
DMD #89391 

1 

 

Title Page 

Metabolism and Disposition of Ataluren following Oral Administration to Mice, Rats, 

Dogs, and Humans 

Authors: 

Ronald Kong, Jiyuan Ma, Seongwoo Hwang, Elizabeth Goodwin, Valerie Northcutt, 

John Babiak, Neil Almstead, Joseph McIntosh 

 

PTC Therapeutics Inc., South Plainfield, New Jersey (RK, JM, SH, EG, VN, JB, NA, 

JM) 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 24, 2020 as DOI: 10.1124/dmd.119.089391

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #89391 

2 

 

 

Running title: Metabolism and Disposition of Orally Administered Ataluren  

 

Corresponding author:  

Ronald Kong, PhD 

PTC Therapeutics Inc.,  

100 Corporate Court, 

South Plainfield,  

New Jersey 07080 

Tel: (908) 912 9236 

Fax: (908) 222 7321 

Email: rkong@ptcbio.com 

 

Number of text pages: 42 

Number of tables: 5 

Number of figures: 5 

Number of references: 19 

Number of words in abstract: 227 

Number of words in introduction: 451 

Number of words in discussion: 767 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 24, 2020 as DOI: 10.1124/dmd.119.089391

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

mailto:rkong@ptcbio.com
http://dmd.aspetjournals.org/


DMD #89391 

3 

 

Abbreviations  

AUC, area under the plasma concentration-time curve; BDC, bile-duct cannulated; CID, 

collision-induced dissociation; CMC, carboxymethylcellulose; CYP, cytochrome P450; 

DMD, Duchenne muscular dystrophy; Cmax, maximum concentration; Equiv. or Eq, 

equivalents; GCP, good clinical practices; HPLC, high performance liquid 

chromatography; ICF, informed consent form; ICH, the International Council for 

Harmonisation; IRB, the institutional review board; JVC, jugular-vein cannulated; 

LC-MS/MS, liquid chromatography-tandem mass spectrometry; LSC, liquid scintillation 

counting; nmDMD, nonsense mutation Duchenne muscular dystrophy; PES, post-

extraction solids; PK, pharmacokinetic or pharmacokinetics; t1/2, the terminal half-life; 

Tmax, time to maximum concentration; TRA, total radioactivity; UGT, uridine 

diphosphate glucuronosyltransferase. 
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Abstract  

Ataluren is a unique small molecule developed for the treatment of diseases due to 

presence of nonsense mutations, which result in premature termination of ribosomal 

translation and lack of full-length protein production. This study investigated the in vivo 

metabolism and disposition of ataluren in mice, rats, dogs and humans. Following single 

oral administration of [14C]-ataluren, the overall recovery of radioactivity was ≥ 93.7%, 

with approximately 39%, 17% to 21%, 12%, and 55% in the urine, and 54%, 70% to 

72%, 80%, and 47% in the feces from intact mice, rats, dogs, and humans, respectively. 

In bile-duct cannulated (BDC) rats, approximately 10%, 7%, and 82% of the dose were 

recovered in the urine, feces, and bile, respectively, suggesting that biliary secretion was 

a major route for the elimination of ataluren in the rats. Ataluren was extensively 

metabolized following oral administration and the metabolic profiles of ataluren were 

quantitatively similar across all species. Unchanged ataluren was the dominant 

radioactive component in plasma. Ataluren acyl glucuronide was the most prominent 

metabolite in plasma of all species and the dominant metabolite in BDC rat bile and 

human urine, while the oxadiazole cleavage products were the major or prominent 

metabolites in the feces of all species. Overall, the results indicate that phase I 

metabolism is negligible, and the pathway largely involves glucuronidation. No other 

circulatory conjugation metabolite was detected across investigated species. 
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Significance statement  

Ataluren is a novel carboxylic acid containing small molecule drug for treating nonsense 

mutation Duchenne muscular dystrophy (nmDMD). In vivo metabolism and disposition 

after a single dose of the drug were investigated in mice, rats, dogs and humans. Phase I 

metabolism of ataluren was negligible, and the pathway largely involves glucuronidation. 

No other circulatory conjugation metabolite was detected across investigated species.  
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Introduction  

Ataluren is a novel carboxylic acid containing small molecule drug developed for the 

treatment of diseases resulting from nonsense mutations. When a nonsense mutation (stop 

codon) is present, ribosomal translation of mRNA is prematurely terminated resulting in 

the absence of a full-length functional protein. Ataluren enables the ribosome to read 

through a premature termination codon in mRNA so that translation continues as normal, 

and consequently, a functional full-length protein is produced (Welch et al., 2007). The 

selectivity of ataluren for premature termination codons, its well characterized activity 

profile, its oral bioavailability, and its good tolerability in animals and humans, indicate 

that ataluren may have a broad clinical potential for the treatment of nonsense mutations 

resulting in a stop codon in the protein coding region of mRNA (Culbertson, 1999; 

Mendell and Dietz, 2001).  

Ataluren has demonstrated treatment benefit in patients with nonsense mutation 

Duchenne muscular dystrophy (nmDMD). Duchenne muscular dystrophy(DMD) is an X-

linked genetic muscle disorder that results from the presence of mutations in the 

dystrophin gene (Petrof et al., 1993; Bushby et al., 2010; Bushby et al., 2010a; Mah, 

2016). Dystrophin mutations result in chronic muscle damage, inflammation, and 

eventually replacement of muscle fibers by fat and fibrotic tissue resulting in progressive 

and irreversible loss of muscle function (Muntoni et al., 2003). The progressive loss of 

muscle function causes loss of ambulation, ongoing impairment of respiratory and 

cardiac function, and early death (Henricson et al., 2013).  

In approximately 10% to 15% of boys with DMD, the disease is caused by a nonsense 

mutation (Aartsma-Rus et al., 2006; Bladen et al., 2015). Ataluren has demonstrated the 
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ability to promote dystrophin production in nmDMD muscle and to slow disease 

progression in patients with nmDMD (Finkel et al., 2013; Bushby et al., 2014; McDonald 

et al., 2017). Ataluren is the only therapy that directly addresses the underlying cause of 

nmDMD.  

A series of in vitro studies, e.g. metabolism in liver microsomes, uridine diphosphate 

glucuronosyltransferase (UGT) reaction phenotyping, enzyme kinetics for ataluren 

glucuronidation, CYP inhibition and induction potentials have been conducted for 

ataluren (manuscript submitted). In vitro metabolism studies showed that the major 

metabolic pathway for ataluren is via direct glucuronidation and UGT1A9 is the major 

enzyme responsible for ataluren glucuronidation.  

In vivo metabolism and disposition information is critical in all phases of a fully 

integrated drug development program, and these studies are typically performed with 

radio-labeled material to provide detailed quantitative information on the parent drug and 

its metabolites. This is particularly true for the treatment of nmDMD which requires 

chronic administration of the drug over many years. The aim of this study was to evaluate 

the metabolism and disposition of ataluren in mice, rats, dogs, and humans following 

single oral administration of ataluren. 
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Materials and Methods 

Chemicals  

Ataluren (≥99.8% purity) was manufactured by Siegfried (Zofingen, Switzerland), and 

[14C]-ataluren (>57 mCi/mmol, ≥ 98% radiochemical and chemical purity) was 

synthesized by ABC laboratories (Columbia, MO, USA) for animal studies and by GE 

Healthcare Amersham Place (Little Chalfont,  Buckinghamshire, UK) for human dosing. 

Ataluren O-1β-acyl glucuronide was synthesized at PTC Therapeutics, Inc. (South 

Plainfield, NJ, USA). Acetonitrile, isopropanol, and methanol were obtained from 

EM Science (Gibbstown, NJ, USA). Formic acid, ammonium acetate, and ammonium 

hydroxide were purchased from Mallinckrodt Baker (Phillipsburg, NJ, USA). Carbon-14 

liquid scintillation cocktail was obtained from R.J. Harvey Instrument Corporation 

(Tappan, NY, USA). Ready SafeTM and Ready ValueTM liquid scintillation cocktails were 

purchased from Beckman Instruments (Brea, CA, USA). 

Methods 

Study design and sample collection:  

All animal studies have been carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of 

Health, and were approved by the Institution’s Animal Care and use Committee. The 

human study has been carried out in accordance with the Declaration of Helsinki and the 

International Council for Harmonisation Good Clinical Practice (ICH GCP). The 

institutional review board (IRB) reviewed and approved the clinical study protocol, any 

clinical study protocol amendments, subject information sheets, written informed consent 
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forms (ICFs), and other relevant documentation. Prior to participation in the study, each 

subject was apprised of the nature and purpose of the study, and ICF was obtained. 

Mouse study: The same transgenic mouse model that used in carcinogenicity study was 

chosen in this study. Forty-two male Tg.rasH2 wild type mice (Taconic, Hudson, NY, 

USA), 8 to 10 weeks old and 24 to 34 g in body weight, were each administered an oral 

dose of [14C]-ataluren at a target dose of 300 mg/kg or 100 µCi/kg. The animals were not 

fasted prior to dosing. [14C]-Ataluren dose suspension (20 mg/mL or 6.7 µCi/mL) in 

0.5% carboxymethylcellulose (CMC) were administered by oral gavage in a dose volume 

of 15 mL/kg. Urine samples were collected at 0 to 8, 8 to 24, 24 to 48, 48 to 72, 72 to 96, 

and 96 to 120 h time intervals, and feces were collected at 24 h intervals till 120 h 

post-dose for group 1 mice (n=9). Cages were rinsed with water at 24 h intervals to 96 h 

post-dose and thoroughly washed with isopropanol:water (1:1, v/v) at 120 h post-dose.  

For Group 2 mice (n=33), 3 mice/timepoint were anesthetized using CO2 at 0.33, 0.67, 1, 

1.5, 2, 4, 8, 12, 24, 48, and 72 h post-dose, and blood samples (up to approximately 

1 mL) were collected via cardiac puncture using 1 mL tuberculin syringes containing 

K3EDTA. An equal volume of blood from each animal was pooled per time-point based 

on the lowest blood volume of the 3 animals. The pooled blood was mixed well by gently 

inverting the tube (at least 10 times) and kept on ice. Duplicate 50 µL of blood was taken 

for combustion. The remaining blood was centrifuged at 1400 g and 4C for 10 min to 

separate plasma. Urine and fecal samples were stored at -20ºC and plasma was stored at 

-70 ± 5ºC.  

Rat study: Intact (Group 1, 3 rats per gender), BDC (bile-duct calculated) (Group 2, 3 

rats per gender), and jugular-vein cannulated (JVC) (Group 3, 13 rats per gender) 
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Sprague-Dawley rats were used in this study. Each were administered an oral dose of 

[14C]-ataluren at a target dose of 100 mg/kg or 75 µCi/kg. The rats were approximately 7 

to 11 weeks old and weighed 212 to 283 g (Group 1), 244 to 294 g (Group 2), and 272 to 

324 g (Group 3) at the time of dosing. The rats were not fasted; food and fresh tap water 

(electrolyte-supplemented water, sodium chloride:potassium chloride:glucose, 

0.925:0.05:5.06%, w/v, for BDC rats) was available ad libitum. [14C]-Ataluren dose 

suspension (approximately 10 mg/mL or 8 µCi/mL) in 0.5% CMC were administered by 

oral gavage in a dose volume of 10 mL/kg.  

Urine samples were collected at 0 to 8, 8 to 24, and at 24 h intervals until 96 h (Group 1) 

or 72 h (Group 2) post-dose. Cages were rinsed with water at 24 h intervals to 72 h 

(Group 1) or 48 h (Group 2) post-dose and thoroughly washed with isopropanol:water 

(1:1, v/v) at 96 h (Group 1) or 48 h (Group 2) post-dose. Feces were collected at 24 h 

intervals for 72 h (Group 2) or 96 h (Group 1). Bile was collected from BDC rats at 

pre-dose, 0 to 4, 4 to 8, 8 to 24, 24 to 48, and 48 to 72 h post-dose. Blood samples 

(approximately 1 mL) were collected from the JVC (or about 5 mL by cardiac puncture 

for terminal timepoint) of the rats in Group 3 at 0.25, 0.5, 1, 1.5, 2, 3, 4, 8, 12, 24, and 

48 h post-dose. At the terminal timepoint, rats were anesthetized using CO2. Blood was 

mixed by inverting the tube. Duplicate 50 µL of blood was taken for combustion. The 

remaining blood was centrifuged at 4C and 1400 g for 10 min to separate plasma. 

K3EDTA was used as an anticoagulant. Plasma was stored at -70 ± 5ºC and all other 

samples were stored at -20ºC.  

Dog study: Three male Beagle dogs were used in this study. Each dog was administered 

an oral dose of [14C]-ataluren at a target dose of 250 mg/kg or 7.5 µCi/kg. The dogs were 
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approximately 5 years old and weighed 7.0 to 8.4 kg at the time of dosing. The dogs were 

fasted overnight before dosing and 4 h after dosing, while fresh tap water was available 

ad libitum. [14C]-Ataluren dose suspension (125 mg/mL or 3.75 µCi/mL) in 0.5% CMC 

were administered by oral gavage in a dose volume of 2 mL/kg. 

Urine samples were collected at 0 to 8 h, 8 to 24 h, and at 24 h intervals until 168 h 

post-dose. Cages were rinsed with water at 24 h intervals to 144 h post dose and 

thoroughly washed with isopropanol:water (1:1, v/v) at 168 h post-dose. Feces were 

collected at 24 h intervals for 168 h. Blood samples (~3 to 4 mL) were collected from the 

cephalic vein of the dog pre-dose and at 0.25, 0.5, 1, 2, 4, 8, 12, 24, 32, 48, and 72 h 

post-dose. K3EDTA was used as an anticoagulant. Blood was centrifuged at 4ºC and 

1400 g for 10 min to separate plasma. Plasma samples were acidified with 5% formic 

acid (200 µL per g of plasma). Plasma was stored at -70 ± 5ºC and all other samples were 

stored at -20ºC.  

Human study: The clinical phase of the study was conducted at Covance Laboratories 

Inc. (Madison, WI, USA). Seven healthy male subjects, 18 to 55 years of age were 

recruited in this open-label study. After at least 8 h overnight fast, each subject received a 

single oral dose of ataluren aqueous suspension in water containing 1375 mg of unlabeled 

ataluren and 96.6 µCi of [14C]-ataluren (approximately 0.5 mg).  

Blood samples were collected at pre-dose and at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 24, 36, 

48, and at 24 h intervals to 240 h post-dose in all subjects. Urine and fecal samples were 

collected continuously over 24 h intervals up to 240 h or until radioactivity in the sample 

was 1% of the administered dose (the maximum in-house stay for subjects was 15 days 

post-dose). All samples were stored at -70 ± 5ºC. 
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Sample preparation for radioactivity determination 

Plasma was mixed by vortexing. Duplicate sub-samples of plasma were prepared, 

weighed (approximately 0.05 g), mixed with scintillation cocktail, and counted directly 

by liquid scintillation counting (LSC). Duplicate aliquots of blood (approximately 0.05 g) 

were weighed into combustion boats and combusted using a biological sample oxidizer 

(R.J. Harvey Instrument Corporation, Tappan, NY, USA) followed by LSC counting. 

Urine and cage rinse/wash were each thoroughly mixed, and duplicate aliquots 

(approximately 0.1 mL for urine and 1 mL for cage rinse/wash) were weighed into 

scintillation vials, mixed with scintillation cocktail, and assayed directly by LSC. Feces 

were homogenized with approximately 3x (w/v) mixture of isopropanol:water (1:1, v/v), 

and triplicate aliquots of homogenate, equivalent to approximately 100 mg of fresh feces 

weight, were combusted in an oxidizer followed by LSC counting. When samples were 

expected to contain very high radioactivity, smaller sample sizes were analyzed. 

Sample preparation for metabolite profiling  

Plasma: Pooled or individual plasma samples (equal volumes from individual animals 

were pooled by timepoints: at 0.33, 0.67, 1, 1.5, 2, 4, 8, 12 and 24h for mouse, at 0.25, 

0.5, 1, 4, 12, 24 and 48h for rat, at 0.25, 1, 2, 4, 8, 12 and 24h for dog, and individual 

plasma samples from 7 human subjects at 0.5, 1, 2, 4, 8, 12 and 24 h) were selected by 

concentration of total radioactivity in plasma. The selected plasma sample was mixed 

with three-time volume of acetonitrile, vortexed followed by centrifugation at 10,000 g 

and 4ºC for 10 min. The pellets were rinsed twice with three-time volume of acetonitrile. 

The acetonitrile extract and rinsates were combined and evaporated to dryness under a 
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nitrogen stream. The residues were reconstituted with an appropriate volume of 

acetonitrile:water (1:1, v/v) for radio-profiling. 

Urine and bile: The urine and bile samples were centrifuged at 10,000 g and 4ºC for 

10 min and the supernatants were subjected to high performance liquid chromatography 

(HPLC) radio-profiling.  

Feces: An equal percentage by weight of fecal homogenates were pooled by time 

interval. The fecal homogenate was extracted three times with 3 volumes of acetonitrile 

by shaking for 10 min using a Wrist Action Shaker (Burrell Corporation, Northbrook, IL, 

USA), followed by centrifugation at 1,800 g for 10 min to separate the acetonitrile extract 

from the post-extraction solids (PES). The PES was extracted with acetonitrile twice as 

described above. The 3 acetonitrile extracts were combined and evaporated to dryness at 

room temperature under a nitrogen stream. The resulting radioactive residues were 

reconstituted with a small volume of acetonitrile:water (1:1, v/v) for radio-HPLC 

analysis.  

Determination of radioactivity 

Levels of radioactivity in plasma, urine, and cage rinse/wash samples were determined by 

counting aliquots directly in a liquid scintillation counter (Beckman Instruments, Brea, 

CA, USA). The evolved [14C]-CO2, either from blood, feces, or PES that was combusted 

in a biological sample oxidizer, was counted in 15 mL of Harvey Scintillation Carbon-14 

Cocktail.  

Determination of HPLC column recovery 
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The selected plasma, urine and fecal samples were injected onto an HPLC column under 

the same conditions as used for metabolite profiling. The effluent was collected and 

analyzed by LSC. The data were compared with those obtained without use of an HPLC 

column to determine the HPLC column recovery of radioactivity. Column recoveries for 

the selected samples were from 87.1 to 100%. 

Determination of metabolite profiles 

The metabolic profiles were determined by HPLC radio-chromatography using a Waters 

2695 HPLC system. An Ace 3 C18 column (3 µm, 150 × 4.6 mm; MAC-MOD 

Analytical, Inc., Chadds Ford, PA, USA) maintained at 30ºC, and two solvent systems of 

0.4% formic acid in water, pH 3.2, adjusted with ammonium hydroxide (A) and 100% 

acetonitrile (B) were used. The flow rate was 0.7 mL/min and the linear gradients were: 

0% B for 5 min; 0 to 5% B in 5 min; 5 to 70% B in 50 min, 70 to 95% B in 5 min, hold 

95% B for 5 min; 95 to 0% B in 2 min and hold 0% B for 15 min. HPLC fractions were 

collected by time (15 sec/fraction) to Deepwell LumaPlate-96 plates (PerkinElmer Life 

Sciences, Waltham, MA, USA). The plates were subsequently dried by a SpeedVac 

concentrator (Savant Instruments Inc., Holbrook, New York, USA) for up to 8 h. The 

radioactivity in each fraction was determined by Packard TopCount NXT Microplate 

Scintillation and Luminescence Counter technology (PerkinElmer Life Sciences, 

Waltham, MA, USA). HPLC radio-chromatograms were reconstructed using ARC 

Convert and Evaluation software (version 1.0, AIM Research Company, Hockessin, 

Delaware, USA). Radioactivity peaks were integrated to determine the percent 

distribution of individual radioactivity peaks or regions in each sample. 

Metabolite identification 
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LC/MS analysis: Bile, urine, and the extracts of plasma and fecal samples were analyzed 

by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using an LTQ ion 

trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and a QSTAR 

XL MS/MS System (AB Sciex, Foster City, CA, USA). The LTQ was equipped with an 

electrospray ionization source operated in positive ion mode with a capillary temperature 

of 320°C and spray voltage of 5 kV. The sheath gas, auxiliary gas, and sweep gas 

pressure was 70, 20, and 5 units, respectively, and the tube lens voltage was set at 130 V. 

The QSTAR XL MS/MS System was operated under turbo ion spray in the positive ion 

mode with a turbo probe temperature of 500°C and ion spray voltage of 5 kV. The 

pressure for nebulizer gas, turbo gas, and curtain gas was set at 30, 30, and 20 psi, 

respectively. 

Conversion of M2 to M3. Approximately 0.4 mg of synthetic M2 standard was dissolved 

in 1.0 mL of methanol. A 100 µL aliquot of the methanolic solution was mixed with 

200 µL water and 150 µL of concentrated ammonium hydroxide. The mixture was sealed 

in an HPLC vial and heated at 50°C for approximately 5 hours.  

Conversion of M4 to M5. A 100 µL aliquot of synthetic M4 standard solution at 

0.3 mg/mL in methanol:water (1:1, v/v) was mixed with 20 µL of 0.4% aqueous formic 

acid (pH 3.2) in an HPLC vial. The mixture was heated at 37°C for 2 hours.  

Pharmacokinetic analysis  

Pharmacokinetic (PK) parameters for total radioactivity (TRA) were estimated by a 

non-compartmental model using WinNonlin software (Pharsight, Version 4.1, Mountain 

View, CA, USA). The PK parameters were obtained using the plasma TRA 
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concentrations, and ng or µg equivalents (equiv.) concentrations of [14C]-ataluren and 

metabolites. The plasma area under the plasma concentration-time curve (AUC) was 

computed using the linear trapezoidal method. Time to maximum concentration (Tmax) 

and maximum concentration (Cmax) were observed values. The terminal slope () of the 

plasma concentration-time profile was determined by the method of least squares 

(log-linear regression of at least 3 data points). The terminal half-life (t1/2) was estimated 

as ln2/. 
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Results 

Excretion of dosed radioactivity. Following oral administration of [14C]-ataluren, most of 

the radioactivity was recovered in feces, accounting for approximately 54%, 71%, 80%, 

and 47% of the dose from mice, intact rats, dogs, and humans, respectively (Table 1). 

Urinary excretion accounted for 39%, 19%, 12%, and 55% of the dose from mice, intact 

rats, dogs, and humans. For BDC rats, biliary excretion was significant, accounting for 

82% of the dose, and no gender differences in either intact rats or BDC rats regarding the 

excretion of dosed radioactivity was observed. The excretion of dosed radioactivity was 

fast; approximately 90% of the dose was excreted within 48 h for animals and within 72 h 

for human subjects. Overall radioactivity recovery was > 93%. 

Pharmacokinetic parameters. A summary of estimated PK parameters is given in 

Table 2, and the plasma concentration of TRA versus time curves are shown in Figure 1. 

Following oral administration, ataluren was rapidly absorbed, and Cmax was achieved 

within 1.5 h (0.3 to 1.3 h). After Cmax was reached, the TRA of plasma concentration-

time profile exhibited a rapid decline and then a more gradual terminal phase, with an 

estimated t1/2 of 4.1 to 6.4 h, and essentially non-detectable after 24 h (48 h for rat) 

post-dose. The mean blood to plasma radioactivity concentration ratios were 0.51, 0.44 to 

0.49, 0.65, and 0.51 for mice, rats, dogs, and humans, indicating [14C]-ataluren derived 

radioactivity was not significantly partitioned into the blood cellular component.  

Metabolic profiles in plasma. Representative metabolic profiles of ataluren in plasma 

from mice, rats, dogs, and humans at 4 h post-dose are shown in Figure 2. The 

distribution of drug-related components and the PK parameters are summarized in 

Table 3. Similar plasma metabolic profiles were observed in all species. Ataluren was the 
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dominant radioactive component in plasma, accounting for almost over 70% of plasma 

AUC of TRA. Ataluren acyl glucuronide (M1) was the most prominent metabolite and 

accounted for approximately 4% to 15% of plasma AUC of TRA, or 5% to 22% of 

plasma AUC of ataluren, and was the only detectable metabolite in human plasma. 

Formation of M1 was fast and peaked within 2 h post-dose. Oxadiazole reductive 

cleavage product (M4), glycine conjugate of ataluren, and fluorophenyl ring oxidation 

product (M6) were the minor circulating metabolites, accounting for 1% to 8% of total 

plasma radioactivity in mouse or rat.  

Metabolic profiles in bile, urine, and feces. Representative metabolic profiles of ataluren 

in bile, urine, and feces from mice, rats, dogs, and humans are shown in Figure 3 and 

Figure 4, and the distribution of drug-related components are summarized in Table 4 and 

Table 5. 

Ataluren was extensively metabolized following oral administration, and less than 2% of 

the dose was found as unchanged in excreta from rats, dogs, and humans, while 

approximately 5% and 7% of the dose was recovered as unchanged in mouse urine and 

feces, respectively. Ataluren acyl glucuronide (M1), accounting for approximately 50% 

to 60% of the dose, was the dominant metabolite in human urine, and in bile from male 

and female BDC rats. Ataluren acyl glucuronide and oxadiazole ring cleavage products 

(M2, M3, M4, or M5) were the prominent urinary metabolites in mice, rats, and dogs, 

while the latter were the major fecal metabolites in all species.  

Identification of Metabolites. Similarities in HPLC retention times and mass 

spectrometric fragmentation patterns to available reference standards facilitated the 

identification of metabolites M1, M2, and M4. Structures of other metabolites were 
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proposed based on their mass spectrometric fragmentation patterns relative to ataluren or 

the known metabolites. Proposed structures and metabolic pathways for the formation of 

the detected metabolites are shown in Figure 5. 

Unchanged ataluren in excreta was identified by direct comparison with reference 

standard in terms of retention time and LC/MS spectral data. The characteristic 

(+)ESI-MS product ions of ataluren: at m/z 145 (deprotonated 3-phenyl-1,2,4-oxadiazole 

ion), m/z 123 (2-fluorophenyl-oxo-methylium ion), and m/z 95 (2-fluorobenzene-1-ylium 

ion) were used for structural elucidation of the unknown metabolites. 

The metabolite M1 yielded a [M+H]+ at m/z 461, which is 176 Da higher than ataluren, 

suggesting M1 is the direct glucuronide derivative of ataluren. The synthetic 

ataluren-O-1β-acyl glucuronide showed the similar HPLC retention time, MS spectrum, 

and MS/MS fragmentation patterns to M1 in bile and urine samples. 

The metabolite M2 is an oxadiazole ring cleavage product. The HPLC retention time and 

mass spectral data of M2 are all consistent with the synthetic reference standard.  

M3 is another oxadiazole ring cleavage product. LC/(+)ESI-MS analysis of M3 yielded a 

[M+H]+ at m/z 166, one Da higher than M2. M3 was identified as an oxidative 

deaminated product of M2 and was further confirmed by conversion of M2 into M3 

under basic conditions.  

The metabolite M4 is an oxadiazole ring reductive cleavage product. The HPLC retention 

time and mass spectral data of M4 are all consistent with the synthetic reference standard.  
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M5 is an oxidative deaminated product of M4 and was further confirmed by conversion 

of M4 into M5 under acidic conditions.  

M6 is a fluorophenyl ring oxidation product of ataluren based on the observation of 

product ion at m/z 139 (16 Da higher than 2-fluorophenyl-oxo-methylium ion). However, 

the exact position of the oxidation could not be determined solely by MS/MS data. 

M7 yielded a [M+H]+ at m/z 304, 19 Da higher than ataluren, and the fragment ions at 

m/z 111 and 139 indicated oxidation on fluorophenyl ring. M7 is proposed to be an 

oxidation product of M5. 

M10 had a [M+H]+ at m/z 464, 176 Da higher than M5. The fragment ions at m/z 288, 

270, 149, and 123 suggested that M10 is the acyl glucuronide of M5. 

M11 showed a [M+H]+ at m/z 342, 57 Da higher than ataluren, suggesting a glycine 

conjugate of ataluren. Fragment ions at m/z 267, 239, 145, 123, and 95 agreed well with 

proposed structure. 

M12 yielded a molecular ion at m/z 428, 143 Da higher than ataluren. The presence of the 

fragment ions at m/z 95 and 123 in the MS2 and MS3 spectra of the parent ion at m/z 428 

indicated that the fluorophenyl moiety was intact. Other fragment ions at m/z 145, 267, 

and 285 also indicated that the molecule contained intact parent drug moiety. Based on 

these results, M12 was proposed to be carnitine conjugate of ataluren. 
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Discussion 

In vitro metabolism studies showed that the major metabolic pathway for ataluren is via 

direct glucuronidation and UGT1A9 is the major enzyme responsible for ataluren 

glucuronidation (manuscript submitted). 

The objective of the current study was to evaluate the metabolism and disposition of 

[14C]-ataluren in mice, rats, dogs, and healthy human subjects. Consistent with in vitro 

metabolism results, the in vivo study found that, phase I metabolism was negligible for 

ataluren. The main metabolism of ataluren involved glucuronidation and no other 

circulatory conjugation metabolite was observed in the investigated species. Ataluren was 

rapidly absorbed and maximal plasma TRA was reached within 1.5 h following oral 

administration for all species. The absorption rate was high as more than 92% of the dose 

was absorbed in the BDC rats. The t1/2 for plasma TRA was between 4.1 to 6.4 h, and 

essentially non-detectable after 24 h (48 h for rat) post-dose for all species. Following 

oral administration of ataluren, urinary excretion was minor in rats and dogs, indicating 

biliary and or fecal excretion were the major disposition pathway. In contrast, urinary 

excretion was greater, accounting for 39% and 55% of the dosed radioactivity in mice 

and humans, respectively. 

Ataluren was the dominant radioactive component in plasma, accounting for 69.9%, 

81.4%, 88.3%, 82.4% and 93.4% of plasma AUC of TRA in mouse, male and female rat, 

dog, and human, respectively. Ataluren acyl glucuronide (M1) was the most prominent 

circulating metabolite, and accounted for 15.2%, 9.91%, 5.02%, 4.35%, and 7.0% of 

plasma AUC of TRA, or 21.8%, 12.2%, 5.7%, 5.3%, and 7.6% of plasma AUC of 
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ataluren in mice, male and female rats, dogs, and humans, respectively. M1 was the only 

detectable metabolite in human plasma.   

Reductive cleavage of heterocycles is a common biotransformation pathway to drugs or 

drug candidates with an isoxazole, isothiazole, or oxadiazole moiety, and this process can 

be catalyzed by enzymes in liver or other tissues and by gut microflora (Yabuki et al., 

1993; Viropharma Inc., 2002; Tschirret-Guth and Wood, 2003; Bateman et al., 2006; 

Zhang et al., 2008). For ataluren, oxadiazole ring cleavage could be an enzyme mediated 

reaction since they were detected in both plasma and urine; however, high levels of M2 

and M5 in feces were most probably formed by the microbial flora in the intestine from 

unabsorbed ataluren, and from metabolites such as ataluren acyl glucuronide following 

biliary excretion.  

Ataluren acyl glucuronide (M1) was the prominent metabolite in plasma in all species. 

Like other acyl glucuronides of carboxylic acid containing drugs, ataluren acyl 

glucuronide is not stable under certain conditions such as high pH and high temperature, 

and migration isomers were observed in plasma and urine samples in current studies. In 

these studies, plasma extract and urine samples were not preserved in acidic conditions 

prior to radio-profiling and/or LC/MS analysis.  Therefore, acyl glucuronide migration 

observed in these studies most probably resulted from ex vivo migration under the 

conditions of the sample preparation.  In the follow-up studies to fully characterize 

ataluren-O-1β-acyl glucuronide stability in mouse, rat, dog and human plasma after a 

single oral dose or multiple oral doses, where great caution was exercised to prevent ex 

vivo migration of ataluren-O-1β-acyl glucuronide during sample collection, storage and 

processing (such as, blood samples were maintained on ice and were centrifuged as soon 
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as possible for plasma collection; plasma samples were stored at or below -70°C before 

analysis and, after thaw on wet ice, were quickly extracted with acetonitrile containing 

1% formic acid for LC/MS analysis; and all samples were stabilized and analyzed under 

acid conditions).  Under these conditions, ataluren acyl glucuronide migration isomers 

were not detected, and ataluren O-1β-acyl glucuronide was the only form of ataluren acyl 

glucuronide in mouse, rat, dog and human plasma (results to be published in a separate 

paper). 

In summary, this investigation demonstrated that ataluren was well absorbed and cleared 

primarily by metabolism in mice, rats, dogs, and humans. Biliary secretion was the major 

route for elimination of drug-related radioactivity in BDC rats. The primary in vivo 

metabolic pathways for ataluren in mice, rats, dogs, and humans were direct conjugation 

with glucuronic acid (M1), glycine (M11), carnitine (M12), oxidation (M6), and 

oxadiazole ring cleavage products (M2, M3, M4 and M5), and ataluren acyl glucuronide 

(M1) was the only detectable metabolite in human plasma. There were no gender 

differences in the metabolism and disposition of ataluren in the rats, and the major 

metabolic and clearance pathways in humans are similar to animal species. 

Understanding the metabolism of ataluren is key for evaluating the efficacy and safety of 

the long-term administration of the drug which is necessary in for the treatment of 

nmDMD. 
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Legends for Figures 

Figure 1: Mean plasma concentration of total radioactivity and metabolites versus time 

profile after oral administration of [14C]-ataluren to A) male Tg.H2ras wild type mice, B) 

male and female Sprague-Dawley rats, C) male beagle dogs and D) healthy human 

subjects. 

Figure 2: Representative metabolic profile of plasma sample collected at 4 h after oral 

administration of [14C]-ataluren to A) mice, B) male rats, C) female rats, D) dogs, and E) 

humans. 

Figure 3: Representative metabolic profile of bile, urine, and feces after oral 

administration of [14C]-ataluren in A) male rat bile, B) female rat bile, C) to E) mouse, 

dog, and human urine, and F) to H) mouse, dog, and human fecal extract. 

Figure 4: Representative metabolic profile of urine and feces after oral administration of 

[14C]-ataluren in A) to D) urine, and E) to H) fecal extract from intact and BDC rats. 

Figure 5: Proposed metabolic pathways for ataluren following oral administration of 

ataluren in mice, rats, dogs, and humans. 
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Tables 

Table 1. Percentage of dose recovered following single oral administration of [14C]-ataluren to mice, rats, dogs, and humans 

Species Gender Dose 

Collection 

period (h) 

Percent of dose recovered (Mean ± SD) 

 Urine Bile Feces Cage/Rinse Total 

Mouse Male 300 mg/kg 0-120 39.04 ± 2.05 NA 54.43 ± 1.79 3.79 ± 0.60 97.26 ± 0.29 

BDC rat 

Male 

100 mg/kg 0-96 

10.53 ± 0.71 81.92 ± 0.97 6.49 ±0.70 0.56 ± 0.24 99.50 ± 1.22 

Female 10.13 ± 3.97 82.13 ± 4.66 6.80 ± 1.62 1.20 ± 0.70 100.26 ± 5.04 

Intact rat 

Male 20.87 ± 1.03 NA 72.44 ± 1.75 3.45 ± 0.70 96.77 ± 0.81 

Female 17.08 ± 5.57 NA 69.77 ± 7.06 8.25 ± 5.58 95.11 ± 4.26 

Dog Male 250 mg/kg 0-168 11.96 ± 7.49 NA 79.94 ± 8.43 1.84 ± 0.45 93.73 ± 0.87 

Human Male 1375 mg 0-96 55.10 ± 10.30 NA 47.30 ± 12.40 NA 103.00 ± 7.00 

BDC: bile-duct cannulated; NA: not available. 
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Table 2. Pharmacokinetic parameters for total radioactivity following oral administration of [14C]-ataluren to mice, rats, dogs, 

and humans 

Species Gender Dose 

t1/2 Tmax Cmax AUC0-t AUC0-∞ 

(h) (h) (µg Equiv/mL) (µg Equiv*h/mL) (µg Equiv*h/mL) 

Mouse Male 300 mg/kg 5.2 0.33 179 432 443 

Rat 

Male 

100 mg/kg 
4.9 1.0 271 2271 2274 

Female 5.1 0.5 275 2780 2784 

Dog Male 250 mg/kg 4.1 1.3 298 2249 2291 

Human Male 1375 mg 6.4 1.0 77.3 394 395 

AUC0-t: area under the plasma concentration-time curve from 0 h to last measurable concentration time point; AUC0-∞: area under the plasma concentration-time curve from 0 h to 

infinity; Cmax: maximum concentration; t1/2: the terminal half-life; Tmax, time to maximum concentration 
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Table 3. Pharmacokinetic parameters for plasma metabolites following oral administration of [14C]-ataluren to mice, rats, 

dogs, and humans 

Species Component 

Tmax Cmax AUC0-48h 

(h) µg Equiv /mL µg Equiv*hr/mL % of TRA AUC0-48h % of Ataluren AUC0-48h 

Mouse 

Ataluren 0.33 143 302 69.9 100 

M1 (Acyl glucuronide) 0.33 28.2 65.6 15.2 21.8 

M4 4.00 4.06 34.5 8.00 11.4 

M11 0.33 1.58 4.57 1.06 1.52 

Male rat 

Ataluren 1.00 226 1948 81.4 100 

M1 (Acyl glucuronide) 0.25 26.9 237 9.91 12.2 

M6 1.00 9.58 54.6 2.28 2.80 

Female rat 

Ataluren 1.00 242 2456 88.3 100 

M1 (Acyl glucuronide) 0.25 15.5 140 5.02 5.69 

M6 0.50 9.65 31.9 1.15 1.30 

Dog Ataluren 1.00 265 1852 82.4 100 
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M1 (Acyl glucuronide) 2.00 9.00 97.9 4.35 5.28 

M5 8.00 3.00 43.1 1.92 2.33 

Human 

Ataluren 1.00 72.4 373 93.4 100 

M1 (Acyl glucuronide) 1.00 4.30 28.1 7.00 7.60 

 

AUC0-48: area under the plasma concentration-time curve from 0 h to 48 h postdose; Cmax: maximum concentration; Tmax, time to maximum concentration; TRA: total radioactivity 
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Table 4. Percentage of dose excreted as ataluren and metabolites in pooled bile, urine, and feces after single oral 

administration of [14C]-ataluren to male and female rats 

Metabolitea 

Intact Ratb BDC Ratb 

Male Female Male Female 

Urine Feces Total Urine Feces Total Bile Urine Feces Total Bile Urine Feces Total 

M1 1.92 0.62 2.54 1.33 0.49 1.82 61.9 1.59 0.06 63.5 60.5 3.13 0.04 63.7 

M2 6.07 26.8 32.9 5.26 26.3 31.5 ND 1.43 3.11 4.54 ND 1.29 3.34 4.63 

M3 5.81 2.96 8.77 4.86 1.98 6.84 ND 2.56 0.21 2.77 ND 0.94 0.13 1.07 

M4 0.31 0.92 1.23 0.36 1.12 1.48 ND 0.11 ND 0.11 ND 0.12 0.06 0.18 

M5 0.15 14.5 14.7 0.89 6.38 7.27 ND 0.16 0.88 1.04 ND 0.21 0.56 0.77 

M7 ND 4.16 4.16 ND 6.27 6.27 ND ND 0.10 0.10 ND ND 0.04 0.04 

M9 1.29 ND 1.29 0.36 0.17 0.53 7.15 1.46 0.04 8.65 8.41 0.72 0.06 9.19 

M10 0.91 ND 0.91 0.55 ND 0.55 ND 0.35 ND 0.35 ND 0.33 ND 0.33 

M12 0.03 ND 0.03 0.01 ND 0.01 ND 0.02 ND 0.02 ND 0.24 ND 0.24 

Ataluren 0.09 0.24 0.33 0.05 0.29 0.34 1.07 0.05 0.03 1.15 0.64 0.11 0.03 0.78 
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a Structures of metabolites are shown in Figure 5. 

b The bile and urine were collected 0-48 h post-dose, and fecal samples were collected 0-72 h post-dose. 

BDC: bile-duct cannulated; ND: not detected by radioactivity. 
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Table 5. Percentage of dose excreted as ataluren and metabolites in pooled urine and 

feces after single oral administration of [14C]-ataluren to mice, dogs, and humans 

Metabolitea 

Mouseb Dogb Humanb 

Urine Feces Total Urine Feces Total Urine Feces Total 

M1 9.12 2.22 11.3 0.67 ND 0.67 48.6 ND 48.6 

M2 8.16 24.5 32.7 3.22 19.0 22.2 1.98 36.6 38.6 

M3 ND ND ND 1.41 0.88 2.29 0.24 1.41 1.65 

M4 1.34 0.88 2.12 1.22 1.01 2.23 0.16 0.14 0.30 

M5 3.99 2.51 6.50 2.46 16.9 19.4 0.17 1.94 2.11 

M10 1.11 1.08 2.19 ND ND ND ND ND ND 

M11 3.68 0.19 3.87 ND ND ND ND ND ND 

M12 ND ND ND 0.70 ND 0.70 ND ND ND 

Ataluren 4.87 7.31 12.2 0.02 1.11 1.13 0.83 0.40 1.23 

 
a Structures of metabolites are shown in Figure 5. 

b The urine and feces samples from mice, dogs, and humans were collected 0-48 h post-dose except for human fecal samples were collected 

0-96 h post-dose. 

ND: not detected by radioactivity.  
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Figure 1:  

 

 

A) Mouse 

D) Human 

B) Rat 

C) Dog 
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Figure 2:  
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Figure 3:  
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Figure 4:  
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Figure 5:  
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