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Delamanid (Deltyba, OPC-67683) is the first approved drug in a novel class of nitro-dihydro-imidazooxazoles developed for the
treatment of multidrug-resistant tuberculosis. Patients with tuberculosis require treatment with multiple drugs, several of
which have known drug-drug interactions. Transporters regulate drug absorption, distribution, and excretion; therefore, the
inhibition of transport by one agent may alter the pharmacokinetics of another, leading to unexpected adverse events. Therefore,
it is important to understand how delamanid affects transport activity. In the present study, the potencies of delamanid and its
main metabolites as the substrates and inhibitors of various transporters were evaluated in vitro. Delamanid was not trans-
ported by the efflux ATP-binding cassette (ABC) transporters P-glycoprotein (P-gp; MDR1/ABCB1) and breast cancer resistance
protein (BCRP/ABCG2), solute carrier (SLC) transporters, organic anion-transporting polypeptides, or organic cation trans-
porter 1. Similarly, metabolite 1 (M1) was not a substrate for any of these transporters except P-gp. Delamanid showed no inhib-
itory effect on ABC transporters MDR1, BCRP, and bile salt export pump (BSEP; ABCB11), SLC transporters, or organic anion
transporters. M1 and M2 inhibited P-gp- and BCRP-mediated transport but did so only at the 50% inhibitory concentrations
(M1, 4.65 and 5.71 �mol/liter, respectively; M2, 7.80 and 6.02 �mol/liter, respectively), well above the corresponding maximum
concentration in plasma values observed following the administration of multiple doses in clinical trials. M3 and M4 did not
affect the activities of any of the transporters tested. These in vitro data suggest that delamanid is unlikely to have clinically rele-
vant interactions with drugs for which absorption and disposition are mediated by this group of transporters.

Tuberculosis (TB) is still a serious health problem and a leading
cause of death worldwide, with approximately 9.6 million peo-

ple developing active TB and 1.5 million dying from TB in 2014
alone (1). The current TB treatments are long and burdensome,
requiring multidrug chemotherapy typically consisting of rifam-
pin, isoniazid, ethambutol, and pyrazinamide administered under
clinical observation (1). TB treatment is further complicated by
the emergence of multidrug-resistant TB (MDR-TB) caused by
strains of Mycobacterium tuberculosis resistant to at least the first-
line drugs isoniazid and rifampin and by frequent coinfection
with human immunodeficiency virus (HIV)/AIDS. In 2014, it is
estimated that 3.3% of all new TB cases and 20% of all previously
treated TB cases globally had MDR-TB (1, 2), and the number of
TB cases coinfected with HIV is estimated to be 1.2 million, ac-
counting for 12% of the 9.6 million people who developed TB
worldwide (1). However, the number of HIV-positive TB patients
on antiretroviral therapy was only approximately 392,000 (equiv-
alent to only 33% of the TB patients estimated to be coinfected
with HIV) (1). Patients with MDR-TB must be treated for at least
20 months with a combination containing second-line drugs and
several antibiotics (quinolones, macrolides, etc.) that are less ef-
fective, more expensive, and more toxic than first-line drugs. Con-
sequently, new chemotherapy interventions that can shorten the
total treatment duration, provide improved efficacy against
MDR-TB, and be administered safely with other antitubercular
regimen drugs as well as antiretroviral agents are urgently needed.

In response to this increasing MDR-TB prevalence and the con-
comitant need for new chemotherapies, Otsuka Pharmaceutical Co.,
Ltd. (Tokyo, Japan), developed the nitro-dihydro-imidazooxa-
zole derivative delamanid (Deltyba, OPC-67683;(R)-2-methyl-6-
nitro-2-[(4-{4-[4-(trifluoromethoxy)phenoxy]-piperidin-1-yl}phen
oxy)methyl]-2,3-dihydroimidazo [2,1-b]oxazole) (3). Delamanid

potently inhibits the synthesis of mycolic acid, a long-chain fatty
acid of the M. tuberculosis cell wall. It demonstrated potent pre-
clinical in vitro and in vivo activity against both drug-susceptible
strains and strains resistant to first-line drugs (4). Clinically, dela-
manid was demonstrated to have efficacy against M. tuberculosis
and a favorable safety profile in both drug-sensitive TB patients
and MDR-TB patients (5, 6). The agent has received regulatory
approval for the treatment of MDR-TB in the European Union,
Japan, and the Republic of Korea and is awaiting approval in other
regions. A major aim of clinical evaluations has been to determine
whether delamanid could help address the unmet needs in TB
treatment, including for patients coinfected with HIV and pa-
tients with AIDS. However, the introduction of new agents to
multidrug regimens for the treatment o fMDR-TB and M. tuber-
culosis-HIV coinfection can generate unexpected drug-drug inter-
actions (DDIs). Although DDIs involve multiple mechanisms, the
effects on drug transporters and metabolic pathways (e.g., the ef-
fects on cytochrome P450 [CYP] enzymes) are common sources
of clinically significant adverse events.
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A multitude of drug efflux and uptake transporters is expressed
in the intestinal epithelium, liver, kidney, vascular endothelium,
and brain, where they regulate the absorption, distribution, and
excretion of drugs (7). These transporters are sometimes major
determinants of the dispositional fate of drugs, including antibi-
otics commonly used in the treatment of infections (8, 9). For
example, in the process of absorption into the body, fluoroquino-
lones and �-lactams are predominantly absorbed via organic an-
ion-transporting polypeptides (OATPs) and peptide transporter 1
on the intestinal membrane barrier (8–10). In contrast, there are
several reports that fluoroquinolones absorbed into enterocytes
are expelled by the ATP-binding cassette (ABC) drug efflux trans-
porter P-glycoprotein (P-gp; MDR1/ABCB1) and breast cancer
resistance protein (BCRP/ABCG2) back into the gut lumen (11).
The �-lactam antibiotics are substrates for organic anion trans-
porters (OATs) that mediate uptake through the renal basolat-
eral membrane into proximal tubular cells and ultimately into
the nephron lumen for excretion (12). The P-gp and BCRP
efflux transporters are also expressed in the liver, kidney, mam-
mary gland, and other organs, where they export xenobiotic
compounds out of the cell (7, 13). Moreover, P-gp and BCRP
limit the penetration of lipophilic compounds through the
blood-brain barrier (BBB) and have been reported to transport
or interact with macrolides and fluoroquinolones (8, 11, 14,
15).

It is common for an antibiotic to be concomitantly adminis-
tered with other drugs, including other antibiotics, to improve the
overall treatment response. Intestinal absorption, hepatic me-
tabolism, and elimination by renal or biliary excretion involve
multiple transporter types; therefore, there is great potential
for unforeseen interactions when a newly developed antibiotic is
concomitantly used with such substrates and inhibitors of trans-
porters. For instance, rifampin and macrolide antibiotics are po-
tent inhibitors of the human OATP family that mediate the uptake
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors
(statins) of other common drugs (16, 17). These antibiotic agents
also have the potential to cause DDIs by inhibiting hepatic uptake
of other antibiotics, such as �-lactams and quinolones. In addi-
tion, ethambutol also has the ability to inhibit organic cation
transporters (OCTs), which are involved in the hepatic or renal
uptake of cationic compounds (18). In addition, rifampin can

influence drug elimination via CYP3A4 induction. Erythromy-
cin can inhibit the function of P-gp, resulting in an increased
absorption of fexofenadine, in addition to its effects on CYP3A
(19). Antiretroviral agents that may be used to treat HIV coin-
fection can also influence the pharmacokinetics and clinical
effects of other drugs (20, 21, 40). Therefore, there is an urgent
need for a careful in vitro characterization of these potential
DDIs and, if warranted, assessment of the possible clinical con-
sequences of these DDIs.

In addition to transporter-mediated interactions, DDIs may
arise from effects on drug-metabolizing enzymes. When dela-
manid is orally administered to humans and animals, at least four
metabolites are detected in plasma: the primary (R)-2-amino-
4,5-dihydrooxazole derivative, metabolite 1 (M1; DM-6705);
its subsequent oxidative metabolites, the (4RS,5S)-2-amino-
4,5-dihydro-4-hydroxyoxazole derivative [metabolite 2 (M2);
(4RS,5S)-DM-6720] and the (S)-2-imino-oxazolidin-4-one
derivative [metabolite 3 (M3); (S)-DM-6718]; and its hydrolysis
metabolite, the (R)-4,5-dihydro-2-oxooxazole derivative (metab-
olite 4 [M4]; DM-6704) (Fig. 1) (22). Delamanid is not metabo-
lized by NADPH-dependent reactions, including those cata-
lyzed by CYP enzymes, in human or animal liver microsomes
(4). Also, delamanid was not found to have inhibitory effects
on the metabolism of exogenous CYP substrate compounds by
eight CYP isoforms (CYP1A2, CYP2A6, CYP2B6, CYP2C8/9,
CYP2C19, CYP2D6, CYP2E1, and CYP3A), even at a concen-
tration of 100 �mol/liter, well above the therapeutic concen-
tration (23). The delamanid metabolites were noted to inhibit
some other CYP isoforms but only at concentrations much
higher than those observed in human plasma after the admin-
istration of therapeutic doses. These results indicate that dela-
manid poses no serious risk for metabolic DDIs.

Thus, in the present study, we focused on delamanid and its
four metabolites as the substrates and inhibitors of various drug
transporters. We conducted a series of in vitro tests in recombi-
nant cell culture systems and membrane vesicles expressing trans-
porters known to influence the pharmacokinetics of other com-
pounds used for TB treatment, including ABC transporters (P-gp,
BCRP, bile salt export pump [BSEP]), solute carrier (SLC) trans-
porters, OATPs, OATs, and OCTs.

FIG 1 Proposed metabolic pathways of delamanid in humans.

Sasabe et al.

3498 aac.asm.org June 2016 Volume 60 Number 6Antimicrobial Agents and Chemotherapy

http://aac.asm.org


MATERIALS AND METHODS
Chemicals and reagents. [dihydroimidazooxazole-3-14C]delamanid
([14C]delamanid) was synthesized by Quotient Bioresearch (Cardiff,
United Kingdom). Delamanid and the four delamanid metabolites, M1 to
M4, were synthesized by Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan).
[3H]digoxin, [3H]prazosin, [14C]mannitol, [6,7-3H(N)]estrone 3-sulfate
ammonium salt, ([3H]E3S), [6,7-3H(N)]estradiol 17�-D-glucuronide
([3H]E217�G), and [3H(G)]taurocholic acid ([3H]TCA) were purchased
from PerkinElmer (Waltham, MA). p-[glycyl-2-3H]aminohippuric acid
([3H]PAH) and [biguanidine-14C]metformin hydrochloride ([14C]met-
formin) were purchased from American Radiolabeled Chemicals (St.
Louis, MO) and Moravek Biochemicals (Brea, CA), respectively. Other
chemicals were obtained from the following sources. Digoxin, PAH, E3A
sodium salt, sodium TCA, verapamil, probenecid, rifampin, anhydrous
quinidine, and cyclosporine were purchased from Sigma-Aldrich (St.
Louis, MO). E217�G sodium salt and Ko143 were purchased from Santa
Cruz Biotechnology (Dallas, TX) and Tocris Bioscience (Bristol, United
Kingdom), respectively. All reagents and solvents were of analytical or
high-performance liquid chromatography (HPLC) grade, the highest
grade, or an equivalent grade.

LLC-PK1 cells expressing MDR1 or BCRP. Porcine kidney epithelial
LLC-PK1 cells transfected with vectors containing human MDR1 cDNA
and control LLC-PK1 cells transfected with vector only were used under a
license from BD Biosciences (Franklin Lakes, NJ). LLC-PK1 cells trans-
fected with vectors containing human BCRP cDNA were developed at the
ADME & Toxicology Research Institute, Sekisui Medical Co., Ltd. (To-
kyo, Japan).

Prior to the experiments, the cells were cultured in 75-cm2 flasks and
subjected to passage every 3 to 5 days. Cells expressing MDR1 (or the
empty vector) were seeded at 4 � 104 cells/insert and cells expressing
BCRP (or the empty vector) were seeded at 2.5 � 104 cells/insert in 24-
well transwell plates (0.3-cm2 polyethylene terephthalate porous filter cul-
ture inserts with a pore size of 3 �m for MDR1-expressing cells or a pore
size of 0.4 �m for BCRP-expressing cells; cell culture insert 24-well com-
panion plate; BD Falcon, Bedford, MA). Seeded MDR1-expressing LLC-
PK1 cells were incubated for 8 to 9 days and BCRP-expressing LLC-PK1
cells were incubated for 7 to 8 days in a CO2 incubator (37°C, 5% CO2) to
prepare cell monolayers for the determination of cellular transport activ-
ity. The medium in the flasks and plates containing MDR1-expressing
cells was changed every 2 or 3 days, and the medium in the flasks and
plates containing BCRP-expressing cells was changed every 2 to 5 days.
The medium used for passage in flasks was composed of medium 199
containing 9% fetal bovine serum (FBS), 50 �g/ml gentamicin, and 100
�g/ml hygromycin B. The medium used for passage in 24-well plates was
composed of medium 199 containing 9% FBS and 50 �g/ml gentamicin.
The electrical resistance across the cell monolayer was measured prior to
the preincubation. The electrical resistances were 303 to 714 � cm2 for
MDR1-expressing cells and 138 to 474 � cm2 for BCRP-expressing and
control cells; these values are within the acceptable range (100 to 800 �
cm2).

HEK293 cells expressing OATPs and OCTs. Human embryonic kid-
ney 293 (HEK293) cells transfected with a vector containing human
OATP1B1, OATP1B3, OCT1, or OCT2 cDNA and control HEK293 cells
transfected with the vector only were developed at Sekisui Medical Co.,
Ltd. Prior to the experiments, the cells were cultured in 75-cm2 flasks and
subjected to passage every 3 to 5 days. The OATP1B1- and OATP1B3-
expressing and control cells were seeded at 3.0 � 105 cells/well in 24-well
plates coated with collagen I from rat tail (BD Falcon) and incubated in a
CO2 incubator (37°C, 5% CO2) for 1 day. The cells were further incubated
for 1 day in 0.5 ml of the same medium plus 10 mmol/liter butyric acid.
The OCT1- and OCT2-expressing and control cells were seeded at 2.5 �
105 cells/well in the same medium on 24-well plates coated with collagen
I and incubated in a CO2 incubator (37°C, 5% CO2) for 2 days. The
medium was composed of Dulbecco’s modified Eagle medium (DMEM)

containing 9% FBS, antibiotic-antimycotic, and 2 mmol/liter L-glu-
tamine.

Renal proximal tubule (S2) cells expressing OATs. Cells derived
from the second segment of the proximal tubule of transgenic mice har-
boring the temperature-sensitive simian virus 40 large T-antigen gene
(here termed S2 cells) and transfected with a vector including human
OAT1 or OAT3 cDNA as well as control S2 cells transfected with the
vector were established by Fuji Biomedix Co., Ltd. (Tokyo, Japan), and
the cells were succeeded and owned by Sekisui Medical Co., Ltd. Prior to
the experiments, OAT1- and OAT3-expressing S2 cells and the corre-
sponding control cells were cultured in 75-cm2 flasks and subjected to
passage every 2 or 4 days. The cells were seeded at 2.5 � 105 or 4 � 105

cells/well in 24-well plates coated with collagen I from newborn bovine
skin (Corning, Tewksbury, MA) and incubated in a CO2 incubator (33°C,
5% CO2) for 2 days. The passage and plating medium was composed of
RITC80-7 (Research Institute for the Functional Peptides Co., Ltd., Hi-
gashine, Yamagata, Japan) containing 5% FBS, 10 ng/ml epidermal
growth factor, 0.08 unit/ml insulin, and 10 �g/ml transferrin.

BSEP-expressing vesicles. BSEP-expressing and control Sf9 vesicles
were purchased from Solvo Biotechnology (Boston, MA) and stored
at �80°C until use.

Transwell transport experiments. In transwell plates, the apical-side
volume of MDR1-expressing monolayers was maintained at 100 �l and
the basal-side volume was maintained at 600 �l. The apical-side volume of
BCRP-expressing monolayers was maintained at 250 �l, and the basal-
side volume was maintained at 900 �l. Prior to the flux assays, the medium
surrounding both the apical and the basal sides was removed and replaced
with equal volumes of bovine serum albumin (BSA)-free Hanks’ balanced
salt solution (HBSS) (pH 7.4) (for delamanid), 1% BSA-HBSS (for M1)
containing 0.2% dimethyl sulfoxide (DMSO; vehicle), or inhibitor solu-
tion, as indicated below, and the cells were preincubated at 37°C for 1 h.
For [14C]delamanid, a higher donor concentration (5 �mol/liter) was
needed to ensure adequate quantitation of the radioactivity on the re-
ceiver side. Moreover, for M1, the substrate was examined at a concentra-
tion of 3 �mol/liter on the donor side. The concentration of M1 on the
receiver side was quantitated using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). M1 exhibited adsorption to the membrane
filter of the monolayer device, whereas the adsorption of delamanid was
negligible. To avoid adsorption, 1% BSA-HBSS containing BSA was used
as a transport buffer for M1. The absolute transport in the presence of
albumin may be reduced because of the protein binding of the substrate.
However, we believe that the transport of M1 for P-gp and BCRP can be
evaluated by the ratio of the net flux, defined as the ratio of the permeation
clearance for the transporter-expressing cells to that for the control cells.

For the assessment of drug transport from the apical side to the basal
side, the apical-side medium was replaced with the test substance as the
substrate/inhibitor or with [14C]mannitol solution, and the basal-side
medium was replaced with BSA-free HBSS, 1% BSA-HBSS containing
0.2% DMSO, or inhibitor solution, as appropriate. Conversely, for the
assessment of transport from the basal side to the apical side, the apical-
side medium was replaced with fresh BSA-free HBSS, 1% BSA-HBSS con-
taining 0.2% DMSO, or inhibitor solution, as appropriate, and the basal-
side medium was replaced with the test substance as the substrate/
inhibitor or [14C]mannitol solution. Then, the cells were incubated at
37°C for designated times (0.25, 0.5, and 1 h for [3H]prazosin and 1, 2, and
4 h or 2, 3, and 4 h for the test compounds, as indicated below). Incubation
was conducted in triplicate. At the designated stop time, 70 �l (for MDR)
or 100 �l (for BCRP) of the sample on the basal or apical side was collected
for the assessment of transport from the apical to the basal side or the basal
to the apical side, respectively. The same volume of BSA-free HBSS, 1%
BSA-HBSS containing 0.2% DMSO, or inhibitor solution was quickly
added to compensate for the sampled volume.

For experiments using radiolabeled substrate and reference com-
pounds, scintillation cocktail (10 ml; Hionic-Fluor; PerkinElmer) was
added to the collected samples. For the nonlabeled substance, a 50-�l
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aliquot of the collected sample was mixed with BSA-free HBSS or 1%
BSA-HBSS (40 �l) and the internal standard solution (10 �l of 500 ng/ml
OPC-14714). This mixture was injected directly into an LC-MS/MS sys-
tem. The detailed treatments are as described below in the description of
the LC-MS/MS analysis. The substrate or reference compound concen-
tration in the sample before incubation was measured using a similar
procedure.

Cellular uptake experiments. The medium in each seeded well was
replaced by fresh HBSS (300 �l), and the cells were preincubated at 37°C
for 15 min. Uptake was started by replacement of the free HBSS with the
substrate solution or substrate solution containing an inhibitor. Both
the [14C]delamanid and M1 concentrations were set to 3 �mol/liter. The
uptake reaction was performed in triplicate at 37°C for each designated
time (1, 2, and 5 min for OATPs and 2, 5, and 10 min for OCT1). The
substrate solution was then removed, and the cells were washed once with
1 ml of ice-cold phosphate-buffered saline (PBS) containing 0.2% BSA
and twice with 1 ml of ice-cold PBS. The intracellular fraction was isolated
as described below.

For the radiolabeled substrate, after PBS was removed, 0.1 mol/liter
NaOH (0.5 ml) was added to each well and the contents of the wells were
mixed thoroughly by pipetting to dissolve the cells. An aliquot (0.3 ml) of
the cell lysate was mixed with the scintillation cocktail (10 ml; Hionic-
Fluor). For the nonlabeled substrate, after PBS was removed, PBS con-
taining 0.1% DMSO (0.5 ml) was added and the contents of the wells were
mixed thoroughly by pipetting to suspend the cells. An aliquot (50 �l) of
the cell suspension was mixed with PBS (40 �l) and the internal standard
solution (10 �l). This solution was injected into an LC-MS/MS system.
The substrate or reference compound concentration in the sample before
incubation was measured using a similar procedure. The uptake volume
was calculated on the basis of the amount in the lysate and the concentra-
tion observed before incubation.

Vesicular uptake experiments. Prior to incubation, glass fiber filters
(MultiScreen HTS FB fast-flow-rate-type glass fiber filters; pore size, 1.0
�m; Merck, Kenilworth, NJ) in culture wells were washed once with a
solution of 10 mmol/liter Tris-HCl, 100 mmol/liter KNO3, 50 mmol/liter
sucrose, and 100 �mol/liter TCA. The filters were then left for at least 30
min in 0.1% BSA solution (200 �l/well). After removal of the 0.1% BSA
solution by aspiration, the filters were washed twice again with the wash-
ing solution.

BSEP-expressing or control vesicles were preincubated at 37°C for 5
min in a reaction buffer consisting of 2 mmol/liter HEPES-Tris, 100
mmol/liter KNO3, 10 mmol/liter Mg(NO3)2, and 50 mmol/liter sucrose
plus substrate or inhibitor. Then, a 20-�l aliquot of a 10-mmol/liter Mg-
ATP solution was added to start the uptake reaction, which was allowed to
proceed at 37°C for 5 min. All incubations were conducted in triplicate. At
the times designated below, ice-cold washing solution (200 �l) was added
to terminate the reaction. An aliquot (200 �l) of each mixture was passed
through a glass fiber filter by aspiration. Loaded filters were washed five
times with 200 �l ice-cold washing solution, transferred to a vial, and
mixed with 0.5 ml ethanol and 5 ml scintillation cocktail (Ultima Gold;
PerkinElmer) for measurement of the amount of intravesicular substrate.
An aliquot of the remaining reaction mixture (30 �l) was mixed with 5 ml
of scintillation cocktail (Ultima Gold) for measurement of the amount of
extravesicular substrate remaining.

LC-MS/MS analysis of M1. Ice-cold methanol (200 �l) was added to
each assay sample. The mixture was stirred for approximately 20 s using a
vortex mixer and centrifuged (16,000 � g, 4°C, 5 min). The supernatant
(0.25 ml) was collected, and ice-cold water-formic acid (50:1, vol/vol; 180
�l) was added. This mixture was stirred for approximately 10 s using a
vortex mixer and filtered through a membrane (pore size, 0.2 �m;
W-MO; Kurabo, Osaka, Japan) by centrifugation (2,200 � g, 4°C, 5 min).
The obtained filtrate was injected directly into the LC-MS/MS system.

LC-MS/MS analysis was conducted using an API4000 MS system (AB
Sciex, Framingham, MA) connected to an LC20 series HPLC system (Shi-
madzu, Kyoto, Japan). Chromatographic separation was achieved on a

Capcell Pak MGII C18 column (particle size, 3 �m; 2.0 mm [inside diam-
eter] by 50 mm; Shiseido, Tokyo, Japan) using mixtures of two solvents,
solvent A (1 mmol/liter ammonium formate aqueous solution and formic
acid [1,000:2, vol/vol]) and solvent B (methanol), at a constant flow rate of
0.25 ml/min. The elution steps were as follows: 0 to 1.0 min of a linear
gradient of from 25% to 40% solvent B, 1.0 to 9.0 min of a linear gradient
of from 40% to 55% solvent B, and 9.0 to 13.0 min of an isocratic elution
at 55% solvent B. Equilibration was achieved 8 min after returning to the
initial conditions. The column effluent was delivered to the electrospray
ionization ion source in positive ion multiple-reaction-monitoring mode
to produce product ions of m/z 466.5 ¡ 352.0 for M1 and m/z 458.2 ¡
295.5 for the internal standard (OPC-14714, a benzoquinolinone ana-
logue compound used in the quantitation method involving human
plasma [24]). The calibration of M1 both in 1% BSA-HBSS and in the cell
suspension showed good linearity (correlation coefficient [r], 0.9976 to
0.9983 and 0.9958 to 0.9984, respectively) over the M1 concentration
range of 1.2 to 1,200 nmol/liter using weighted (1/concentration2) least-
squares regression. The lower limit of qualification (LLOQ), defined as
the lowest concentration measurable on the calibration curve, was 1.2
nmol/liter. The precision included the LLOQ and ranged from 2.7% to
13.0% in 1% BSA-HBSS and from 2.0% to 8.4% in the cell suspension.
The intrabatch accuracy included the LLOQ and ranged from �8.5% to
3.9% in 1% BSA-HBSS and from �3.0% to 11.6% in the cell suspension.
The specificity at the LLOQ was 12.1% in 1% BSA-HBSS and 0.0% in the
cell suspension, and the postpreparative stability ranged from 94.0% to
112.0% and from 88.7% to 100.4% in 1% BSA-HBSS and in the cell
suspension, respectively. These results met the corresponding criteria for
the determination of M1.

Protein content assay. The protein content in the cell lysate was as-
sayed using the a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Waltham, MA). Briefly, 20 �l of each cell lysate sample or BSA
calibration solution (0, 0.05, 0.1, 0.25, 0.5, and 0.75 mg protein/ml) was
aliquoted, the aliquots were placed in 96-well plates, and 200 �l of the kit
reagent mixture was added to each well. The mixtures were incubated at
37°C for 30 min, and the absorbance at 562 nm was measured on a mi-
croplate reader (HT; DS Pharma Biomedical, Osaka, Japan). Incubation
was performed in duplicate.

Measurement of radioactivity. The radioactivity in each sample was
measured over 2 min using a liquid scintillation counter (LSC; 2500TR,
3100TR, or 1900CA; PerkinElmer). The counting efficiency was corrected
by the external standard source method. The detection limit of the radio-
activity was defined as the background radioactivity.

Calculation of parameters. In the cell monolayer experiments using
MDR1-expressing and BCRP-expressing LLC-PK1 cells, the permeation
volume and clearance were calculated from the amounts that permeated
across transporter-expressing or control cell monolayers and the ini-
tial concentration, according to the following equations: permeation
volume � permeated amount (amount per well)/initial concentration
(amount per microliter) and permeation clearance ratio � basal side-to-
apical side permeation clearance/apical side-to-basal side permeation
clearance (where clearance is in microliters per well per hour), where
permeation clearance was determined by linear regression of the perme-
ation volume and the incubation time. Further, the ratio of the perme-
ation clearance for transporter-expressing cells to that for control cells was
defined as the net flux ratio. In the uptake experiments using HEK293 or
S2 cells expressing OATs, OCTs, or OATPs, the uptake volume was cal-
culated from the amount of substrate in the cell lysate and the initial
substrate concentration according to the following equation: uptake vol-
ume (in microliters per milligram of protein) � uptake amount (in
amount per well)/protein content (in milligrams of protein per well) �
initial concentration (in amount per microliter).

Further, the ratio of the uptake volume for transporter-expressing
cells to that for control cells was defined as the uptake ratio. In the vesicle
experiment, the uptake amount and protein content were expressed per
tube.

Sasabe et al.

3500 aac.asm.org June 2016 Volume 60 Number 6Antimicrobial Agents and Chemotherapy

http://aac.asm.org


In the experiments measuring the inhibition of monolayer perme-
ation, the remaining activity (as a percentage of that for the control) was
determined as the ratio of the net flux in the presence and absence of an
inhibitor as follows: remaining activity as a percentage of that for the
control � (net flux ratio in the presence of inhibitor/net flux ratio in the
absence of inhibitor) � 100.

In the uptake inhibition experiments, the remaining activity was calcu-
lated according to the following equation: remaining activity as a percentage
of that for the control � (uptake volume in transporter-expressing cells �
control cells in the presence of inhibitor)/(uptake volume in transporter-
expressing cells � control cells in the absence of inhibitor) � 100.

In the monolayer permeation experiment, the 50% inhibitory concen-
tration (IC50) was calculated by the maximum inhibitory effect (Imax)
equation, using WinNonlin software (version 6.1; Pharsight Corpora-
tion), as follows: net flux ratio in the presence of inhibitor/net flux ratio in
the absence of inhibitor � 1 � (Imax � IC)/(IC � IC50

C), where I is the
inhibitor concentration and C is the Hill coefficient.

When the remaining activity as a percentage of the activity of the
control at the maximum concentration tested was greater than 50.0%, the
IC50 was indicated to be greater than the maximum concentration. All
data on transport kinetics are expressed as the mean 	 standard deviation
(SD) from triplicate determinations.

Assessment of risk of DDIs. For the purpose of clinical DDIs, the values
of the maximum total plasma concentration (free and bound) (Cmax)/IC50

and 50 times the maximum free (unbound) plasma concentration (Cmax,u)/
IC50 [(50 � Cmax,u)/IC50] when 100 mg delamanid was administered twice
per day were calculated for assessment of the risk for compounds that had an
IC50 for any transporter (22). IC50 is the value obtained in the present study.
The free fraction of M1 is reported to be 0.003 (22), and that of M2 is assumed
to be equivalent to that of M1 because the chemical structures and physiolog-
ical properties of M1 and M2 are similar.

RESULTS
Delamanid transport across cell monolayers expressing the
ATP-binding cassette transporter P-gp/MDR1 or BCRP. Cell
monolayer flux experiments indicated that delamanid is not a

substrate for the P-gp/MDR1 efflux transporter. The permeation
clearance of [14C]delamanid at 5 �mol/liter across MDR1-ex-
pressing LLC-PK1 cell monolayers was 0.233 �l/well/h from the
apical to the basal side and 0.251 �l/well/h from the basal to the
apical side, and the permeation clearance ratio was 1.1. This was
only slightly greater than that across control LLC-PK1 cell mono-
layers, which was 0.160 �l/well/h from the apical to the basal side
and 0.167 �l/well/h from the basal to the apical side and for which
the clearance ratio was 1.0, indicating no specific flux direction
(Fig. 2A). In contrast, the permeation clearance of M1 at 3 �mol/
liter across MDR1-expressing cell monolayers was 0.235 �l/well/h
from the apical to the basal side and 2.25 �l/well/h from the basal
to the apical side and the permeation clearance ratio was 9.6, while
the permeation clearance across control cell monolayers was
0.0965 �l/well/h from the apical to the basal side and 0.284 �l/
well/h from the basal to the apical side and the permeation clear-
ance ratio was 2.9 (Fig. 2C). The presence of the P-gp inhibitor
quinidine decreased the permeation clearance ratio of M1 by 1.6
across the MDR1-expressing cell monolayers and by 1.7 across the
control cell monolayers (Fig. 2D). The net flux ratio of M1 was 3.3,
which disappeared in the presence of quinidine. Thus, unlike dela-
manid, M1 is a substrate for P-gp/MDR1.

Delamanid was also not transported by BCRP. The permeation
clearance of [14C]delamanid across BCRP-expressing LLC-PK1
cell monolayers was 0.536 �l/well/h from the apical to the basal
side and 0.647 �l/well/h from the basal to the apical side and the
permeation clearance ratio was 1.2 (Fig. 3A). These values are
close to those for permeation clearance across control LLC-PK1
cells, which was 0.568 �l/well/h from the apical to the basal side
and 0.616 �l/well/h from the apical to the basal side, and the
permeation clearance ratio of 1.1 for control LLC-PK1 cells was
similar to that for BCRP-expressing LLC-PK1 cells (Fig. 3A).

In contrast to the findings for MDR1, M1 was not a substrate

FIG 2 Time profiles for the transcellular transport of [14C]delamanid and metabolite M1 across control LLC-PK1 cells (open symbols) and MDR1-expressing
LLC-PK1 cells (closed symbols). The experiment was started by the addition of the following substrate to one compartment: [14C]delamanid (5 �mol/liter) in
BSA-free HBSS (A), [3H]digoxin (1 �mol/liter) in BSA-free HBSS (B), M1 (3 �mol/liter) in 1% BSA-HBSS (C), M1 (3 �mol/liter) plus quinidine (30 �mol/liter)
in 1% BSA-HBSS (D), or [3H]digoxin (1 �mol/liter) in 1% BSA-HBSS (E). The inhibitor quinidine was added in both the apical and basal compartments. Circles,
basal side-to-apical side flux; triangles, apical side-to-basal side flux. Data are expressed as the mean 	 SD from triplicate determinations.
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for BCRP. The permeation clearance of M1 across BCRP-express-
ing LLC-PK1 cell monolayers was 2.51 �l/well/h from the apical to
the basal side and 2.72 �l/well/h from the basal to the apical side
and the permeation clearance ratio was only 1.1, while the perme-
ation clearance of M1 across the control cells was 2.07 �l/well/h
from the apical to the basal side and 3.41 �l/well/h from the basal
to the apical side and the permeation clearance ratio was 1.6 (Fig.
3C). The permeation clearance ratio of the known BCRP substrate
[3H]prazosin was significantly greater than that for the control
cells, with the net flux ratio ranging from 12.3 to 13.3 (Fig. 3B and

D). Thus, compared to the findings for [3H]prazosin, neither
delamanid nor M1 was transported in significant amounts by
BCRP.

Uptake transport of delamanid and M1 by OATPs and
OCT1. The uptake ratio of the known OATP substrate
[3H]E217�G was 416.0 at 5 min for HEK293 cells expressing
OATP1B1 and 96.2 at 5 min for HEK293 cells expressing
OATP1B3 (Fig. 4C), indicating substantial functional uptake ac-
tivity in these cells. However, the delamanid and M1 uptake ratios
were only slightly larger than those for control cells (Fig. 4A and

FIG 3 Time profiles of [14C]delamanid and metabolite M1 transport across control LLC-PK1 cells (open symbols) and BCRP-expressing LLC-PK1 cells (closed
symbols). The experiment was started by the addition of the following substrate: [14C]delamanid (5 �mol/liter) in BSA-free HBSS (A), [3H]prazosin (0.01
�mol/liter) in BSA-free HBSS (B), M1 (3 �mol/liter) in 1% BSA-HBSS (C), or [3H]prazosin (0.01 �mol/liter) in 1% BSA-HBSS (D). Circles, basal side-to-apical
side flux; triangles, apical side-to-basal side flux. Data are expressed as the mean 	 SD from triplicate determinations.

FIG 4 Time profiles of [14C]delamanid and metabolite M1 uptake into control HEK293 cells (open symbols) and OATP-expressing (A to C) or OCT1-
expressing (D to F) HEK293 cells (closed symbols). The experiment was started by the addition of the following substrate in BSA-free HBSS: [14C]delamanid (1
�mol/liter) (A and D), M1 (1 �mol/liter) (B and E), or [3H]E217�G (0.05 �mol/liter) (C and F). Circles in panels A to C, OATP1B1; triangles in panels A to C,
OATP1B3. Data are expressed as the mean 	 SD from triplicate determinations.
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B). Similarly, the uptakes ratios of delamanid and M1 were similar
for OATP1B3-expressing and control HEK293 cells, except at 5
min, when the uptake for control cells was actually larger (Fig. 4A
and B). Moreover, the uptake profiles of delamanid and M1 were
almost identical in the presence of the OATP inhibitor rifampin
(10 �mol/liter) (see Fig. S1B in the supplemental material). These
results indicate that delamanid and M1 are not substrates of either
OATP1B1 or OATP1B3. The reason for the lack of an increase in
M1 uptake at 5 min in the OATP1B3-expressing cells remains
unclear.

The uptake ratio of the known OCT1 substrate [14C]met-
formin for OCT1-expressing HEK293 cells was 12.0 at 10 min,
which is substantially larger than that for control cells and which
indicates functional uptake activity (Fig. 4F). However, the uptake
ratios of delamanid and M1 for OCT1-expressing HEK293 cells
were either almost the same as or only slightly higher than those
for control cells (Fig. 4D and E), and there was no remarkable
change in the presence of the OCT inhibitor quinidine (100 �mol/

liter; data not shown). These results indicate that delamanid and
M1 are not substrates for OCT1.

Inhibition of P-gp and BCRP transport by delamanid and
metabolites. Delamanid had no influence on the net efflux ratio of
the MDR1 substrate [3H]digoxin or the BCRP substrate [3H]prazo-
sin across LLC-PK1 cell monolayers expressing MDR1 or BCRP at up
to 5 �mol/liter, even in their presence on both the apical and basal
sides (Table 1). In contrast, M1 and M2 reduced digoxin transport by
P-gp but with relatively high IC50s of 4.65 �mol/liter and 7.80 �mol/
liter, respectively (Table 1; see Table 6). M1 and M2 also inhibited
[3H]prazosin transport by BCRP, with IC50s of 5.71 �mol/liter and
6.02 �mol/liter, respectively (Table 1; see Table 6).

Inhibition of OATP, OAT, and OCT transport by delamanid
and metabolites. Similarly to P-gp/MDR1 and BCRP, delamanid
(up to 5 �mol/liter) had little effect on the uptake of [3H]E217�G
by OATP1B1 or OATP1B3 expressed in HEK293 cells, [3H]PAH
uptake by OAT1 or [3H]E3S uptake by OAT3 expressed in S2 cells,
or [14C]metformin uptake by OCT1 or OCT2 expressed in

TABLE 1 Inhibitory effects of delamanid and its metabolites on the MDR1-mediated transport of [3H]digoxin and BCRP-mediated transport of
[3H]prazosina

Concn (�mol/liter)

% remaining for MDR1-mediated transport % remaining for BCRP-mediated transport

Delamanid M1 M2 M3 M4 Delamanid M1 M2 M3 M4

0.03 106.0 —b — 92.0 106.6 — — — 76.0 88.0
0.1 119.1 91.7 87.0 92.0 101.7 82.7 104.4 92.6 85.3 85.3
0.3 99.0 78.5 87.7 90.1 100.0 74.7 92.6 86.8 77.3 82.7
1 123.4 94.2 90.1 69.1 122.3 93.3 95.6 86.8 72.0 68.0
3 109.2 73.6 95.7 71.0 128.1 80.0 83.8 77.9 61.3 53.3
10 or 5c 129.2 24.8 36.4 — — 86.7 33.8 42.6 — —
Controld 14.2 13.2 9.3 9.3 13.2 17.3 19.1 19.1 17.3 17.3
a The transport of [3H]digoxin (1 �mol/liter) and [3H]prazosin (10 nmol/liter) was determined after incubation at 37°C for 2 and 1 h, respectively. At 0 �mol/liter, the ratio of
transport from the basal to the apical side to the transport from the apical to the basal side was as follows (the data represent the ratio for transporter-expressing LLC-PK1 cells/the
ratio for transporter-nonexpressing LLC-PK1 cells): 13.1/1.4, 16.9/1.4, 21.1/1.3, and 16.9/1.4 for delamanid, M1, M2 and M3, and M4, respectively, for MDR1-mediated transport
and 8.2/1.1, 8.1/1.2, and 8.2/1.1 for delamanid, M1 and M2, and M3 and M4, respectively, for BCRP-mediated transport. The values of percent remaining are the ratio of net
transport in the presence of inhibitor to that in the absence of inhibitor (concentration, 0 �mol/liter). Each value represents the ratio of the mean permeation rate obtained from
triplicate determinations.
b —, not tested.
c Delamanid metabolites M1 and M2 were incubated at 10 �mol/liter. Delamanid was incubated at 5 �mol/liter because of its low solubility.
d The controls were verapamil at 30 �mol/liter for MDR1-mediated transport and Ko143 at 1 �mol/liter for BCRP-mediated transport.

TABLE 2 Inhibitory effects of delamanid and its metabolites on OATP1B1- and OATP1B3-mediated uptake of [3H]E217�Ga

Concn (�mol/liter)

% remaining for OATP1B1-mediated uptake % remaining for OATP1B3-mediated uptake

Delamanid M1 M2 M3 M4 Delamanid M1 M2 M3 M4

0.03 —b — — 103.5 93.7 — — — 82.2 102.8
0.1 94.9 106.1 96.6 103.6 97.7 98.9 109.2 97.1 103.0 119.5
0.3 105.6 113.0 106.9 115.0 100.6 102.0 104.1 103.2 93.4 104.7
1 97.0 117.5 112.4 100.8 97.0 102.1 103.0 101.4 96.8 101.6
3 102.1 113.8 108.2 98.2 94.4 97.3 101.5 105.1 91.5 103.9
10 or 5c 104.9 111.1 98.1 — — 100.7 86.9 102.4 — —
Controld 2.9 4.0 4.6 5.3 3.9 0.8 1.7 2.2 0.1 2.8
a The uptake volume of [3H]E217�G (50 nmol/liter) in transporter-nonexpressing cells ranged from 0.501 	 0.115 to 0.969 	 0.228 �l/mg protein/2 min (for both the OATP1B1
and OATP1B3 controls). The OATP1B1- and OATP1B3-mediated uptake volumes of [3H]E217�G in transporter-expressing HEK293 cells minus the corresponding values in
transporter-nonexpressing control HEK293 cells were 140 	 2, 115 	 11, 147 	 11, 115 	 11, and 125 	 7 �l/mg protein/2 min for delamanid, M1, M2, M3, and M4, respectively,
for OATP1B1-expressing cells and 15.5 	 1.0, 13.9 	 0.5, 14.8 	 0.6, 17.2 	 0.6, and 13.1 	 0.4 �l/mg protein/2 min for delamanid, M1, M2, M3, and M4, respectively, for
OATP1B3-expressing cells. The uptake volumes are the means 	 SDs from triplicate determinations. The uptake as the percent remaining is the ratio of the transporter-mediated
uptake volume in the presence of inhibitor to that in the absence of inhibitor (concentration, 0 �mol/liter) and is expressed as the mean 	 SD from triplicate determinations.
b —, not tested.
c Delamanid metabolites M1 and M2 were incubated at 10 �mol/liter. Delamanid was incubated at 5 �mol/liter because of its low solubility.
d The control was rifampin at 10 �mol/liter.
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HEK293 cells compared to the uptake in the corresponding con-
trol cells (Tables 2 to 4). Moreover, the four delamanid metabo-
lites exerted no inhibition of OATPs, OATs, or OCTs, except for
the weak inhibition of OCT1-mediated [14C]metformin uptake
by M1 at the highest concentration tested (10 �mol/liter) (Tables
2 to 4). The enhancement of OAT1 and OAT3 transport was ob-
served at higher concentrations of M1, M2, and M3 (Table 3).
Such an enhancement of transport has been observed less fre-
quently when a highly lipophilic compound is present in an in
vitro experiment. These lipophilic metabolites may induce a mi-
nor conformational change to the transporter protein or influence
membrane fluidity.

Inhibition of BSEP vesicular transport. Delamanid and its
four metabolites did not inhibit the uptake of the BSEP substrate
[3H]TCA into vesicles, as measured by subtracting the ATP-de-
pendent uptake into control vesicles from that into BSEP-express-
ing vesicles (Table 5).

Assessment of risk of DDIs. M1 and M2 demonstrated inhib-
itory potency for P-gp and BCRP, and the IC50s were obtained.

Therefore, the values of Cmax/IC50 and (50 � Cmax,u)/IC50 were
calculated to assess the risk of inhibition. The values of Cmax/IC50

for M1 were 0.07 and 0.06 for P-gp/MDR1 and BCRP, respectively
(Table 6). The value of Cmax/IC50 for M2 was 0.02 for both P-gp/
MDR1 and BCRP (Table 6). The value of (50 � Cmax,u)/IC50 for
both M1 and M2 was less than the value of Cmax/IC50. The Cmax/
IC50 and (50 � Cmax,u)/IC50 values were not obtained for dela-
manid, M3, and M4 because their potency for transporters was
not evident.

DISCUSSION

A substantial proportion of the delamanid absorbed following
oral ingestion by humans and animals is thought to be metabo-
lized first by hydrolysis with albumin (25). The predominant dela-
manid metabolites are subsequently produced through the pro-
posed metabolic pathways shown in Fig. 1 (22). The primary
metabolite of delamanid, the (R)-2-amino-4,5-dihydrooxazole
derivative (M1), subsequently undergoes oxidative biotransfor-
mation reactions to the (4RS,5S)-2-amino-4,5-dihydro-4-hy-

TABLE 3 Inhibitory effects of delamanid and its metabolites on OAT1-mediated uptake of [3H]PAH and OAT3-mediated uptake of [3H]E3Sa

Concn (�mol/liter)

% remaining for OAT1-mediated uptake % remaining for OAT3-mediated uptake

Delamanid M1 M2 M3 M4 Delamanid M1 M2 M3 M4

0.03 —b — — 109.0 104.1 — — — 116.3 106.5
0.1 91.2 107.5 103.7 121.5 104.3 116.3 87.5 87.1 121.8 102.8
0.3 90.8 118.2 119.8 109.8 97.8 112.3 92.0 92.1 131.9 105.8
1 79.6 116.9 116.5 120.0 89.3 107.8 109.0 105.4 158.3 94.5
3 81.3 116.2 114.4 157.7 84.5 105.4 114.8 101.7 189.2 89.5
10, 5c 75.9 107.2 113.1 — — 114.7 195.2 165.6 — —
Controld 5.9 8.7 11.4 11.3 5.7 6.5 11.1 9.2 7.5 6.6
a In transporter-nonexpressing control S2 cells, the uptake volume of [3H]PAH (1 �mol/liter) ranged from 0.636 	 0.095 to 0.947 	 0.141 �l/mg protein/2 min and that of
[3H]E3S (50 nmol/liter) ranged from 0.874 	 0.155 to 2.20 	 0.37 �l/mg protein/2 min. The OAT1- and OAT3-mediated uptake volumes of [3H]PAH and [3H]E3S are the uptake
volumes in transporter-expressing cells minus the uptake volumes in the corresponding transporter-nonexpressing cells and were 51.2 	 4.2, 56.4 	 8.1, 53.3 	 5.6, 29.5 	 1.0, and
44.8 	 3.5 �l/mg protein/2 min for delamanid, M1, M2, M3, and M4, respectively, for OAT1-expressing cells and 30.5 	 0.2, 22.8 	 0.7, 19.8 	 1.9, 19.5 	 0.6, and 32.0 	 0.3
�l/mg protein/2 min for delamanid, M1, M2, M3, and M4, respectively, for OAT3-expressing cells. The uptake volumes are the means 	 SDs from triplicate determinations. The
uptake as the percent remaining is the ratio of uptake volume in the presence of an inhibitor to that in the absence of the inhibitor (concentration, 0 �mol/liter) and is expressed as
the mean 	 SD from triplicate determinations.
b —, not tested.
c Delamanid metabolites M1 and M2 were incubated at 10 �mol/liter. Delamanid was incubated at 5 �mol/liter because of its low solubility.
d The control was probenecid at 100 �mol/liter.

TABLE 4 Inhibitory effects of delamanid and its metabolites on OCT1- and OCT2-mediated uptake of [14C]metformina

Concn (�mol/liter)

% remaining OCT1-mediated uptake % remaining OCT2-mediated uptake

Delamanid M1 M2 M3 M4 Delamanid M1 M2 M3 M4

0.03 —b — — 110.9 103.6 — — — 97.3 96.1
0.1 101.5 90.2 84.6 99.4 97.0 88.1 99.6 101.5 116.6 101.6
0.3 86.9 95.9 75.8 100.3 102.9 109.2 105.2 108.3 120.3 102.2
1 99.1 88.0 92.5 109.0 126.0 116.5 101.9 125.1 112.9 86.2
3 130.9 97.7 133.1 136.9 132.9 107.4 92.4 109.6 113.0 87.7
10, 5c 117.4 58.4 82.5 — — 109.6 87.8 100.8 — —
Controld 2.0 2.8 3.7 6.7 8.1 1.3 0.6 1.2 1.3 0.5
a The uptake volume of [14C]metformin (10 �mol/liter) in transporter-nonexpressing control HEK293 cells ranged from 0.941 	 0.046 to 1.08 	 0.09 �l/mg protein/5 min for the
OCT1 control and from 0.478 	 0.026 to 0.564 	 0.095 �l/mg protein/2 min for the OCT2 control. The OCT1- and OCT2-mediated uptake volumes of [14C]metformin are the
values in transporter-expressing cells minus those in the corresponding control cells and were 4.67 	 0.29, 5.98 	 0.16, 4.82 	 0.28, 3.52 	 0.19, and 3.69 	 0.26 for delamanid,
M1, M2, M3, and M4, respectively, for OCT1-expressing cells and 66.3 	 3.4, 66.7 	 1.1, 69.7 	 4.9, 72.5 	 4.9, and 75.6 	 3.4 for delamanid, M1, M2, M3, and M4, respectively,
for OCT2-expressing cells. The uptake volumes are the means 	 SDs from triplicate determinations. The uptake as the percent remaining is the ratio of the uptake volume in the
presence of the inhibitor to that in the absence of the inhibitor (concentration, 0 �mol/liter) and is expressed as the mean 	 SD from triplicate determinations.
b —, not tested.
c Delamanid metabolites M1 and M2 were incubated at 10 �mol/liter. Delamanid was incubated at 5 �mol/liter because of its low solubility.
d The control was quinidine at 100 �mol/liter for OCT1-mediated uptake and quinidine at 300 �mol/liter for OCT2-mediated uptake.
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droxyoxazole derivative (M2) and the deamine metabolite, the
(R)-4,5-dihydro-2-oxooxazole derivative (M4), and M2 is further
hydroxylated to the (S)-2-imino-oxazolidin-4-one derivative
(M3). All four delamanid metabolites have areas under the con-
centration-time curves (AUCs) close to 10% of the total AUC for
all delamanid-related compounds; therefore, complete character-
ization of their interactions with transporters is critical for evalu-
ating the risk of potential clinically relevant pharmacokinetic in-
teractions with other anti-TB medications. We demonstrate that
neither delamanid nor these metabolites inhibit multiple types of
ABC, SLC, OATP, OAT, and OCT transporters at clinically rele-
vant concentrations. Thus, adverse DDIs are unlikely, at least with
anti-TB treatments that are substrates for these transporters.

The latest guidelines on the investigation of drug interactions
authorized by the European Medicines Agency (EMA) (26) and
the U.S. Food and Drug Administration (FDA) (draft) (27) focus
on the ABC transporters P-gp/ABCB1 and BCRP/ABCG2, SLC

transporters, the OATPs OATP1B1 and OATP1B3, the OATs
OAT1 and OAT3, and the OCTs OCT1 and OCT2, which are the
major drug transporters expressed in the human intestine, liver,
kidney, and brain. In addition, we also tested the ABC transporter
BSEP, which exports bile salts from hepatocytes.

P-gp and BCRP are located in the apical membrane of intesti-
nal epithelial cells, where they can actively excrete a variety of
structurally diverse drugs back into the lumen, thereby limiting
oral absorption (7, 13). For meaningful in vitro evaluation of the
inhibitory potency of drugs for intestinally expressed transporters,
such as P-gp and BCRP, the maximum expected concentration of
drugs in the intestinal lumen should be present on the apical side
of enterocytes. When the test drug is orally dosed, the experimen-
tal concentration recommended by the European Medicines
Agency guideline is 0.1-fold the maximum dose on one occasion/
250 ml (26). However, because of its low solubility, even a single
oral dose of 100 mg delamanid is not thought to reach the maxi-
mum soluble concentration in the intestine. In fact, delamanid is
only slightly soluble even in buffer solutions of pH 1.2 or pH 2,
which is lower than the pH of intestinal fluids. The maximum
solubility drops dramatically at a higher pH, from 55 �mol/liter at
pH 1.2 to 4 �mol/liter at pH 2. Thus, transport experiments at
high delamanid concentrations are limited by its low solubility. In
the present in vitro tests, the solubility of delamanid was no more
than 5 �mol/liter in 1% BSA-HBSS or BSA-free HBSS; therefore,
this was the maximum concentration tested as the substrate
and/or inhibitor on the basis of the assumption that this concen-
tration is close to that expected in the gastrointestinal tract after a
single dose. At this concentration, delamanid was not a substrate
for P-gp or BCRP (Fig. 2 and 3) and did not affect the P-gp-
mediated transport of digoxin or the BCRP-mediated transport of
prazosin (Table 1). Therefore, we concluded that the disposition
of delamanid in humans is unlikely to be altered by inhibitors of
P-gp and BCRP and that delamanid is unlikely to alter the oral
availability and disposition of P-gp and BCRP substrates.

M1 at 3 �mol/liter was transported via P-gp in MDR1-express-
ing epithelial (LLC-PK1) cells (Fig. 2), but the clinical significance
of P-gp-mediated efflux depends on the systemic concentrations
of M1 in humans. The Cmax of M1 reached 0.32 �mol/liter when
delamanid (100 mg) was repeatedly dosed twice a day in patients

TABLE 5 Inhibitory effects of delamanid and its metabolites on BSEP-
mediated vesicular uptake of [14C]TCAa

Concn
(�mol/liter)

% remaining BSEP-mediated uptake

Delamanid M1 M2 M3 M4

0.03 —b — — — 100.7
0.1 95.5 95.2 75.5 103.6 87.7
0.3 100.8 94.9 129.5 81.6 89.6
1 99.0 96.5 113.1 107.9 98.2
3 108.6 107.3 119.4 106.0 92.4
10 or 5c 95.7 99.2 127.8 152.0 —
Controld 11.1 11.1 22.0 22.0 11.1
a The uptake volume of [14C]TCA (2 �mol/liter) in transporter-nonexpressing control
vesicles ranged from 17.1 	 5.8 to 22.9 	 1.8 �l/mg protein/5 min. The BSEP-mediated
uptake volume of [14C]TCA is the value in BSEP-expressing vesicles minus that in
BSEP-nonexpressing control vesicles and was 77.5 	 11.2 �l/mg protein/5 min for
delamanid and M1, 111 	 11 �l/mg protein/5 min for M2 and M3, and 77.5 	 11.2
�l/mg protein/5 min for M4. The uptake as the percent remaining is the ratio of the
uptake volume in the presence of inhibitor to that in the absence of inhibitor
(concentration, 0 �mol/liter) and is expressed as the mean 	 SD from triplicate
determinations.
b —, not tested.
c Delamanid metabolites M1 and M2 were incubated at 10 �mol/liter. Delamanid and
M3 were incubated at 5 �mol/liter because of their low solubilities.
d The control was cyclosporine at 10 �mol/liter.

TABLE 6 Summary of inhibitory effects of delamanid and its metabolites on ATP-binding cassette transporters and solute carriersa

Transporter

IC50 (�mol/liter)a Cmax/IC50
b (50 � Cmax,u)/IC50

b,c

Delamanid M1 M2 M3 M4 M1 M2 M1 M2

MDR1 (
5) 4.65 7.80 (
3) (
3) 0.07 0.02 0.010 0.002
BCRP (
5) 5.71 6.02 (
3) (
3) 0.06 0.02 0.008 0.003
OAT1B1 (
5) (
10) (
10) (
3) (
3) —d — — —
OATP1B3 (
5) (
10) (
10) (
3) (
3) — — — —
OAT1 (
5) (
10) (
10) (
3) (
3) — — — —
OAT3 (
5) (
10) (
10) (
3) (
3) — — — —
OCT1 (
5) (
10) (
10) (
3) (
3) — — — —
OCT2 (
5) (
10) (
10) (
3) (
3) — — — —
BSEP (
5) (
10) (
10) (
5) (
3) — — — —
a The values in parentheses represent the maximum concentration of the test compound in the inhibition study and indicate that 50% inhibition was not observed even at the
maximum concentration tested.
b The Cmax/IC50 and (50 � Cmax,u)/IC50 values were calculated using the Cmax of the corresponding metabolite in human plasma after repeated administrations of delamanid at 100
mg twice a day for 56 days (22).
c The unbound fraction of M1 in plasma in vitro was determined as described previously (22), and the unbound fraction of M2 was assumed to be equivalent to that of M1.
d —, not applicable. Cmax/IC50 and (50 � Cmax,u)/IC50 were not calculated for delamanid, M3, and M4 because they showed no potency against the transporters.
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with MDR-TB (22). Therefore, given that the observed Cmax is
much lower than the delamanid concentrations used in the P-gp
transport studies, it is possible that P-gp is involved in the dispo-
sition of M1. M1 has been found in the bile of rats receiving ra-
diolabeled delamanid orally (not reported), although the contri-
bution of P-gp to total biliary excretion is not known.

Regarding inhibition, the ratio of Cmax to Ki or IC50 is a param-
eter commonly used to assess the risk of DDIs. The clinical Cmax of
M1 (0.32 �mol/liter) (22) for P-gp is substantially lower than the
IC50 of M1 (4.65 �mol/liter) (Cmax/IC50 � 0.07) (Table 6). More-
over, the IC50 of M2 (7.80 �mol/liter) is even higher than that of
M1, and the Cmax of M2 (0.12 �mol/liter) (22) is substantially
lower than its IC50 (Cmax/IC50 � 0.02) (Table 6). These Cmax/IC50

values are relatively low compared with the biowaiver value
(�0.1) that the draft guidance from the FDA recommends for
performing a clinical DDI study (27). Moreover, the guidelines of
EMA require a comparison of the values for (50 � Cmax,u) and
IC50 for renal and hepatic efflux transporters in the case of sys-
temic metabolites (26). The values of (50 � Cmax,u)/IC50 for M1
and M2 for P-gp are much smaller than the biowaiver value (�1)
recommended by EMA (26) (Table 6). In addition, for drugs for
which the unbound fraction (fu) values are less than 0.01 because
of high protein binding, both the FDA and the EMA guidelines
require the assumption of an fu equal to 0.01 to be on the safer side
to avoid false-negative predictions (26, 27). For M1 (fu � 0.003)
and M2 (22), the (50 � Cmax,u)/IC50s for P-gp did not exceed 1,
even if it was assumed that fu was equal to 0.01. These findings and
considerations are in line with the findings for BCRP. FDA and
EMA require a comparison of the IC50 with the inlet maximum
concentration in the liver or the expected maximum enterocyte
concentration for orally administered drugs. However, in this
case, because the metabolites are inhibitors, gut absorption is not
applicable.

Moreover, after administration of a dose of delamanid, it was
metabolized to M1 and M2 and sequentially to M4 and M3, with
all metabolites being present together in the plasma. Therefore, it
is conceivable that these metabolites have additive inhibitory ef-
fects. The additive effect can be estimated by the summation of the
respective Cmax/IC50 ratios or (50 � Cmax,u)/IC50 ratios of two
metabolites (M1 and M2) or four metabolites (M1 and M2 plus
M3 and M4, for which the IC50s were not obtained). The sum of
the Cmax/IC50 ratios of M1 and M2 and the sum of the (50 �
Cmax,u)/IC50 ratios of M1 and M2 did not exceed the biowaiver
values (0.1 and 1, respectively), indicating that the inhibitory ef-
fect by the simultaneous presence of M1 and M2 might be negli-
gible in a clinical setting. In addition, the Cmax values of M3 and
M4 are similar to those of M1 and M2, respectively (22). If they
also have similar inhibitory potentials for P-gp and BCRP (Table
1), the sum of the Cmax/IC50 ratios of the four metabolites may be
close to 0.2, exceeding the FDA-recommended value of 0.1. As-
sessment of the maximum risk suggests a possible DDI with any of
the substrates for P-gp or BCRP when the concentrations of all the
metabolites occasionally reach the Cmax. However, the effects
would likely be transient. A simulation using a dynamic model
would be an extremely useful method to precisely predict such
information.

OATPs recognize anionic organic compounds and OCT1 rec-
ognizes cationic organic compounds at the plasma membrane of
hepatocytes, and OATPs and OCT1 function in the uptake of
substrates into the liver from circulating blood (7, 28, 29). OATs

also interact with neutral and anionic compounds and OCT2 in-
teracts with cationic compounds on the renal plasma membrane
(7, 30), and the functions of OAT and OCTs are important for
uptake into kidney cells and ultimate excretion. Hepatic elimina-
tion and renal elimination are governed by uptake ability as the
initial process (28). Therefore, the transport rates for uptake into
the liver via OATPs and OCT1 generally determine the overall
hepatic metabolic fate of the substrate drug. We demonstrate that
OATP1B1, OATP1B3, and OCT1 do not mediate a substantial
uptake of delamanid or M1 (Fig. 4). These results as well as the
lipophilicity of delamanid and the cationic properties of M1
strongly suggest that uptake into liver cells is more likely by passive
diffusion than by active transport. Following hepatic uptake, dela-
manid and M1 are subjected to sequential metabolic reactions
and/or biliary excretion. Therefore, it is expected that concomi-
tant dosing with rifampin, a first-line anti-TB drug and a potent
OATP inhibitor, would not alter the overall hepatic metabolic fate
of delamanid.

In the present study, we did not examine transport via the renal
uptake transporters OAT1, OAT3, and OCT2 because unchanged
delamanid is not excreted into urine; therefore, a potential inter-
action via this renal route is unlikely. Neither delamanid nor any
of its metabolites inhibited SLC uptake transporters, even when
they were used at 5 and 10 �mol/liter, except for the inhibition of
the OCT1-mediated transport of [14C]metformin by M1 at 10
�mol/liter (Table 4), a concentration much higher than the clin-
ical plasma concentration. Therefore, the potential impact of dela-
manid and M1 on the hepatic elimination of concomitantly ad-
ministered drugs that are substrates of these transporters is likely
to be minimal. Furthermore, delamanid and its metabolites had
little effect on the activities of renal OATs and OCT2 (Tables 3 and
4). These results indicate that delamanid would not affect the
hepatic or renal elimination of concomitantly administered sub-
strate drugs.

Delamanid will be suitable for future use in first-line regimens.
Hence, several clinical DDI studies of delamanid were conducted
using the concomitant administration of delamanid with the an-
tibiotic rifampin, isoniazid, or pyrazinamide, which make up the
drug Rifater, which is used in first-line regimens. In these studies,
delamanid did not change the pharmacokinetics of rifampin, iso-
niazid, or pyrazinamide (31). Delamanid and its metabolites have
been reported to exhibit no or weak inhibition of CYP enzymes
and no induction (23), and the effect of the activities of drug
transporters was not noticeable in the present study. This may
provide an explanation as to why there is an absence of a DDI with
Rifater. The plasma concentration of delamanid was reduced only
by the coadministration of a potent CYP3A inducer, rifampin
(31). This occurred despite the fact that delamanid is primarily
metabolized in the plasma by albumin and to a lesser extent by
CYP3A (4, 25). The plasma concentration of a drug of the same
class, pretomanid (PA-824), which was extensively metabolized
via a combination of reductive and oxidative metabolic processes,
including oxidation by CYP3A, was reduced by the coadministra-
tion of rifampin or efavirenz (32). Efavirenz is also an inducer of
CYP3A, and the contribution of CYP3A to the overall metabolism
of delamanid or pretomanid may increase when CYP3A is in-
duced. On the basis of the finding that delamanid is not trans-
ported by any drug transporters, the involvement of CYP3A is
likely one of the important key factors of the appearance of DDIs
between the two novel antitubercular agents.
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Integrase inhibitors (e.g., elvitegravir, dolutegravir), protease
inhibitors (e.g., saquinavir, ritonavir), and nonnucleoside reverse
transcriptase inhibitors (e.g., zidovudine) are anti-HIV agents
known to interact with some transporters and induce transporter-
mediated drug interactions (20, 21, 33–35). Delamanid may be
used concomitantly with these agents for the treatment of TB in
patients coinfected with HIV. Recent studies suggest that genetic
variation in transporter genes is a significant determinant of in-
terindividual variability in the absorption, disposition, and phar-
macodynamic response to substrates, including antiviral drugs
(12, 29, 36). In the present study, M1 was transported only by
P-gp, while delamanid was not a substrate for any transporter.
P-gp is a major determinant of both the brain distribution and
urinary/biliary excretion of substrate compounds present in the
blood. In the case of M1, changes in biliary excretion and the
increased permeation of the BBB by other drugs could be of con-
cern for certain P-gp genetic variants. However, M1 has several
elimination pathways other than biliary excretion, such as
through oxidation by CYPs and hydrolysis in the liver (22).
Therefore, genetic variation effects and DDIs due to the interac-
tion of P-gp with M1 are expected to be minimal, as long as biliary
excretion occurs. Moreover, the plasma concentration of M1 in-
creased by only 128% of that for control healthy subjects, even
with concomitant use of two anti-HIV agents, lopinavir and
ritonavir (400 mg and 100 mg twice a day, respectively), both of
which are also potent inhibitors of P-gp and CYP3A4 (37). M1 is
thought to passively permeate the BBB due to its high lipophilic-
ity. The concentration of radioactivity in the brain containing a
high proportion of M1 was reported to be higher than that in
plasma when [14C]delamanid was administered to rats (38).
Therefore, the brain distribution of M1 is not expected to be sub-
stantially changed, even if the P-gp function is compromised by
genetic variation or drugs that act as P-gp inhibitors.

Bile acids are known to be taken up into liver cells by the Na�-
taurocholate cotransporting polypeptide on the sinusoidal/baso-
lateral membrane and then secreted into bile fluid by an efflux
transporter, BSEP, on the canalicular/apical membrane (39). The
vectorial summation of these fluxes determines the rate of biliary
excretion. If the BSEP function is reduced by inhibitory drugs or
gene mutation, intrahepatic cholestasis would eventually occur
and cause hepatic toxicity. Therefore, the transport of bile acids by
BSEP has an important clinical implication. However, delamanid
and its metabolites had little effect on the activity of BSEP, sug-
gesting that delamanid is suitable as a medication for the long-
term treatment of TB.

In summary, delamanid (�5 �M) showed no inhibitory effects
on the efflux ABC transporters P-gp, BCRP, and BSEP or on the
hepatic or renal SLC transporters OATPs, OCTs, and OATs. Dela-
manid metabolites M1 and M2 inhibited the transport activities of
P-gp and BCRP, but only at concentrations well above the Cmax

values observed after clinical administration. Other metabolites
did not inhibit the transport activity of any transporter tested.
Although M1 was transported through a monolayer of MDR1-
expressing cells at relatively high concentrations, the plasma con-
centration of M1 has been reported to be minimally altered by the
concomitant use of delamanid and potent inhibitors of P-gp.
These in vitro data suggest that delamanid is unlikely to cause
clinically relevant drug interactions resulting from effects on
transporters mediating the absorption and/or disposition of co-
administered drugs. These findings are particularly significant for

TB and MDR-TB patients coinfected with HIV or with AIDS who
are concomitantly treated with several anti-TB agents and anti-
HIV agents.
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