1.5 (1.5, 3) 1.5 (1, 1.5) 1.7 (1.5, 3)

Salicyluric acid N = 5 N = 7 N = 6 N = 6
Cmax (ng/mL) 193 ± 129 439 ± 130 500 ± 212 404 ± 220
AUClast (ng·h/mL) 849 ± 458 2004 ± 596 2512 ± 1036 2686 ± 915
t½ (h) ǂǂ 16.4 ± 14.3 24.7 ± 7.9 11.4 ± 12.6 19.6 ± 2.8
Tmax (h)b 2 (1.5, 3) 3 (2, 4) 3 (1.5, 3) 3 (2, 9)

DHA N = 8 N = 7 N = 6 N = 6
Cmax (ng/mL) 503 ± 138 610 ± 181 557 ± 138 559 ± 115
AUClast (ng·h/mL) 23,988 ± 5664 21,801 ± 4798 17,103 ± 5909 22,782 ± 4295
Tmax (h)** 6 (6, 72) 6 (0.3, 48) 6 (3, 6) 7.5 (4, 48)

DHA, docosahexaenoic acid; NR, not reported; SD, standard deviation; AUClast, area under the serum concentration-time curve from time 0 to time of last
quantifiable concentration;CL/F, apparent oral clearance;CI, confidence interval; Cmax,maximum observed plasma concentration; Tmax, time to Cmax; t½ ,terminal
half-life; Vz/F apparent volume of distribution.
aN = 7 for t½ , CL/F, and Vz/F.
bTmax expressed as the median (min, max).
ǂN = 3 for t½ .
ǂǂN = 3, 4, 4, and 5 for the 1000-, 2000-, 4000-, and 6000-mg dose groups, respectively.

Administration of a high-fat meal resulted in a
lack of bioequivalence for mean plasma edasalonexent
maximum and overall exposure by approximately 3-
to 8-fold (Table 3 and Figure 2A). Mean ratios of
fed/fasted ranged from 2.92 to 7.78 for Cmax, 3.69 to
8.13 for AUClast, and 3.64 to 7.97 for AUC�. Statistical
comparisons of plasma edasalonexent PK parameters
under fasting and fed conditions resulted in 90% CIs

outside the 80% to 125% interval, with the entire 90%
CIs above 100% (Table 3).

Plasma salicylic acid concentrations were below
quantifiable limits (<100 ng/mL) for all subjects un-
der fed or fasted conditions except 2 subjects with
detectable levels of salicylic acid prior to any edasa-
lonexent, (data not shown). In contrast, plasma concen-
trations of the salicylic acid metabolite salicyluric acid
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Figure 2. Effect of meals on edasalonexent and salicylic acid exposures.
Edasalonexent (A) and salicyluric acid (B) AUClast following dosing under
fed (squares,high-fat meal,50 g in Study 101; triangles,moderate-fat meal,
22 g in Study 102, day 1 or 14) or fasted (circles, Study 101) conditions.
Bars indicate SD.

were detectable, with the median Tmax values for salicy-
luric acid ranging from approximately 1 hour to 2 hours
under fasting conditions. Pharmacokinetic parameters
for salicyluric acid following a single edasalonexent
dose are shown in Table 2 and Table 4. Under fed
conditions, median Tmax was slightly delayed, occurring
between 2 and 3 hours and consistent with the edasa-
lonexent parent analyte. Significantly higher exposure
of salicyluric acid was observed under fed conditions.
Higher salicyluric acid levels were generally associated
with a slightly later median Tmax than was observed

for edasalonexent. Plasma concentrations of edasa-
lonexent and salicyluric acid over time are shown in
Figure 3A and 3B, respectively.Mean plasma salicyluric
acid exposure (Cmax and AUClast) generally increased
with increasing edasalonexent dose, although not in
a dose-proportional manner. Mean t½ values were
variable across treatments. Administration of a high-fat
meal increased mean plasma salicyluric acid maximum
and overall exposure (Figure 2B), but to a lesser extent
than observed for plasma edasalonexent, with mean
ratios ranging from approximately 123% to 242%.

Mean plasma DHA exposure was not influenced
by edasalonexent dosing under either fed or fasting
conditions, but instead by timing of meals, as reflected
in the lack of effect of edasalonexent dose level onmean
plasma DHA Cmax and AUClast values and the timing
of Tmax with respect to meals (Table 2); median Tmax

was generally prior to or shortly after first postdose
meal, ie, 6 hours postdose.

Multiple-Dose Pharmacokinetics
Pharmacokinetic parameters following daily dosing
with edasalonexent for 14 days are shown in Table 4.
Although parameters are presented following multiple
dosing, the results for the first dose administration were
generally consistent with those observed in Study 101.
Mean maximum and overall plasma exposure generally
increased with increasing doses of edasalonexent up to
4000 mg daily. Mean plasma edasalonexent exposure
demonstrated slight accumulation after multiple doses,
with accumulation ratio values ranging from 1.35 to
1.67 across dose levels. The median plasma edasalonex-
ent Tmax,ss values following the morning dose on day 14
ranged from 1.75 hours to 3 hours.

Mean, maximum, and overall plasma salicyluric
acid exposure generally increased with increasing mul-
tiple (day 14) doses of edasalonexent, although not
in proportion to dose (Table 4). Plasma salicylic
acid concentrations were below quantifiable limits
(<100 ng/mL) for all subjects except subjects taking
low-dose aspirin (acetylsalicylic acid, data not shown).

Table 3. Comparison of Pharmacokinetic Parameters Under Fed and Fasted Conditions

Geometric LS Means

Edasalonexent Dose (mg) Parameters Fed Fasted Mean Ratio (Fed/Fasted × 100) 90%CI

1000 Cmax (ng/mL) 284 48 587 249–1384
AUClast (ng·hr/mL) 689 119 578 322–1035

2000 Cmax (ng/mL) 983 126 778 421–1435
AUClast (ng·hr/mL) 2265 279 813 504–1309

4000 Cmax (ng/mL) 1034 212 489 320–746
AUClast (ng·hr/mL) 2508 679 369 266–513

6000 Cmax (ng/mL) 770 264 292 112–763
AUClast (ng·hr/mL) 3096 662 468 184–1188

Parameters were ln-transformed prior to analysis, and the geometric least-squares (LS) means were calculated by exponentiating the LS means from the ANOVA.
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Table 4. Edasalonexent Plasma Pharmacokinetic Parameters Following Multiple Edasalonexent Doses (Days 1 and 14, Study 102)

Edasalonexent Dose Day 1

Parameters 300 mg QD 1000 mg QD 1000 mg BID 2000 mg BID
N = 6 N = 8 N = 9 N = 9

Edasalonexent
Cmax (ng/mL) 20 ± 8.2 155 ± 143 235 ± 109 307 ± 182
AUClast (ng·h/mL)a 54 ± 15 391 ± 244 380 ± 122 794 ± 349
t½ (h)b 1.8 ± 0.9 8.1 ± 6.3 U U
CL /F (L/h) 5034 ± 1435 2792 ± 1343 U U
Vz/F (L) 13,094 ± 5859 26,004 ± 18,287 U U
Tmax (h) 1.5 (1.0, 4.0) 3.0 (2.0, 6.0) 2.0 (1.0, 3.0) 2.0 (1.5, 4.0)

Salicyluric Acid N = 5 N = 2 N = 4 N = 3
Cmax (ng/mL) 21 ± 11 (132, 154) 197 ± 79 170 ± 80
AUClast (ng·h/mL)a 169 ± 43 (473, 529) 697 ± 406 612 ± 174
t½ (h)ǂ 9.7 ± 4.9 (6.9, 20.9) U U
Tmax (h) 4.0 (3.0, 6.0) (2.0, 3.0) 2.0 (2.0, 2.0) 3.0 (1.5, 4.0)

DHA N = 6 N = 8 N = 9 N = 9
Cmax (ng/mL) 657 ± 275 895 ± 217 565 ± 96 596 ± 169
AUClast (ng·h/mL)a 10,219 ± 5193 13,093 ± 3349 2935 ± 413 3654 ± 1238
Tmax (h) 0 (0, 24) 16 (0.5, 23) 0 ± (0, 11) 0 (0, 11)

Edasalonexent Dose Day 14

300 mg QD 1000 mg QD 1000 mg BID 2000 mg BID
N = 6 N = 8 N = 9 N = 9

Edasalonexent
Cmax,ss (ng/mL) 34 ± 14 212 ± 88 237 ± 123 354 ± 149
AUCτ(ng·h/mL)a 103 ± 48 582 ± 185 512 ± 175 1065 ± 414
t½ (h)b 18.9 ± 22.6 14.5 ± 10.0 U U
CLss/F (L/h) 3382 ± 1389 1854± 509 2243 ± 1034 2199 ± 999
Vzss /F (L) 80,164 ± 99,614 28,757 ± 16,316 U U
Tmax,ss (h) 1.75 (1.5, 6.0) 3.0 (1.5, 9.0) 3.0 (1.5, 6.0) 2.0 (1.0, 6.0)

Salicyluric Acid N = 5 N = 2 N = 4 N = 4
Cmax,ss (ng/mL) 32 ± 22 (32, 125) 226 ± 76 234 ± 93
AUCτ(ng·h/mL)a 227 ± 84 (448, 478) 808 ± 336 1047 ± 407
t½ (h) 15.3 ± 4.2 (53.4 53.4) 2.1, 3.8 3.7 ± 1.3
Tmax,ss (h) 2.0 (2.0, 6.0) (3.0, 12.0) 2.5 (2.0, 4.0) 2.5 (2.0, 4.0)

DHA N = 6 N = 8 N = 9 N = 9
Cmax,ss (ng/mL) 694 ± 314 749 ± 171 695 ± 208 806 ± 164
AUCτ(ng·h/mL)a 10130 ± 3972 11127 ± 3177 3918 ± 835 4654 ± 966
Tmax,ss (h) 0 (0, 24) 24 (0, 24) 0 (0, 10.5) 0 (0, 10.5)

Values expressed as mean ± SD except for Tmax presented as median (range) or as individual values where n < 2. BID, twice daily; DHA, docosahexaenoic
acid; QD, once daily; U, measurement was unreliable; AUCτ , area under the serum concentration-time curve for dosing period; CLss/F, steady-state apparent
clearance (as a function of bioavailability);Cmax,ss,maximum observed steady-state serum concentration; SD, standard deviation;Tmax,ss, steady-state time to Cmax;
t½ , terminal half-life; Vzss/F, steady-state apparent volume of distribution (as a function of bioavailability).
aDosing interval was 0-24 hours postdose for QD cohorts and 0-10.5 hours postdose for BID cohorts.
bN = 4 and 7 on day 1, and N = 5 and 3 on day 14 for the 300 and 1000 mg QD groups, respectively.
ǂN = 3 and 2 on day 1 and N = 3 and 1 on day 14 for the 300 and 1000 mg QD groups, respectively.

Plasma DHA exposure did not appear to increase in
response to multiple doses of edasalonexent, as shown
by the lack of effect of edasalonexent dose on mean
plasma DHA Cmax or AUC values (Table 4).

Pharmacodynamics: NF-κB Activity. In Study 102, LPS-
stimulated p65 activity was reduced for 5 of 8 subjects
receiving 14 days of edasalonexent treatment (4000 mg

daily) but not in 3 subjects receiving placebo. Mean
(SEM) p65 activity level for subjects in the edasalonex-
ent group was 8600 (3276) LU/μg protein prior to
dosing on day –1 and decreased by 76% to 2038 (3184)
LU/μg protein at day 14. In contrast, mean p65 activity
for 3 subjects receiving placebo was not changed from
pretreatment to day 14 (6135 and 7363 LU/μg protein,
respectively).
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Figure 3. Edasalonexent and salicylic acid exposures over time. Mean
edasalonexent (A) and salicyluric acid (B) plasma concentrations over
time following a single edasalonexent dose of 1000, 2000, 4000, or 6000
mg under fed conditions. Bars indicate SD.

Also, in Study 102 edasalonexent treatment de-
creased expression of genes in NF-κB and proteo-
some gene sets. The expression of a predefined NF-κB
pathway gene set (14 genes: CHUK, FADD, IRF3,
MMP9,MYP88,NFKB1,NFKBIA,RIPK1, TICAM2,
TLR2, TLR4, TNF, TNFAIP3, and TNFRSF1B) was
significantly decreased (P= .02) after 2 weeks of edasa-
lonexent treatment in comparison to day 1. Similarly,
a predefined proteosome gene set (8 genes: PSMA5
[alpha5], PSMA7 [alpha4], PSMB1 [beta6], PSMB2
[beta4], PSMB3 [beta3], PSMB5 [beta5], PSMB6
[beta1], and PSMC3 [Rpt5]) was also significantly
downregulated (P = .002) on edasalonexent treatment.
Expression of these gene sets was not significantly
reduced on treatment with placebo.

For subjects in Study 103, therewas a statistically sig-
nificant inhibition of NF-κB p65DNAbinding activity
(P < .005) in PBMC nuclear extracts isolated from
LPS-stimulated whole blood following a single 2000-
mg dose of edasalonexent (Figure 4A). In contrast,
inhibition was not observed following a single admin-
istration of equimolar doses of salsalate and DHA or
placebo. The majority of subjects (7/8) had reductions
in p65 activity following edasalonexent administration

(Figure 4B) compared to salsalate and DHA (2/8) or
placebo (3/8)

For subjects with type 2 diabetes in Study 102, dosing
of edasalonexent at 300 mg QD to 2000 mg BID for
up to 14 days did not appear to alter PD markers of
glucose, lipid homeostasis, or hsCRP (data not shown).

Safety and Tolerability. There were no serious adverse
events, dosing interruptions, or discontinuations due to
adverse events during any of the studies. Vital signs
and ECG parameters remained within normal limits
postdose, with minimal changes from baseline, and
there were no clinically significant changes in labora-
tory values for any subject. The list of adverse events for
Studies 101 and 102 occurring in more than 1 subject
are shown in Table 5. There were no adverse events
reported in Study 103.

In Study 101, 54 adverse events were reported over-
all. In the fasted portion of the study, 11/44 subjects
(1 subject in the placebo group and 1, 1, 2, 4, and 3
subjects in the 300, 1000, 2000, 4000, and 6000 mg/day
edasalonexent groups, respectively) reported 17 adverse
events following the single dose. The majority (15/17)
were mild in severity. Two events (1 of headache in a
subject in the 4000-mg group and 1 of herpes zoster
in a subject in the 4000-mg group) were moderate in
severity. Headache was the most common event in the
fasted portion of the study. In the fed portion of the
study, 18/35 subjects (4 subjects in the placebo group,
and 1, 2, 16, and 13 subjects in the 1000-, 2000-,
4000-, and 6000-mg edasalonexent groups, respectively)
reported 37 adverse events following the single dose,
and all were mild. Headache and diarrhea were the
most common events. Gastrointestinal adverse events
occurred primarily with single doses of 4000 and 6000
mg and were infrequent at lower doses.

For the 44 subjects in Study 102 receiving edasa-
lonexent or placebo for 14 days, 16 (4 subjects in the
placebo group, and 7, 4, 2, and 10 subjects in the 300,
1000, 2000, and 4000 mg/day edasalonexent groups,
respectively) reported 27 treatment-emergent adverse
events, the majority of which (25/27) were mild in
severity. There was no dose-dependent trend in adverse
event incidence. One subject in the 2000-mg group had
a headache considered severe and another headache
event of moderate intensity. A subject in the 300-mg
group had a urinary tract infection of moderate inten-
sity.Diarrhea and upper respiratory tract infectionwere
the most common adverse events in subjects receiving
edasalonexent.

Discussion
The 3 phase 1 studies described in this paper support
the safety and tolerability of edasalonexent in healthy
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Figure 4. NF-κB target engagement on treatment with edasalonexent (Study 103). A, Mean (SEM) percentage reduction relative to pretreatment
values in nuclear NF-κB p65 DNA binding following administration of placebo, edasalonexent (2000 mg), or salsalate (500 mg) + DHA (1400 mg).
*Statistically significant reduction vs placebo (P < .005). B, Individual p65 responses for the 3 treatment groups.

adults and in adults with chronic inflammation (ie, type
2 diabetes32,33). No safety concerns were identified in
the 79 subjects treated with single doses up to 6000-mg
under fed or fasted conditions or multiple doses up to
4000mg daily for 14 days under fed conditions. No sub-
ject withdrew due to an adverse event, and there were

no clinically significant abnormalities in laboratory,
ECG, or vital sign assessments. Neither quantifiable
salicylic acid levels nor dose-dependent increases in
DHA were detected in plasma, indicating that cleavage
of edasalonexent to release its active components does
not occur outside of the cellular compartment.

Table 5. Treatment-Emergent Adverse Events Occurring in >1 Subject in Studies 101 and 102a

Study 101 Daily Dose (mg) Study 102 Daily Dose (mg)

Placebo 300 1000 2000 4000 6000 Total Placebo 300 1000 2000 4000 Total
N = 13 N = 6 N = 8 N = 8 N = 9 N = 8 N = 52b N = 12 N = 6 N = 8 N = 9 N = 9 N = 44

No. of adverse events 6 1 2 7 23 15 54 4 7 4 2 10 27
Adverse events Subjects (%)
Diarrhea 0 1 (17) 0 1 (14) 5 (56) 2 (25) 9 (20) 0 0 0 0 2 (22) 2 (5)
Headache 2 (25) 0 0 1 (14) 1 (11) 4 (50) 8 (17) 0 0 0 1 0 1 (2)
Abdominal pain, upper 0 0 0 0 3 (33) 1 (13) 4 (9) 0 0 0 0 0 0
Dyspepsia 0 0 0 0 2 (22) 1 (13) 3 (7) 0 0 1 (13) 0 0 1 (2)
Nausea 0 0 1 (13) 0 0 2 (25) 3 (7) 0 0 0 0 1 (11) 1 (2)
Dizziness 0 0 0 1 (14) 1 (11) 0 2 (4) 0 1 (17) 0 0 0 1 (2)
Gastroenteritis 0 0 0 0 0 0 0 1 (8) 0 1 (13) 0 0 2 (5)
Upper RT infection 0 0 0 0 0 0 0 0 0 0 0 2 (22) 2 (5)
Wheezing 1 (13) 0 1 (13) 0 0 0 2 (4) 0 0 0 0 0 0

RT, respiratory tract.
aNo adverse events were reported in Study 103.
bAll subjects participating in the fed, fasted, or both fed and fasted parts of the study; 44 subjects participated only in the fasted portion of the study, 23 subjects
continued, and 8 new subjects participated in the fed portion. Subjects with adverse events in both portions of the study are counted once. Descriptions of
subjects with events during the fasted vs the fed portion of the study are provided in the text.
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Proof of concept for the mechanism of action
of edasalonexent was demonstrated by the statisti-
cally significant 70% reduction in LPS-stimulated NF-
κB activity as well as decreased NF-κB p65 DNA
binding activity. After 14 days of dosing with 4000
mg daily, edasalonexent inhibited unstimulated NF-
κB target genes and proinflammatory genes in subjects
with type 2 diabetes mellitus. There is substantial evi-
dence that patients with type 2 diabetes have low-grade
inflammation.34 In fact, inhibition of NF-κB with
salicylates has been shown to improve parameters of
glucose homeostasis.35 We believe that demonstration
of NF-κB inhibition in subjects not affected by DMD
is a relevant first step supporting studies in pediatric
patients with DMD.

NF-κB is a key signaling molecule in skeletal muscle
disease.14 In in vitro systems, DHA and salicylic acid
suppress translocation of activated NF-κB from the
cytoplasm to the nucleus and decrease nuclear p65
expression.15,25,36 Specific FAAH-mediated hydrolysis
of the covalent link that conjugates salicylic acid to
DHA in edasalonexent allows the simultaneous intra-
cellular delivery of both of these inhibitors of activated
NF-κB without significant systemic exposure, thereby
synergistically increasing the activity of thesemolecules
to inhibit NF-κB while potentially eliminating extra-
cellular activities that may underlie nonspecific toxicity
and side effects of the componentmolecules, something
that cannot be achieved by coadministration of the
individual molecules. This approach was validated for
this novel small-molecule drug candidate as demon-
strated by significant reduction in NF-κB p65 DNA
binding activity following edasalonexent administra-
tion, in contrast to oral administration of equimolar
concentrations of unconjugated salicylic acid and
DHA,which had no effect onNF-κBp65DNAbinding
activity.

Although background sources from diet and the
environment37,38 can complicate interpretation of sal-
icylic acid results, edasalonexent did not produce quan-
tifiable plasma salicylic acid. These data support the
hypothesis that edasalonexent is stable in plasma and
absorbed by cells intact. Edasalonexent is then cleaved
intracellularly, where salicylic acid is released and
converted to salicyluric acid by glycine conjugation.39

Edasalonexent and plasma salicyluric acid levels
increased with edasalonexent doses and with a high-
fat meal. DHA levels did not increase with increas-
ing edasalonexent dose, presumably due to prolonged
residence time of DHA in cellular membranes, where
the half-life for DHA following oral administration is
greater than 2 days.40

A substantial difference in edasalonexent exposure
was observed in Study 101 between the fasted and
high-fat meal-fed groups. The AUC for edasalonexent

in subjects fed a moderate-fat meal in Study 102 was
substantially higher than that observed with fasting ad-
ministration in Study 101, supporting the administra-
tion of edasalonexent withmeals containing some fat in
future clinical studies. Observations of plateaus in Cmax

andAUC above the 2000-mg dose may be due to limita-
tions in absorption given the hydrophobic nature of the
molecule. Initial PK and safety studies in pediatric pa-
tients with DMD include divided daily doses of 33, 67,
and 100 mg/kg, which correspond to 2000-, 4000-, and
6000-mg doses for a 60-kg adult.41

The edasalonexent doses used in the phase 1 studies
included those that will be tested on a weight-adjusted
basis in the DMD pediatric patient population. Of
note, the exposures following these single and multiple
doses were greater than those found to be pharmaco-
logically active in mouse and dog models of DMD,
in which edasalonexent or analogues demonstrated
disease-modifying activity.31 The level of NF-κB inhi-
bition necessary for clinical benefit in DMD patients
is not known. However, ablation of 1 allele of the
p65 subunit of NF-κB (ie, a 50% reduction in amount
of activated NF-κB) was sufficient to significantly im-
prove pathology inmdxmice, implying that suppression
rather than complete inhibition of activated NF-κB
may be sufficient for improvement in muscle pathology
and function.13 Because muscle progenitor cells are
exhausted very early in muscles of DMD patients
due to futile rounds of degeneration and regeneration
cycles, the ability of edasalonexent to block NF-κB
activity and maintain or allow replenishing of the
progenitor population even partially could be disease
modifying.

Targeting NF-κB with edasalonexent has the po-
tential to be effective in all DMD patients, regard-
less of the underlying dystrophin mutation, either
as monotherapy or when used in combination with
other therapies, including dystrophin- or myostatin-
targeted therapies. Several drug candidates in clinical
development for DMD (eg, ataluren42 and eteplirsen43)
target specific gene mutations in order to produce a
partially functional dystrophin protein. A recent study
in patients with Beckermuscular dystrophy investigated
the molecular basis for variable dystrophin levels in
muscle and proposed that chronic inflammation in
muscle microenvironments produces pathological mi-
croRNAs that inhibit dystrophin expression.44 Patients
withDMDreceiving dystrophin-targeted therapiesmay
benefit from a cotreatment that reduces muscle de-
generation and inflammation while it enhances muscle
regeneration.

A limitation of the current studies is that they were
conducted in adults, and effects in pediatric populations
need to be understood. A 2-part phase 1/2 clinical trial
in children with DMD is under way (NCT02439216) to
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assess PK, safety, and effects on MRI and functional
endpoints.

In conclusion, in 3 first-in-human studies in adults,
edasalonexent was observed to be safe and well toler-
ated and also to inhibit activatedNF-κB pathways, sug-
gesting potential utility as a therapy inDMD regardless
of the causative dystrophinmutation, as well as in other
NF-κB–mediated diseases.
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