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ABSTRACT

Eteplirsen, golodirsen, and casimersen are phosphorodiamidate mor-
pholino oligomers (PMOs) that are approved in the United States for
the treatment of patients with Duchenne muscular dystrophy (DMD)
with mutations in the DMD gene that are amenable to exon 51, 53, and
45 skipping, respectively. Here we report a series of in vivo and in vitro
studies characterizing the drug metabolism and pharmacokinetic
(DMPK) properties of these three PMOs. Following a single intrave-
nous dose, plasma exposure was consistent for all three PMOs in
mouse, rat, and nonhuman primate (NHP), and plasma half-lives were
similar for eteplirsen (2.0–4.1 h) and golodirsen (2.1–8.7 h) across spe-
cies and more variable for casimersen (3.2–18.1 h). Plasma protein
binding was low (<40%) for all three PMOs inmouse, rat, NHP, and hu-
man and was largely concentration independent. In the mdx mouse
model of DMD, following a single intravenous injection, extensive bio-
distribution was observed in the target skeletal muscle tissues and
the kidney for all three PMOs; consistent with the latter finding, the
predominant route of elimination was renal. In vitro studies using liver

microsomes showed no evidence of hepatic metabolism, and none of
the PMOs were identified as inhibitors or inducers of the human cyto-
chrome P450 enzymes or membrane drug transporters tested at clini-
cally relevant concentrations. These findings suggest that key DMPK
features are consistent for eteplirsen, golodirsen, and casimersen and
provide evidence for the concept of a PMO drug class with potential
application to novel exon-skipping drug candidates.

SIGNIFICANCE STATEMENT

The PMOs eteplirsen, golodirsen, and casimersen share similar ab-
sorption, distribution, metabolism, and excretion and DMPK proper-
ties, which provides evidence for the concept of a PMO treatment
class. A PMOdrug classmay support a platform approach to enhance
understanding of the pharmacokinetic and pharmacodynamic behav-
ior of these molecules. The grouping of novel agent series into plat-
forms could be beneficial in the development of drug candidates for
populations in which traditional clinical trials are not feasible.

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive neu-
romuscular disorder attributable to mutations in DMD, the gene encod-
ing dystrophin protein. These mutations result in the absence or
insufficient levels of functional dystrophin protein with consequential
muscle degeneration and necrosis (Bushby et al., 2010; Duan et al.,
2021). DMD is characterized by progressive and irreversible muscle

damage that is ongoing at birth and results in muscular weakness, delays
in motor function, loss of ambulation, impairment of respiration, and car-
diomyopathy (Bushby et al., 2010; Nascimento Osorio et al., 2019). Pre-
mature death as a result of cardiac or respiratory failure usually occurs
starting in the late teens or 20s (Bushby et al., 2010; Duan et al., 2021).
Treatment of DMD is primarily focused on managing disease symp-

toms with physiotherapy, corticosteroids, cardiac medications, and ventila-
tion support (Bushby et al., 2010; Duan et al., 2021). A microdystrophin
gene therapy, delandistrogene moxeparvovec, is indicated for the treatment
of DMD in patients aged 4 or older with a confirmed mutation in the
DMD gene (Elevidys, 2024). Although corticosteroids have been shown
to maintain muscle strength and function, associated side effects include
increased risk of bone fractures, behavioral changes, and weight gain
(Bello et al., 2015; Guglieri et al., 2022). Burden of care associated with
treatment of DMD can significantly impact patient and caregiver quality
of life (Duan et al., 2021; Landfeldt et al., 2018).
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Given that most DMD gene mutations cluster in the hotspot region of
exons 45–55 (Aartsma-Rus et al., 2009), a substantial proportion
(�43%) of DMD mutations are likely amenable to exon-skipping anti-
sense oligonucleotides. The use of targeted antisense oligonucleotides to
skip specific exons within the DMD gene has been an effective ap-
proach for the treatment of patients with DMD (Popplewell et al., 2009;
Mendell et al., 2013). Exon skipping restores the reading frame by
splicing out the exon bordering the mutated region in the targeted pre-
mRNA, allowing the production of an internally shortened but func-
tional dystrophin protein (Aartsma-Rus et al., 2009). Phosphorodiami-
date morpholino oligomers (PMOs) are exon-skipping agents with
strong sequence-specific binding to RNA targets (Popplewell et al.,
2009; Kole et al., 2012). PMOs have demonstrated favorable and pre-
dictable safety profiles in preclinical and clinical evaluations (Sazani
et al., 2010, 2011a,b; Mendell et al., 2013; Carver et al., 2016; Clemens
et al., 2020; Frank et al., 2020; Wagner et al., 2021), and they have
been shown to attenuate key disease milestones, including ambulatory
and pulmonary decline (Mendell et al., 2016, 2021; Servais et al., 2022)
and survival (Iff et al., 2024) when compared with matched natural his-
tory controls. Eteplirsen was the first PMO to be approved under accel-
erated approval by the US Food and Drug Administration (FDA) for
the treatment of patients with DMD mutations amenable to exon 51
skipping (Exondys 51, 2022). Subsequently, other PMOs were approved
under accelerated approval by the US FDA for the treatment of patients
with DMD mutations amenable to exon 53 (golodirsen, viltolarsen) and
exon 45 (casimersen) skipping (Viltepso, 2021; Vyondys 53, 2021;
Amondys 45, 2023).
Here we report findings from animals [mice, rats, and nonhuman pri-

mates (NHPs)] and in vitro systems (hepatic microsomes, human hepa-
tocytes, and human transporter proteins) intended to characterize the
absorption, distribution, metabolism, and excretion (ADME) and drug
metabolism and pharmacokinetic (DMPK) properties of PMOs, specifi-
cally focusing on eteplirsen, golodirsen, and casimersen, that guided the
clinical development and clinical pharmacology evaluations for the
treatment of DMD and further enhanced the understanding of PMOs as
a drug class. The molecular structures of these three PMOs are shown
(Fig. 1), and an overview of their molecular formulas and molecular
weights is provided (Table 1).

Materials and Methods

Study Design
A series of animal and in vitro studies was conducted during the development

of eteplirsen, golodirsen, and casimersen to evaluate their ADME and DMPK
properties. Animal studies complied with all local and national regulatory princi-
ples and guidelines for the use and care of laboratory animals. Procedures were in
compliance with the Animal Welfare Act, the Office of Laboratory Animal
Welfare, and the Guide for the Care and Use of Laboratory Animals. In vitro and
in vivo studies were conducted by Covance Laboratories Inc. (Madison, WI, USA)
and Charles River Laboratories Preclinical Services (Montreal, QC, Canada). All
studies were conducted and analyzed according to a predefined protocol.

Plasma Pharmacokinetic Properties
Plasma pharmacokinetic (PK) properties of eteplirsen, golodirsen, and

casimersen were assessed in mice, rats, and NHPs.
In mice, eteplirsen was administered to male CByB6F1 mice by a single intra-

venous (IV) bolus injection into the tail vein at a dose of 100, 300, 600, or
960 mg/kg (n 5 3 animals per dose group per timepoint). Blood was collected at
0.083, 0.5, 1, 4, 8, and 24 h postdose from the retro-orbital sinus following CO2

anesthesia. The plasma PK properties of golodirsen and casimersen were assessed
in male C57BL/6NCrl mice following a single dose of 12, 120, or 960 mg/kg
(n 5 3 animals per dose group per timepoint for each PMO) administered by IV
bolus injection into the caudal (golodirsen) or tail vein (casimersen). This dose
range is inclusive of the clinically approved dose of 30 mg/kg. Blood was

collected at 0.083, 0.25, and 0.5 h postdose and approximately 1, 2, 4, 8, 24, 36,
and 48 h postdose from the abdominal aorta (golodirsen) or via cardiac puncture
(casimersen) following isoflurane anesthesia.

In rats, plasma PK properties of all three PMOs were assessed in (14 days
postpartum) male Sprague–Dawley rats after a single dose of 100, 300, or
900 mg/kg (n 5 4 per dose group per timepoint for each PMO), administered by
IV injection into the tail vein. Blood was collected via the abdominal aorta follow-
ing isoflurane anesthesia 0.083, 0.25, 0.5, 1, 3, 8, and 24 h after dosing. Additional
blood collection occurred at 36 and 48 h postdose for golodirsen and casimersen.

Plasma PK properties of all three PMOs were also assessed in mature male
cynomolgus monkeys (NHPs) after a single dose of 5, 40, or 320 mg/kg (n 5 8
per dose group for eteplirsen and n 5 9 per dose group for golodirsen and casi-
mersen), administered by bolus IV injection via the saphenous vein. Blood sam-
ples were collected via femoral or saphenous vein at approximately 0.25, 0.5, 1,
2, 4, 12, and 36 h postdose; the additional timepoint of 48 h was assessed for go-
lodirsen and casimersen.

Concentrations of eteplirsen were measured using a validated high-performance
liquid chromatography with fluorescence detection assay [lower limit of quan-
titation (LLOQ): 10 ng/mL] for mouse and rat plasma samples or a validated
anion exchange high-performance liquid chromatography method with fluores-
cence probe hybridization (LLOQ: 10 ng/mL) for NHP plasma samples
(BASi, McMinnville, OR, USA). Golodirsen and casimersen were quantitated
in mouse, rat, and NHP plasma using a validated liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS; LLOQ: 10 ng/mL
for golodirsen and casimersen) assay at Tandem Laboratories (Salt Lake
City, UT, USA) (Supplemental Methods).

PK parameters were estimated by WinNonlin software (Certara, Princeton,
NJ, USA) using a noncompartmental approach and presented using descriptive
statistics. PK parameters included the back-extrapolated concentration at time
zero, elimination half-life (t1/2), area under the concentration–time curve (AUC)
from time zero to the last quantifiable timepoint, AUC from time zero to infinity,
total body clearance, and volume of distribution or volume of distribution at
steady-state. Nominal sampling times and doses were used. Concentration values
below the lower limit of quantitation were assigned a value of zero.

Plasma Protein Binding
Plasma protein binding of 14C-radiolabeled PMOs was assessed in vitro in

CD-1 mice, Sprague–Dawley rats, NHPs, and human samples. K2EDTA-
coagulated plasma samples for each species were purchased from Bioreclamation,
LLC (Westbury, NY, USA). Animal samples comprised pooled plasma obtained
from at least three male animals. Human samples comprised pooled plasma ob-
tained from three males who had reportedly not taken any medication in the pre-
vious seven days. Nominal concentrations of PMOs at 8, 24, 80, 240, and 800
lg/mL were assessed to encompass a wide range of doses inclusive of clinically
relevant concentrations. The extent of binding was assessed via ultrafiltration us-
ing filter plates (Millipore Corporation, Billerica, MA, USA) with semipermeable
membranes and a molecular weight of approximately 30,000 Da. Samples were
centrifuged at 37�C and 2000 × g for 30 minutes. All determinations were per-
formed in triplicate.

Distribution and Excretion in a DMD Mouse Model
Radiolabeled mass balance studies to evaluate PMO distribution and excretion

were performed in male mdx mice (C57BL/10ScSn-DMDmdx; stock #001801)
obtained from Jackson Laboratory (Bar Harbor, ME, USA) (Bulfield et al., 1984;
Ryder-Cook et al., 1988; Sicinski et al., 1989). These mice carry a point mutation
in exon 23 of the DMD gene, which prevents expression of dystrophin. A single
IV bolus dose of 120 mg/kg 14C-radiolabeled PMOs was administered via tail
vein; the dose was formulated to result in a radioactivity level of 300 lCi/kg of
animal weight. Concentrations of radioactivity in plasma and tissues were deter-
mined by liquid scintillation counting using a 2900TR liquid scintillation counter
(Perkin Elmer, Shelton, CT, USA).

Tissue Biodistribution. After the single IV dose of PMO, blood samples
were collected from three mice at each of the following timepoints after sacrifice:
0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 72, 96, 120, and 144 h postdose. Tissue from
the diaphragm, biceps brachii, tibialis anterior, biceps femoris, quadriceps, brain,
heart, and kidneys were collected at 0.25, 1, 4, 8, 24, 48, 96, 120, and 144 h
postdose. Quantitative whole-body autoradiography was conducted on one ani-
mal per timepoint killed at 4, 24, 72, 120, 336, and 1344 h postdose to examine
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tissue distribution. Tissue sections (40-mm thickness) were collected at six levels
of interest (sagittal plane), mounted, then wrapped with Mylar film and exposed
on phosphorimaging screens for 4 days, along with blood standards for calibra-
tion of the image analysis software. Exposed screens were scanned using a Storm
860 Molecular Imager (Molecular Dynamics) for eteplirsen or Typhoon laser
scanner (Cytiva, Marlborough, MA, USA) for golodirsen and casimersen.

A calibrated standard curve was created by sampling image data using
MCID Analysis software (InterFocus Imaging Ltd., Cambridge, UK). Tissue
concentrations were calculated from each standard curve as nanocuries/g
and converted to ng equivalents/g based on specific activity.

Excretion. Excretion of 14C-radiolabeled PMOs (total radioactivity) was as-
sessed in urine and feces collected over 336 h postdose from nine group-housed

Fig. 1. Molecular structures of eteplirsen (A), golodirsen (B), and casimersen (C).
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(n 5 3/cage) male mice at intervals of 0–24, 24–48, 48–72, 72–120, 120–168,
and 168–336 h postdose (eteplirsen) and every 24 h through 336 h (golodirsen
and casimersen).

Characterization of Metabolites. Selected samples of plasma, urine, and
feces were analyzed for the parent compounds and metabolites by LC-MS analy-
sis. Samples were pooled by body sample group and collection time or interval.
Plasma samples were pooled in accordance with a time-weighted scheme to gen-
erate samples representative of the AUC.

In Vitro Metabolism
Metabolism was evaluated by incubating PMOs with pooled hepatic mi-

crosomes from CD-1 male mice, Sprague–Dawley rats, NHPs, and humans,
which were obtained from Celsis In Vitro Technologies (Baltimore, MD, USA).
14C-radiolabeled PMOs (8 and 80 lg/mL) were incubated with microsomes
(1 mg protein/mL) in the presence of 1 mM nicotinamide adenine dinucleotide
phosphate (NADPH) at 37�C for 0, 30, 45, 60, and 120 minutes. Control incu-
bations were conducted in the absence of NADPH for 0 and 120 min. Concen-
trations of PMOs after incubation were quantitated by LC-MS/MS, and all
incubations were performed in triplicate. Metabolic activity of microsomes
was confirmed by measuring phase I (7-ethoxycoumarin O-deethylase) activity
(Tee et al., 1985; Bayliss et al., 1994).

Interaction With Human Cytochrome P450 Enzymes
Interaction of PMOs with human cytochrome P450 (CYP) enzymes was eval-

uated by incubating PMOs with resurrected cryopreserved human hepatocytes
from three donors (Triangle Research Laboratories, Charlottesville, VA, USA)
and comparing the effects with those of a prototypical inducer/inhibitor and a
noninducer/inhibitor (with appropriate solvent controls) for each isoenzyme.

CYP Induction. PMO induction of CYP1A2, CYP2B6, and CYP3A4/5 was
assessed by incubation with hepatocytes for 72 h. Prototypical inducers were
omeprazole (CYP1A2), phenobarbital (CYP2B6), and rifampicin (CYP3A4/5),
while flumazenil was the noninducer. Assessment of CYP enzyme induction was
performed by measurement of CYP enzyme gene expression and CYP enzyme
activity. Gene expression was assessed with real-time polymerase chain reaction
using the comparative cycle time methodology and the TaqMan RNA-to-CT
1-Step kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
CYP enzyme activity was evaluated by measuring the rate of production of rele-
vant metabolites using LC-MS/MS.

CYP Inhibition. Direct (reversible) and metabolism-dependent inhibitory po-
tential of PMOs on CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4/5 were characterized by incubating PMOs with pooled
human hepatic microsomes from 50 individuals (25 males and 25 females) ob-
tained from Celsis In Vitro Technologies. CYP substrates were quantified by
LC-MS/MS. All sample and control incubations were performed in triplicate.

For direct inhibition, assays of CYP-selective enzyme activities were per-
formed in the absence and presence of PMOs at eight concentrations (eteplirsen
range: 0.00149–6.66 mg/mL; golodirsen range: 0.00137–6.25 mg/mL; and casi-
mersen range: 0.00115–6.25 mg/mL). If > 50% inhibition was observed, the
IC50 of PMO for each CYP isoenzyme was calculated and the inhibition constant
(Ki) was determined, as well as the type of inhibition (e.g., competitive, noncom-
petitive, mechanism based).

Metabolism-dependent inhibition was assessed by adding isoenzyme-selective
substrates after preincubation of eteplirsen at 0.639, 2.13, and 6.66 mg/mL; golo-
dirsen at 0.563, 1.88, and 6.25 mg/mL; and casimersen ranging from 0.473 to
6.25 mg/mL in the presence and absence of NADPH at 37�C for 30 minutes.

Interaction With Membrane-Bound Drug Transporters
Studies were conducted to determine if eteplirsen is a substrate and/or an inhibi-

tor of the following human transporters: bile salt export pump (BSEP), breast
cancer resistance protein (BCRP), multidrug resistance protein 2 (MRP2), organic
anion transporter (OAT) 1, OAT3, organic anion transporting polypeptide (OATP)
1B1, OATP1B3, organic cation transporter (OCT) 1, OCT2, and P-glyco-
protein (P-gp). For golodirsen and casimersen, the following transporters
were assessed: OAT1, OAT3, OCT2, OATP1B1, OATP1B3, multidrug and
toxin extrusion (MATE1), MATE2-K, P-gp, BCRP, and MRP2. The con-
centrations of radiolabeled PMOs and transporter substrates were deter-
mined by liquid scintillation counting (LSC).

Interaction with uptake transporters (OAT1/3, OCT1/2, OATP1B1/3, MATE1,
MATE2-K) was assessed by incubating PMOs with Chinese hamster ovary cells
stably transfected with vector pCMV6 (eteplirsen) or human embryonic kidney
293 cells transiently transfected using vector pCMV-XL4 (golodirsen and casi-
mersen). Assessment of eteplirsen as a substrate was evaluated by measurement
of uptake of 14C-eteplirsen (8 and 80 lg/mL) for 5, 15, and 30 min in the absence
and presence of a known inhibitor. The inhibiting properties of 14C-eteplirsen
(80 and 800 lg/mL) on drug transporters was conducted in the presence and ab-
sence of a known inhibitor and substrate for 5 min (OAT1, OAT3, OCT1, and
OATP1B3) or 15 min (OCT2 and OATP1B1). Evaluation of 14C-golodirsen and
14C-casimersen (10 and 100 lg/mL) as a substrate for each transporter was con-
ducted in the presence of vehicle or selective inhibitor for 2 min (MATE1,
MATE2-K) or 5 minutes (all other transporters). Assessment of 14C-golodirsen
and 14C-casimersen (100 and 1000 lg/mL) as an inhibitor was conducted in the
presence of vehicle and selective inhibitor. The concentrations of radiolabeled
PMOs were determined by LSC.

Interactions between PMOs and the efflux transporters P-gp and BCRP were
assessed using Caco-2 cells. Assessment of 14C-eteplirsen (8 and 80 lg/mL) as a
substrate was determined in the presence of vehicle and known inhibitor for 1, 2,
3, and 4 h and as an inhibitor (80 and 800 lg/mL) in the presence of vehicle and
known inhibitor for 1 h. Determination of 14C-golodirsen and 14C-casimersen
(10 and 100 lg/mL) as a substrate was evaluated in the presence of vehicle and
known inhibitor and as an inhibitor (100 and 1000 lg/mL) in the presence of ve-
hicle and known inhibitor at 37�C for 2 h. The concentrations of radiolabeled
PMOs were determined by LSC.

For assessment of PMO interactions with the MRP2 efflux transporter, mem-
brane vesicles prepared from baculovirus-infected insect cells (Sf9) expressing
MRP2 proteins were obtained from GenoMembrane (Yokohama, Japan). For
eteplirsen, the substrate assay was conducted in the presence of substrate proben-
ecid (1000 lM), vehicle, and eteplirsen (80 and 800 lg/mL); the inhibitor assay
was conducted in the presence of substrate (leukotriene C4), vehicle, and ete-
plirsen (80 and 800 lg/mL). For golodirsen and casimersen, the substrate assay
(10 and 100 lg/mL) was conducted in the presence of vehicle or selective inhibi-
tor (MK571 100 lM); the inhibitor assay (1000 and 1000 lg/mL) was conducted
in the presence of vehicle and selective inhibitor (MK571 100 lM). The concen-
trations of radiolabeled substrate were determined by LSC.

For BSEP interaction assessment, inside-out human BSEP membranes derived
from insect cells (Sf9) infected with a recombinant baculovirus encoding the
cDNA for human BSEP were obtained from GenoMembrane. Evaluation of ete-
plirsen as a substrate (8 and 80 lg/mL) or as an inhibitor (80 and 800 lg/mL) of
BSEP was assessed in the presence of substrate (taurocholic acid), vehicle, or in-
hibitor (bosentan 200 lM). The concentrations of radiolabeled substrate were de-
termined by LSC.

TABLE 1

Comparison of molecular characteristics between eteplirsen, golodirsen, and casimersen

PMO Molecular formula Molecular weight (Daltons) Linked subunits

Eteplirsen C364H569N177O122P30 10305.7 30
Sequence of bases from the 50 end to 30 end: CTCCAACATCAAGGAAGATGGCATTTCTAG

Golodirsen C305H481N138O112P25 8647.28 25
Sequence of bases from the 50 end to 30 end: GTTGCCTCCGGTTCTGAAGGTGTTC

Casimersen C268H424N124O95P22 7584.5 22
Sequence of bases from the 50 end to 30 end: CAATGCCATCCTGGAGTTCCTG

Comparable DMPK Across PMOs for DMD 1399
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Statistical Analyses
For the metabolism, CYP, membrane-bound drug transporter interaction stud-

ies, plasma protein binding, and DMD mouse model studies, statistical analyses
were limited to descriptive statistics such as mean, S.D., and relative S.D., where
appropriate.

Results

Plasma Pharmacokinetics
After a single IV dose, the plasma concentration–time profile ap-

peared biphasic across all three PMOs in all three species was tested,

Fig. 2. Plasma concentration–time profiles of PMOs after a single
dose in mice (A), rats (B), and NHPs (C). Doses shown are those
considered most relevant to humans. The eteplirsen analyses were
conducted in CByB6F1 mice; the golodirsen and casimersen analyses
were performed in C57BL/6NCrl mice. Plots show mean ± S.D.
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 at A
SPE

T
 Journals on D

ecem
ber 24, 2024

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


with a rapid initial distribution phase (up to 8 h postdose in mice and
rats and up to 12 h postdose in NHP) followed by a longer terminal
elimination phase (up to 24 h postdose in mice and rats and up to 48 h
postdose in NHP) (Fig. 2). The plasma t1/2 [median (range), h] were 4.1
(1.0–5.8) (mouse), 2.0 (1.9–2.0) (rat), and 3.9 (1.9–4.0) (NHP) for ete-
plirsen; 2.1 (0.6–3.7) (mouse), 3.4 (2.7–11.6) (rat), and 8.7 (1.7–8.7)
(NHP) for golodirsen; and 18.1 (15.3–20.8) (mouse), 11.9 (8.7–12.4)
(rat), and 3.2 (1.4–6.1) (NHP) for casimersen (Table 2). Following IV
administration of a single dose, the plasma drug exposure of the
three PMOs increased with dose in mice (12–960 mg/kg), rats
(100–900 mg/kg), and NHPs (5–320 mg/kg) (Fig. 3, A–C).

Plasma Protein Binding
The average percentage of plasma protein binding in mouse, rat,

NHP, and human plasma was low for all three PMOs and was largely
concentration independent at concentrations assessed (8, 24, 80, 240,
and 800 lg/mL), with an unbound fraction > 60% in the species tested
(Table 3). Mean (S.D.) unbound plasma protein was 78.4% (3.46)
(mouse), 92.3% (6.40) (rat), and 96.3% (3.08) (NHP) for eteplirsen;
63.8% (6.21) (mouse), 79.9% (6.10) (rat), and 64.3% (1.47) (NHP) for
golodirsen; and 82.6% (11.3) (mouse), 78.9% (8.69) (rat), and 86.9%
(8.49) (NHP) for casimersen. In human plasma, mean (S.D.) unbound
protein was 86.7% (4.14) for eteplirsen, 62.8% (2.43) for golodirsen,
and 78.8% (10.1) for casimersen.

Distribution and Excretion in the DMD Mouse Model
PK parameters in blood and plasma after a single injection of radiola-

beled PMOs in mdx mice are shown in Table 4. Blood-to-plasma con-
centration ratios at time of maximum observed concentration (0.083 h)
were 0.547 (eteplirsen), 0.622 (golodirsen), and 0.633 (casimersen), in-
dicating no preferential binding of radioactivity or drug sequestration to
the cellular component of blood. PK data were consistent with the find-
ings of the nonradiolabeled studies (Supplemental Table 1).
Tissue Biodistribution. After a single injection, the concentration–

time profiles of all three 14C-PMOs appeared to be similar in plasma and
in each of the tissues tested (selected tissues shown in Fig. 4; additional
tissues shown in Supplemental Fig. 1). The highest levels of tissue expo-
sure were identified in the kidney for all three PMOs. Extensive distribu-
tion of all three PMOs was observed in the target skeletal muscle tissues
assessed (Fig. 4, Supplemental Fig. 1). Maximum concentrations of
14C-PMOs were reached at 0.25 h postdose in all eight tissues examined
for all three PMOs, with the exception of golodirsen in the brain (peak
concentration at 1 h postdose). Tissue-to-plasma exposure ratios (AUC
from time zero to the last measurable concentration) ranged from 0.9–1.4
in heart, 1.6–1.9 in quadriceps, and 49–103 in kidney (Fig. 5), indicating
increased drug accumulation in the kidney. All skeletal muscle tissues ana-
lyzed had measurable concentrations of 14C-PMO at 144 h postdose (time
of last measurable concentration) for all three PMOs. In plasma, time of
last measurable concentration values were 4, 8, and 24 h postdose for casi-
mersen, golodirsen, and eteplirsen, respectively.

In whole-body autoradiographic analyses, the highest levels of radio-
activity were found in urine and kidney, suggesting a predominantly re-
nal route of excretion.
Excretion. The mean total recovery of the administered dose follow-

ing a single IV administration of 14C-PMO through 336 h postdose was
83.2 ± 2.02% for eteplirsen, 93.1 ± 0.50% for golodirsen, and 90.3 ±
4.26% for casimersen. Renal excretion was the primary route of elimi-
nation for all three PMOs, with fecal elimination involved to a lesser
extent (Fig. 6). The mean percentage of radioactive dose recovered in
the urine in the first 24 h for eteplirsen was 28.3%, and mean percen-
tages of radioactive dose excreted by 336 h postdose were 42.6% in
urine and 15.9% in feces. Additional recoveries of the radioactive ete-
plirsen dose were found in the carcass (1.1%), cage rinse (17.4%), and
cage wash and cage wipes (10.2%). The majority of radioactive dose in
the urine was recovered in the first 24 h for golodirsen (71.2%) and ca-
simersen (66.5%). Mean percentages of radioactive dose excreted by
336 h postdose were 74.9% in urine and 9.6% in feces for golodirsen
and 68.9% in urine and 12.5% in feces for casimersen. Excretion of ra-
dioactivity was essentially complete for all three PMOs at 336 h
postdose.
Characterization of Metabolites. Radiochemical and LC-MS

analysis of plasma, urine, and feces indicated that golodirsen and casi-
mersen were metabolically stable and excreted primarily as unchanged
test articles in urine and feces (assessment not conducted for eteplirsen).

In Vitro Metabolism
All three PMOs were chemically stable in mouse, rat, NHP, and

human liver microsomes under the study conditions, with no dif-
ference versus controls, showing a lack of substantive time- and
NADPH-dependent metabolism (Supplemental Table 2). This is
consistent with the metabolic stability observed in mdx mice.

Interactions With Cytochrome P450 Enzymes
CYP Induction. Eteplirsen did not induce CYP2B6 or CYP3A4 en-

zymes. mRNA data suggested CYP1A2 induction for donors 2 and
3 only, while enzyme activity assessment suggested induction of CYP1A2
in all three donors. Induction of CYP1A2 mRNA by eteplirsen at
6.66 mg/mL was 2.51-, 6.69-, and 5.41-fold, and CYP1A2 enzyme ac-
tivity was 4.07-, 7.51-, and 5.28-fold. However, the levels of induction
were generally much lower than that of the prototypical inducer omep-
razole in all three donors. Induction of CYP1A2 mRNA by omeprazole
50 lM was 63.7-, 90.5-, and 46.5-fold, and CYP1A2 enzyme activity
was 35.5-, 21.7-, and 57.6-fold. Also, maximum plasma concentrations
(Cmax) of eteplirsen (30 mg/kg, once weekly) in DMD patients are sub-
stantially lower (0.06–0.08 mg/mL) (Mercuri et al., 2023). For golo-
dirsen, there was no induction of CYP2B6 and CYP3A4. A low level
of induction of CYP1A2 enzyme activity was observed only at the
highest concentration tested (6.25 mg/mL) and was not supported by in-
duction of CYP1A2 mRNA levels. In addition, the mean plasma Cmax

of golodirsen at a weekly dose of 30 mg/kg is much lower (0.05 mg/mL
(Frank et al., 2020). Therefore, low induction of CYP1A2 by golodirsen
is unlikely to result in clinically relevant drug–drug interactions. Simi-
larly for casimersen, no induction of CYP1A2, CYP2B6, and CYP3A4
enzymes was observed.
CYP Inhibition. No metabolism-dependent inhibition was observed

by eteplirsen, since similar microsomal CYP enzyme activity results
with eteplirsen were observed with or without 30-min preincubation
with NAPDH. Also, no direct inhibition by eteplirsen at a level > 50%
was observed for CYP2B6, CYP2C8, CYP2D6, or CYP3A4/5 at con-
centrations up to 6.66 mg/mL. Observed direct inhibition by eteplirsen
at 6.66 mg/mL was 13.1% for CYP2B6 (thioTEPA at 100 lM inhibited
CYP2B6 activity by 82.7%), 14.4% for CYP2C8 (montelukast at

TABLE 2

Half-life across all PMO dose levels

PMO Mouse Rat NHP

Eteplirsen 4.1 (1.0–5.8) 2.0 (1.9–2.0) 3.9 (1.9–4.0)
Golodirsen 2.1 (0.6–3.7) 3.4 (2.7–11.6) 8.7 (1.7–8.7)
Casimersen 18.1 (15.3–20.8) 11.9 (8.7–12.4) 3.2 (1.4–6.1)

Values are median (range), h.
Mouse: 12, 120, or 960 mg/kg for golodirsen and casimersen; 100, 300, 600, 960 mg/kg
for eteplirsen.
Rat: 100, 300, or 900 mg/kg. NHP: 5, 40, or 320 mg/kg.
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0.1 lM inhibited CYP2C8 activity by 64.5%), 10.6% for CYP2D6
(quinidine at 0.3 lM inhibited CYP2D6 activity by 79.6%), and
30.8% for CYP3A4/5 (ketoconazole at 0.2 lM inhibited CYP3A4/5
activity by 88.7%). Inhibition of CYP2C9 and CYP2C19 by ete-
plirsen was determined to be competitive (IC50 and Ki values are

shown in Supplemental Table 3). For CYP1A2, the Ki value was not
approximately half that of the IC50 value (characteristic for competitive
inhibition) (Supplemental Table 3), therefore mixed or noncompetitive
inhibition of CYP1A2 activity could not be ruled out. For golodirsen,
no metabolism-dependent or direct inhibition at a level > 50% was

Fig. 3. Plasma PK exposures of PMOs after a single dose in mice (A), rats
(B), and NHPs (C). All samples were collected immediately after single
doses of 5, 40, and 320 mg/kg in NHPs; 100, 300, and 900 mg/kg in rats;
and 12, 120, and 960 mg/kg (golodirsen and casimersen) in C57BL/6NCrl
mice or 100, 300, 600, and 960 mg/kg (eteplirsen) in CByB6F1 mice. Plots
show mean ± S.D. AUClast, area under the concentration–time curve from
time zero to the last measurable concentration.
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observed at concentrations up to 6.25 mg/mL. For casimersen, no me-
tabolism-dependent inhibition was observed, and no direct inhibition at
a level > 50% was observed for CYP1A2, CYP2B6, CYP2C8, or
CYP2D6 concentrations up to 5.89 mg/mL. Inhibition by casimersen
was competitive for CYP2C9, CYP2C19, and CYP3A4/5 (IC50 and Ki
values are shown in Supplemental Table 3).

Interaction With Membrane-Bound Drug Transporters
None of the PMOs were identified to be substrates or inhibitors of

the tested human transporters at clinically relevant concentrations, i.e.,
plasma Cmax in DMD patients at the clinically approved weekly dose of
30 mg/kg are 0.06 to 0.08 mg/mL for eteplirsen (Mercuri et al., 2023),
0.05 mg/mL for golodirsen (Frank et al., 2020), and 0.1 mg/mL for ca-
simersen (Wagner et al., 2021). Eteplirsen showed weak inhibition of
OCT1 and OATP1B1. Golodirsen showed weak inhibition of substrate
uptake by OATP1B3 and MATE2-K when tested at 100 and 1000 lg/mL,
with estimated IC50 values > 1000 lg/mL. Casimersen weakly inhib-
ited MATE1; the IC50 value was not determined but estimated to be
> 1000 lg/mL.

Discussion

These findings provide a comprehensive nonclinical PK evaluation of
eteplirsen, golodirsen, and casimersen, critical for the clinical develop-
ment and clinical pharmacology evaluation of this novel drug class.
Findings from both in vivo and in vitro studies demonstrated that key
ADME and DMPK features were broadly consistent across the three
PMOs tested. Single IV bolus administration of the three PMOs at simi-
lar doses (including the clinically approved dose of 30 mg/kg in NHP)
resulted in similar plasma PK exposures across all three PMOs in
mouse, rat, and NHP. Across a wide dose range inclusive of the thera-
peutic dose for DMD at 30 mg/kg, all three PMOs exhibited predomi-
nantly linear plasma PK and dose-proportional increases in plasma
exposure. Plasma protein binding of all three PMOs was low in all

species tested, including human plasma, and was largely independent of
PMO concentration across 8 to 800 lg/mL inclusive of the clinical ex-
posures at the therapeutic dose, allowing for extrapolation and compari-
sons across PMOs. Extensive biodistribution was observed in the target
muscle tissues, supporting effective target engagement and downstream
biological efficacy.
There was no evidence for hepatic metabolism of the PMOs in vitro

(mouse, rat, monkey, and human hepatic microsomes) or in vivo (golo-
dirsen and casimersen in the DMD mouse model), demonstrating meta-
bolic stability. In in vitro studies, none of the PMOs were identified as
substrates, inhibitors, or inducers of the human CYP enzymes or mem-
brane drug transporters tested at clinically relevant concentrations (Patel
et al., 2023). At high eteplirsen concentrations of 6.66 mg/mL (well
above the clinical plasma Cmax of 0.08 mg/mL (Mercuri et al., 2023),
modest CYP1A2 induction was observed in human cryopreserved hepa-
tocytes (compared with the prototypical CYP1A2 inducer omeprazole).
The mechanism of CYP1A2 induction remains uncertain, as CYP1A2
induction is regulated by the ligand-activated aryl hydrocarbon receptor
(AhR), which resides in the cytosol. As such, PMOs like eteplirsen are
generally taken up the cell by endocytosis (Takakusa et al., 2023) and
limited intracellular interaction is expected between eteplirsen and cyto-
solic AhR. In addition, AhR inducers are typically small molecules
(e.g., kynurenine, dioxin, omeprazole), which makes direct binding to
AhR by a larger PMO molecule like eteplirsen unlikely. An indirect
mechanism through modulation of CYP1A2 mRNA cannot be ruled
out, but scientific evidence for this is lacking. At the highest tested
in vitro concentration of 6.66 mg/mL, IC50 and Ki values suggest com-
petitive CYP2C9 and CYP2C19 inhibition by eteplirsen in human liver
microsomes (HLMs). The exact mechanism, however, requires confir-
mation as typically smaller molecules bind to the active site of
CYP2C9/19 enzymes (Flockhart, 2024). Also, HLMs may not have
been the most clinically relevant test system to evaluate the CYP inhibi-
tory potential of PMOs. For example, phosphorothioate antisense oligo-
nucleotides were found to be potent inhibitors of CYP and UGT
enzymes in HLMs, but little to no inhibition was found in cryopre-
served human hepatocytes (Kazmi et al., 2018). Cellular uptake of these
oligonucleotides by endocytosis sequestering them from CYP and UGT
enzymes could be one of the reasons for the lack of significant inhibi-
tory effects in hepatocytes. Based on this background, CYP2C9/19 inhi-
bition by eteplirsen is unlikely in human cryopreserved hepatocytes and
in patients. Moreover, the inhibitory concentrations in vitro are not
likely to be reached clinically based on the substantially lower Cmax of

TABLE 3

Mean percentage of unbound plasma protein (S.D.) across PMO
concentrations tested

PMO Mouse Rat NHP Human plasma

Eteplirsen 78.4 (3.46) 92.3 (6.40) 96.3 (3.08) 86.7 (4.14)
Golodirsen 63.8 (6.21) 79.9 (6.10) 64.3 (1.47) 62.8 (2.43)
Casimersen 82.6 (11.3) 78.9 (8.69) 86.9 (8.49) 78.8 (10.1)

Values are mean of percentage of unbound fraction. Plasma protein binding was assessed
at PMO concentrations of 8, 24, 80, 240, and 800 lg/mL.

TABLE 4

PK parameters in blood and plasma for PMOs after a single IV administration of 120 mg/kg of 14C radiolabeled PMO in a DMD mouse model

PMO Matrix C0, ng eq/g
Cmax, ng
eq/g Tmax, h t1/2, h

AUC(0–last),
ng eq×h/g

AUC(0–inf),
ng eq×h/g CL, g/h/kg Vss, g/kg

Blood:
plasma

concentration
ratioa

Eteplirsen Blood 1,380,000 xx xx NC 185,000 NA NA NA 0.547
Plasma 2,490,000 xx xx 6.03 344,000 345,000 348b 175c

Golodirsen Blood 677,000 339,000 0.0830 1.46 117,000 117,000 1,020 325 0.622
Plasma 1,130,000 544,000 0.0830 NCd 182,000 NC NC NC

Casimersen Blood 782,000 363,000 0.0830 0.291 123,000 124,000 971 237 0.633
Plasma 1,230,000 576,000 0.0830 0.438 196,000 196,000 613 155

AUC(0–inf), AUC from time zero to infinity; AUC(0–last), AUC from time zero to the last measurable concentration; C0, extrapolated concentration at time zero; CL, total body clearance;
eq, equivalents; NA, not applicable; NC, not calculated; Tmax, time of maximum observed concentration; Vss, volume of distribution at steady state.
aSamples were collected at 0.083 h (equivalent to Tmax).
bUnits are mL/h/kg.
cVolume of distribution (Vd); units are mL/kg.
dFor golodirsen, the t1/2 in plasma was not calculated due to the inability to characterize the elimination phase in this matrix.
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eteplirsen in DMD patients at the clinically approved weekly dose of
30 mg/kg.
The three PMOs were predominantly excreted renally and radiola-

beled ADME studies in mice showed that recoveries of 14C-labeled

PMOs in feces were similar (Fig. 5B). For eteplirsen, however, lower
urinary recovery was observed (Fig. 5A), which could be caused by uri-
nary residues in the cages that could not be removed at the scheduled
collection as evidenced by high recoveries in cage rinse (17.4%) and
cage wash and cage wipes (10.2%). Similar urinary recoveries across

Fig. 4. Distribution of 14C-PMOs in plasma (A), kidney (B), and quadriceps (C) af-
ter a single injection (120 mg/kg) in a DMD mouse model. Plots show mean ± S.D.

Fig. 5. Tissue-to-plasma exposure ratios after a single IV administration of
120 mg/kg 14C-casimersen, 14C-eteplirsen, or 14C-golodirsen in a DMD mouse
model. Tlast in the evaluated tissues was 144 h postdose. In plasma, tlast values
were 4, 8, and 24 h postdose for casimersen, golodirsen, and eteplirsen, respec-
tively. AUC(0–last), area under the concentration–time curve from time zero to
the last measurable concentration; tlast, time of last measurable concentration.

Fig. 6. Percentage recovery of 14C-PMO total injected radioactivity in urine (A)
and feces (B) after a single IV bolus injection in a DMD mouse model. One of the
three groups of mice in the eteplirsen study had a different excretion profile than
the other two groups. Fecal excretion was higher than urinary excretion in this
group. These results could have been the result of urinary contamination of feces.
This group was excluded from the eteplirsen dataset for calculation of the mean.
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the three PMOs were found in a clinical radiolabeled study (Patel et al.,
2023).Taken together, these findings provide favorable and predictable
ADME and DMPK characteristics across PMOs and suggest minimal
liability for drug–drug interactions following PMO therapy.
In phase 1 studies of single-dose 14C-labeled PMOs in healthy volun-

teers, eteplirsen had an effective half-life of 5.31 h, and golodirsen and
casimersen had half-lives of 6.35 h and 5.10 h, respectively (Patel et al.,
2023). The variability in half-life between PMOs across species (mice,
rats, NHP) after a single dose could be attributed to variability in sam-
pling times, which may impact how long the PMO is detected in plasma
and what data may be used for determination of a t1/2. In comparison
with eteplirsen sample collection timepoints, additional earlier (0.25,
2 h) and later (36, 48 h) timepoints in mice and later timepoints in rats
(36, 48 h) and NHP (48 h) were added for golodirsen and casimersen.
A possible limitation of the plasma exposure data may be the use of a

different mouse strain for assessment of eteplirsen, thus precluding direct
comparison of eteplirsen exposure with golodirsen and casimersen in this
manuscript; however, exposure was generally similar, with dose-propor-
tional or greater-than-dose-proportional increases in exposure for all
three PMOs. Data collected in healthy volunteers and patients with
DMD demonstrated consistent exposures between eteplirsen, golo-
dirsen, and casimersen at the approved weight-based dosing (30 mg/
kg), and plasma exposures increased proportionally with dose, suggest-
ing linear PK for all three PMOs. Another limitation was the lack of me-
tabolite profiling of 14C-eteplirsen in the distribution and elimination
study in mdx mice. However, based on the similar in vitro metabolism
results and similar PK profiles across species for the three PMOs, it
seems reasonable to assume that eteplirsen does not undergo extensive
metabolism in vivo. In studies in healthy volunteers and patients with
DMD, eteplirsen (like golodirsen and casimersen) was metabolically sta-
ble, with no metabolites detected in systemic circulation, supporting the
findings with golodirsen and casimersen described herein (Vyondys 53,
2021; Exondys 51, 2022; Amondys 45, 2023).
Structurally, casimersen, eteplirsen, and golodirsen are all uncharged

and share the same chemistry backbone (Fig. 1) while differing in the
number morpholino subunits (Table 1). The structural similarity of these
PMOs provides preliminary evidence that a platform approach may be
considered for these drugs based on the recently published FDA draft
guidance “Platform Technology Designation Program for Drug Devel-
opment” (FDA, 2024). Drug discovery platform technologies facilitate
efficiency, quality, and innovation in drug product development (Crooke
et al., 2018; Bennett et al., 2019). Platforms group drug development
technologies together and leverage accrued knowledge for existing mole-
cule technology to fast-track the development of novel drug candidates.
Incorporation of new data from successive generations of molecule tech-
nology enables continuous improvement and robustness of the platform.
Further, a platform approach may benefit drug development for rare dis-
ease subtypes that have few patients available to participate in clinical
trials. Leveraging collective data for a drug class may facilitate further
drug development opportunities, thereby allowing treatments for such
patient populations to become accessible.
Overall, these findings provide evidence for the concept that PMOs

represent a treatment class, where the consistent structural, ADME, and
DMPK characteristics may support a platform approach in understand-
ing the kinetic and dynamic behavior of PMOs.
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