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ABSTRACT

The 2016 World Health Organization treatment recommendations
for drug-resistant tuberculosis (DR-TB) positioned clofazimine as a
core second-line drug. Being identified as a cytochrome P450 (P450)
inhibitor in vitro, a P450-mediated drug interaction may be likely
when clofazimine is coadministered with substrates of these
enzymes. The P450-mediated drug interaction potential of clofazi-
mine was evaluated using both static [estimation of the R1 and area
under the plasma concentration-time curve ratio (AUCR) values] and
dynamic [physiologically based pharmacokinetics (PBPK)]modeling
approaches. For static and dynamic predictions, midazolam, repa-
glinide, and desipramine were used as probe substrates for
CYP3A4/5, CYP2C8, and CYP2D6, respectively. The AUCR static
model estimations for clofazimine with the substrates midazolam,

repaglinide, and desipramine were 5.59, 1.34, and 1.69, respectively.
The fold increases in the area under the curve (AUC) predicted for
midazolam, repaglinide, and desipraminewith clofazimine (based on
PBPK modeling) were 2.69, 1.60, and 1.47, respectively. Clofazimine
was predicted to be a moderate-to-strong CYP3A4/5 inhibitor and
weak CYP2C8 and CYP2D6 inhibitor based on the calculated AUCR
by static and PBPK modeling. Additionally, for selected antiretro-
viral, antitubercular, antihypertensive, antidiabetic, antileprotics,
and antihyperlipidemic CYP3A4/5 substrate drugs, approximately
2- to 6-fold increases in the AUCwere predictedwith staticmodeling
when coadministered with 100 mg of clofazimine. Therefore, the
possibility of an increase in the AUC of CYP3A4/5 substrates when
coadministered with clofazimine cannot be ignored.

Introduction

Tuberculosis (TB) is an airborne infectious disease caused by
organisms of the Mycobacterium tuberculosis complex. Over the past
two decades, the incidence of TB has declined in most regions of the
world; however, the emergence of resistance to anti-TB drugs is a threat
to the gains in TB control. Drug-resistant TB (DR-TB) cases are
generally of three types: 1) rifampicin-resistant TB, caused by bacteria
that do not respond to rifampicin; 2) multidrug-resistant TB (MDR-TB),
caused by bacteria that do not respond to, at least, isoniazid and
rifampicin; and 3) extensively drug-resistant TB, a form of MDR-TB
that is also resistant to fluoroquinolones and second-line injectable drugs
[see the World Health Organization (WHO) MDR-TB factsheet; http://
www.who.int/tb/areas-of-work/drug-resistant-tb/treatment/en/].
Clofazimine is an antimycobacterial agent originally developed in the

1950s for TB and currently approved for the treatment of lepromatous
leprosy and its complication, erythema nodosum leprosum (Fajardo
et al., 1999; Hwang et al., 2014). Clofazimine has been used off-label as

a second-line TB drug in a multidrug regimen for DR-TB (see the
companion handbook to the WHO guidelines for the programmatic
management of drug-resistant tuberculosis; https://www.ncbi.nlm.nih.gov/
books/NBK247431). Publication of various drug regimens used by the
Damien Foundation in Bangladesh (Van Deun et al., 2010), which included
clofazimine as part of the treatment protocol, has drawn the attention of
researchers, and authors have continued to study clofazimine as part of a
multidrug regimen in the treatment of MDR-TB (Dooley et al., 2013).
Among the five different regimens used in Bangladesh, the regimen
containing clofazimine for MDR-TB had a low failure rate and a treatment
default rate of 7.9%without any relapses up to 2 years in cured patients (Van
Deun et al., 2010). In the follow-up study, 84.4% of patients had
bacteriologically favorable treatment outcomes after 2 years (Aung et al.,
2014). A similar outcome has been reported from countries in Africa
(Piubello et al., 2014; Kuaban et al., 2015). The 2016 WHO DR-TB
treatment guidelines positioned clofazimine as a core second-line drug (group
C) (http://www.who.int/tb/areas-of-work/drug-resistant-tb/treatment/en/).
In 2015, an estimated 10.4 million new (incident) TB cases were

reported worldwide, and among these, 1.2 million (11%) cases had been
living with human immunodeficiency virus (HIV). In addition to the 1.4
million TB deaths in 2015, 0.4 million deaths were reported among
people living with HIV (see the WHO global tuberculosis report;
www.who.int/tb/publications/global_report/en/). TB is one of the most
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common opportunistic infections and a leading cause of death in HIV
patients (www.who.int/tb/publications/global_report/en/). The aug-
mented reports of MDR-TB and synergistic interactions with the HIV
epidemic are posing difficult challenges for effective management and
control of TB (Zumla et al., 2013).
Clofazimine is always prescribed as part of a multidrug regimen for

the treatment of DR-TB. Given that TB contributes to comorbidity in
patients with HIV, concomitant administration of anti-HIV drugs with
clofazimine is most likely. In vitro cytochrome P450 (P450) inhibition
results (Supplemental Table 1) have suggested that clofazimine has
reversible inhibitory effects on CYP3A4/5, CYP2C8, and CYP2D6 at
concentrations of up to 10 mM. Therefore, it becomes imperative to
evaluate the drug interaction potential of clofazimine with drugs that are
substrates for CYP3A4/5, CYP2C9, and CYP2D6. This study evaluated
the CYP3A4/5, CYP2C8, and CYP2D6 inhibition-mediated drug
interaction potential of clofazimine (as a perpetrator) using static and
dynamic [i.e., physiologically based pharmacokinetics (PBPK)] models.

Materials and Methods

The drug interaction potential of clofazimine (P450 mediated) was evaluated
using static and mechanistic dynamic model predictions according to the Food
and Drug Administration Guidance for Industry for drug interaction studies
(https://www.fda.gov/downloads/drugs/guidances/ucm292362.pdf).

Static Model Predictions

P450 inhibition parameters were collected from data obtained using pooled
human liver microsomes, which indicated that clofazimine reversibly inhibits
CYP3A4/5, CYP2C8, and CYP2D6 with unbound dissociation constant values of
0.000786, 0.00372, and 0.00246mM, respectively (see Supplemental Table 1). The
human plasma protein binding of clofazimine was reported as 99.9%, ranging from
99.9% to 99.96% (see the TB Alliance report on clofazimine in clinical trials for
tuberculosis; http://www.resisttb.org/wp-content/uploads/2013/08/Global-Alliance-
Clinical-Work-with-Clofazimine.pdf). Therefore, a correction for plasma protein
binding of 99.9% [fraction unbound in plasma (fup) of 0.001] was used for all
calculations in this analysis. Although there is one report of potential weak (#2-fold)
CYP3A4 activity induction in vitro (Horita and Doi, 2014), there are no published
reports that have implicated clofazimine as a clinical inducer of CYP3A4 (see the
University of Washington Drug Interaction Database; https://didb.druginteractioninfo.
org). Therefore, it was assumed in the models that any potential CYP3A4 induction
would be negligible, and for the worst-case scenario CYP3A4 inhibition
would predominate. A population pharmacokinetics (PopPK) model was de-
veloped for clofazimine using plasma concentration-time data obtained from
healthy volunteers and leprosy patients (internal data). Simulationswere performed
using the PopPK parameter estimates obtained from the final model. A steady-state
plasma Cmax value of 890 ng/ml (1.89 mM) (after repeat dose administration
of 100 mg once daily) was obtained from the model, which was used for the R1
and area under the curve (AUC) plasma concentration-time ratio (AUCR)
calculations.

Determination of the R1 Value. The R1 value was calculated using the
following formula:

R1 ¼ 1þ ½I��Ki;u ð1Þ

where [I] is the maximum anticipated Cmax of clofazimine in patients [1.89 mM
(total Cmax) or 0.00189 mM (unbound Cmax)] and Ki,u is the unbound inhibition
constant determined in vitro. The Ki,u values used in the models for P450
inhibition were 0.00372 mM (CYP2C8), 0.00246 mM (CYP2D6), and 0.000786
mM (CYP3A4/5), vide supra.

Since clofazimine is a CYP3A4/5 inhibitor that will be administered orally, the
R1 value was also determined using the gut concentration [Igut], to take into
account intestinal CYP3A inhibition

R1 ¼ 1þ ½Igut�
�
Ki;u ð2Þ

where [Igut] = dose/250 ml (or 845mM for 100mg dose). Initially, the R1 value for
P450 (CYP3A4/5, CYP2C8, and CYP2D6) inhibition by clofazimine was

calculated; if the R1 values were .1.1 (systemic) or .11 (gut; only for
CYP3A4/5), then the AUCR and AUCinhibitor/AUCcontrol were estimated using
the mechanistic static (net effect) model.

Determination of the AUCR Value by Using the Mechanistic Static (Net
Effect) Model. The net effect model was used to calculate the AUCR (Fahmi
et al., 2008, 2009; Einolf et al., 2014). The AUCR value was calculated using the
following formula:

AUCR ¼
"

1�
Ag � Bg � Cg

� � �
12Fg

� þ Fg

#

�
�

1
ðAh � Bh � ChÞ � fm þ ð12 fmP450 Þ

�
ð3Þ

where Fg is the fraction of dose that escapes first-pass metabolism in the intestine;
fmP450 is the fraction of total systemic clearance of the substrate that is metabolized
by an individual P450 enzyme; and subscripts “h” and “g” denote liver and gut,
respectively.

Since clofazimine exhibits reversible inhibition but not time-dependent
inactivation or clinically relevant induction

Ag ¼ 1=ð1þ ½Ient�Þ=Ki ð4Þ
Ah ¼ 1=ð1þ ½Ih�Þ=Ki ð5Þ

and Bg, Cg, Bh, and Ch were set as 1.
In eq. 4, [Ient] is the enterocyte concentration of clofazimine defined as follows:

½Ient� ¼ fa � ka � dose=Qent ð6Þ

where fa is the fraction of clofazimine absorbed after oral administration (0.7)
(Vischer, 1969); ka is the first-order absorption rate constant in vivo (0.088 hour21,
internal data); and Qent is the enterocytic blood flow (248 ml/min) (Obach et al.,
2006).

In eq. 5, [Ih] is the hepatic concentration of clofazimine defined as follows:

½Ih� ¼ fup �
�
Cmax; total þ ðka � fa � dose=QhÞ

� ð7Þ

whereQh is the hepatic blood flow [1470 ml/min for a 70-kg individual (21 ml/min
per kilogram)] and fup is the fraction unbound in plasma (0.001) (http://www.
resisttb.org/wp-content/uploads/2013/08/Global-Alliance-Clinical-Work-
with-Clofazimine.pdf). The dose was defined as 100mg and theCmax total value
(at steady state) was 1.89 mM. The input data [fraction metabolized by an enzyme
(fm) values] for midazolam, repaglinide, and desipramine were 0.9 (Einolf et al.,
2014), 0.71 (Kajosaari et al., 2005; Varma et al., 2013 ), and 0.9 (Obach et al.,
2006), respectively. The input data (fm values) for other drugs were calculated from
the published literature (Supplemental Table 2).

The fmP450 value was calculated as follows:

fm ¼ ½12 ð1=AUCiÞ� ð8Þ

where, AUCi represents the fold increase in the exposure of a substrate after
coadministration with a strong inhibitor (Rowland and Matin, 1973). This
equation assumes complete inhibition of the enzyme. The Fg values were not
available for a majority of these substrates; a value of 0.51 (Fg value of
midazolam,which undergoes predominant gut metabolism) was used (Gertz et al.,
2010).

Selection of Drugs for AUCR Determination

To predict the magnitude of CYP3A4/5-, CYP2C8-, and CYP2D6-mediated
inhibition by clofazimine, the AUCR values were estimated using midazolam,
repaglinide, and desipramine as probe substrates, respectively. Various classes of
possible coadministered drugs such as antituberculars, antiretrovirals, antidia-
betics, antihypertensives, antileprotics, and antihyperlipidemics (statins) were
considered for further evaluation.

PBPK Model Predictions

Input Parameters. The platform used for the PBPKmodeling was the Simcyp
Simulator (version 15, release 1; Certara, Princeton, NJ). The healthy volunteer

Clinical Drug Interaction Potential of Clofazimine 27
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population library file provided by the software was used for all simulations. For
simulations that included patients up to 70 years of age, the default maximum age
for the healthy volunteer population file was increased from 65 to 70. The PBPK
model input parameters are summarized in Table 1 and described in detail
subsequently.

The molecular weight of clofazimine is 473 g/mol, and the log P octanol:water
value used was 7.66 (ChemIDplus database; U.S. National Library of Medicine,
Bethesda, MD, https://chem.nlm.nih.gov/chemidplus/). The compound type was
entered as a monoprotic base with an acid dissociation constant pKa value of 8.51
(Quigley et al., 1990). The blood-to-plasma ratio was entered as 0.5 (minimally
distributed into blood; internal data), and the fup was entered as 0.001 (http://
www.resisttb.org/wp-content/uploads/2013/08/Global-Alliance-Clinical-Work-
with-Clofazimine.pdf). A first-order absorption model was used and the fraction

of dose absorbed (fa) was entered as 0.7 (Vischer, 1969). A parameter sensitivity
analysis was performed on the impact of the clofazamine fa value on the drug
interaction with the sensitive CYP3A4 substrate, midazolam (Supplemental
Fig. 1A). Varying the fa value from 0.42 to 0.98 (0.7%6 40% of the value used in
the model) resulted in a predicted midazolam AUCR range of 2.2–3.7, which was
within 38% of the predicted AUCR of 2.7 with a fa value of 0.7. The results of this
parameter sensitivity analysis suggested that the CYP3A drug-drug interaction
(DDI) was not highly sensitive to the clofazimine fa values evaluated and would
remain categorized as a moderate CYP3A4 inhibitor. The absorption rate constant
(ka) used was 0.25 hour

21 and the lag time was entered as 0.55 hour. These values
were optimized to predict the pharmacokinetics (PK) parameters (e.g., the Cmax

and time to reach maximum plasma concentration values). The effective
permeability in humans was user defined as 4.38 � 1024 cm/s, predicted based

TABLE 1

PBPK model (Simcyp Simulator) input parameters for clofazimine

Parameter Value Source

Physicochemical properties
Molecular weight (g/mol) 473
Log Po:w 7.66 ChemIDplus database
pKa 8.51 Quigley et al. (1990)
Compound type Monoprotic base
B/P 0.55 Internal data
fup 0.001 TB Alliancea

Absorption
Model First-order absorption
fa 0.7 (CV 10%) Vischer (1969)
ka (h

21) 0.25 (CV 30%) Optimized to predict PK
Tlag (h) 0.55 (CV 30%) Optimized to predict PK
Qgut (l/h) 12.7 Predicted in Simcyp
fugut 0.001 Assumption, same as fup
Peff,man (� 1024 cm/s) 4.38 Predicted in GastroPlus

Distribution
Model Minimal PBPK model
Q (l/h) 42.6 Internal PopPK analysis
Vsac (l/kg) 32.7 Internal PopPK analysis
Vss (l/kg) 47.5 (CV 20%) Internal PopPK analysis

Elimination
CLiv (l/h) 4.18 (CV 30%) Internal PopPK analysis
CLR (l/h) 0 Levy (1974)

Interaction
Reversible inhibition
CYP3A4 Ki,u (mM) 0.000786 Measuredb

CYP2C8 Ki,u (mM) 0.00372 Measuredb

CYP2D6 Ki,u (mM) 0.00246 Measuredb

B/P, blood-to-plasma ratio; CLiv, in vivo intravenous clearance; CLR, renal clearance; fugut, fraction unbound in the enterocyte; log Po:w,
logarithmic partition coefficient octonal:water; Peff,man, effective permeability in man; Q, inter-compartment clearance; Tlag, lag time; Vsac,
single adjusted compartment volume; Vss, volume of distribution at steady state.

aGlobal Alliance for TB Drug Development (http://www.resisttb.org/wp-content/uploads/2013/08/Global-Alliance-Clinical-Work-with-
Clofazimine.pdf).

bSupplemental Table 1.

TABLE 2

Summary of clofazimine PK simulations

The elimination half-life of clofazimine is approximately 25 days, thus it is assumed that the exposure clofazimine reaches steady state in plasma by day 126 (approximately five half-lives).

Study (Model)
Clofazimine Dosing

Regimen
Simulated Population Observed Population PK Measurement of Substrate

Model development
Clofazimine PK
(Internal data)

50 mg once daily for
43 days (fasting)

Age range: 35–64 years; proportion
of females: 25% n = 120 (10 trials
of 12 subjects)

Age range: 35–64 years; proportion
of females: 25% n = 12

Day 1: Tmax, Cmax, and AUC0–24 h

Clofazimine PK
(Internal data)

100 mg once daily for
43 days (fasting)

Age range: 45–70 years; proportion
of females: 50% n = 120 (10 trials
of 12 subjects)

Age range: 45–76 years; proportion
of females: 50% n = 12

Day 1: Tmax, Cmax, and AUC0–24 h

Model application
Clofazimine PK 100 mg once daily for

126 days (fasting)
Age range: 18–70 years; proportion

of females: 50% n = 100 (10 trials
of 10 subjects)

NA Day 126: Cmax and AUC0–24 h

AUC0–24 h, area under plasma-drug concentration curve between 0 and 24 hours; NA, not applicable; Tmax, time to reach maximum concentration.

28 Sangana et al.
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on the clofazimine chemical structure by using the absorption, distribution,
metabolism, excretion, and toxicity predictor in GastroPlus (Simulations
Plus, Inc., Lancaster, CA). The Qgut value was predicted as 12.7 l/h by the
Simcyp Simulator. The fraction unbound in the enterocyte value was set at
0.001 (assumed to be the same as fup). The coefficient of variation (30%) for
the input parameters was the default value in the Simcyp Simulator. In
addition, sensitivity analyses of the clofazimine fraction unbound in the
enterocyte as well as the ka value were performed to determine the impact of
these values on the drug interaction with midazolam. The results of
the sensitivity analysis can be found in Supplemental Fig. 1, B and C.
Variation of the fraction unbound in the enterocyte (range of 0.001–1)
resulted in minimal impact in the midazolam AUCR (range of 3.0–3.9)
and categorization of the DDI. The predicted DDI of clofazimine with
midazolam was not sensitive to ka values ranging from 0.088 to 0.25 hour21

(i.e., values used in either the static or PBPK models). The minimal PBPK
model in the Simcyp Simulator was used with a single adjusting compart-
ment. The input parameters for distribution were optimized to best fit the PK
data obtained from the clinical trial (PopPK analysis, internal data); the
volume of distribution at steady state, intercompartment clearance (Q), and
single adjusted compartment volume were estimated to be 47.5 l/kg, 42.6 l/h,
and 32.7 l/kg, respectively. The in vivo intravenous clearance was user
defined as 4.18 l/h, also optimized to best fit of the PK data from the clinical
trial. Renal clearance of clofazimine was deemed to be negligible since less
than 1% of the administered drug was reported to be eliminated in the urine
(Levy 1974). The inhibition parameters entered in the Simcyp Simula-
tor were already corrected for microsomal protein binding (Supplemental
Table 3).

Model Performance and Application

PK Trial Simulations. The PK parameter inputs for the simulations were
estimated using the clinical PK data of clofazimine. The simulated data were
qualified using the observed PK data from the same study (Table 2).

DDI Predictions of Clofazimine as a Perpetrator of P450 Substrates. For
DDI simulations using PBPK modeling, midazolam and selected antivirals such
as saquinavir or efavirenz were considered as CYP3A4/5 substrates. Repaglinide
and desipramine were used as CYP2C8 and CYP2D6 substrates, respectively.
The Supplemental Material contains details of the input parameters for the
substrates used in the PBPKmodel (Supplemental Tables 4–8). A total of 10 trials
including 10 subjects were simulated; the age range of the simulated subjects was
18–70 years, with 50% of the population being women (Table 3).

Results

Static Model Predictions

R1 Values for CYP3A4/5 Inhibition. The R1 values for P450
inhibition by clofazimine are listed in Table 4. Since the calculated R1

values of clofazimine were.1.1 for both total and unbound maximum
anticipated Cmax (inhibitor concentration) and.11 for [Igut], the AUCR
was determined using the mechanistic static (net effect) model and by
incorporating estimated fm and Fg values of the interacting substrates.

AUCR Values for Clofazimine with Sensitive Substrates

The AUCR values were determined to estimate the extent of risk with
respect to P450 inhibition in vivo when clofazimine was coadministered
with P450 substrates. The AUCR values of midazolam, repaglinide, and
desipramine with clofazimine were estimated as 5.59, 1.34, and 1.69,
respectively. Based on these calculated net effect values, clofazimine
was predicted to be a strong CYP3A4/5 inhibitor and a weak CYP2C8
and CYP2D6 inhibitor in vivo.
Predicted AUCR for Inhibition of CYP3A4/5-Mediated Clear-

ance. For the selected substrates evaluated, approximately 2- to 6-fold
increase in the AUCwas predicted when coadministered once daily with
100 mg clofazimine (Table 5).

PBPK Model Predictions

Simulations of Clofazimine PK on Days 1 and 126. The predicted
the AUC, Cmax, and time to reach maximum plasma concentration
values on day 1 using the PBPK model were within 2-fold of the
observed values. The observed and simulated clinical PK parameters on
day 1 for clofazimine following single oral doses (50 and 100 mg) are
summarized in Table 6. The simulated clinical PK parameters for
clofazimine at day 126 following multiple oral doses of 100 mg once
daily can be found in Table 7. The predicted Cmax value (797 ng/ml) on
day 126 after multiple doses was comparable to theCmax value (890 ng/ml)
predicted from the PopPK model, which was used for the static model.
DDI Simulations of CYP3A (Midazolam, Saquinavir, and

Efavirenz), CYP2C8 (Repaglinide), and CYP2D6 (Desipramine)
Substrates with Clofazimine. The predicted AUC and Cmax ratios
for midazolam with clofazimine were predicted as 2.69 and 1.68,
respectively. The predicted AUC and Cmax ratios of saquinavir when

TABLE 3

DDI predictions of clofazimine with P450 substrates

Model Application (P450 Substrate) Study Dosing Regimen PK Measurement of Substrate

CYP3A4/5 Midazolam + clofazimine Midazolam 5 mg on day 126 + clofazimine 100 mg
once daily on days 1–126

Day 126: AUCinf, Cmax

CYP3A4 Saquinavir + clofazimine Saquinavir 1200 mg on day 126 + clofazimine 100 mg
once daily on days 1–126

Day 126: AUCinf, Cmax

CYP3A4 Efavirenz + clofazimine Efavirenz 600 mg on day 126 + clofazimine 100 mg
once daily on days 1–126

Day 126: AUCinf, Cmax

CYP2C8 Repaglinide + clofazimine Repagalinide 0.25 mg on day 126 + clofazimine 100 mg
once daily on days 1–126

CYP2D6 Desipramine + clofazimine Desipramine 50 mg on day 126 + clofazimine 100 mg
once daily on days 1–126

AUCinf, area under the plasma concentration-time curve from 0 to infinity.

TABLE 4

Input parameters and R1 values for P450 inhibition by clofazimine

Input Parameter/R1 Value
P450 Enzyme

CYP3A4/5 CYP2C8 CYP2D6

Input parameter
Ki,u (mM) 0.000786 0.00372 0.00246
[I] (mM); total Cmax 1.89a 1.89a 1.89a

[I] (mM); unbound Cmax 0.00189 0.00189 0.00189
[Igut] (mM); total 845 —

b
—

R1 Value
Systemic: [I] = Cmax,total 2406 509 769
Systemic: [I] = Cmax,u 3.40 2 2
Gut: [I] = [Igut] 1,075,065 — —

[I], inhibitor concentration (maximum anticipated Cmax).
aPredicted concentration after repeat administration of 100 mg/day clofazimine.
b
—, not applicable.
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coadministered with clofaziminewere predicted to be 2.89- and 2.42-fold,
respectively. No change in the AUC or Cmax ratios was predicted by the
PBPKmodel for efavirenz in the presence of clofazimine. In addition, the
predicted AUCRs for repaglidine (CYP2C8 substrate) and desipramine
(CYP2D6 substrate) with clofazimine were 1.60 and 1.47, respectively
(Table 8).

Discussion

Clofazimine is currently being considered as a core second-line
drug for treatment of DR-TB (see the WHO treatment guidelines;
http://www.who.int/tb/areas-of-work/drug-resistant-tb/treatment/en/).
As per the WHO TB treatment guidelines, clofazimine is adminis-
tered as part of a multidrug regimen; therefore, evaluating the drug
interaction potential of clofazimine will be beneficial to arrive at
appropriate dosing regimens for the coadministered drugs. In the
absence of clinical drug interaction studies, data derived from in vitro
experiments and modeling were used to predict the drug interaction
potential of clofazimine.

In the static model, the clofazimine R1 values for CYP3A4/5, CYP2C8,
and CYP2D6 were found to be .1.1 and .11 for systemic inhibitor
concentration and [Igut], respectively. Therefore, the possibility of a P450
inhibition–mediated interaction for clofazimine cannot be ruled out (https://
www.fda.gov/downloads/drugs/guidances/ucm292362.pdf). The DDI po-
tential was further evaluated by the mechanistic static (net effect) model,
where the AUCR was determined using the probe substrates (midazolam,
repaglinide, and desipramine for CYP3A4/5, CYP2C8, and CYP2D6,
respectively). P450 inhibitors are typically classified as strong,moderate, or
weak based on the magnitude of changes in the plasma AUC of the probe
substrates: $5-fold, strong inhibitor; between 2- and 5-fold, moderate
inhibitor; and between 1.25- and 2-fold, weak inhibitor (https://www.fda.
gov/downloads/drugs/guidances/ucm292362.pdf). The estimated AUCR
values of clofazimine are 5.59, 1.34, and 1.69 for midazolam (CYP3A4/5),
repaglinide (CYP2C8), and desipramine (CYP2D6), respectively. Similar
results were obtained for clofazimine when the DDI was simulated using a
PBPK model for repaglinide and desipramine. Thus, clofazimine can be
classified as a weak inhibitor of CYP2C8 and CYP2D6.
The fold increase in exposure predicted using the PBPK model

(AUCR of 2.69) was approximately 50% lower than that calculated
using the mechanistic static (net effect) model (AUCR of 5.59) for
midazolam. No change in the AUC or Cmax value was predicted by the
PBPK model for efavirenz in the presence of clofazimine; however,
the static model predicted a 2.48-fold increase in the AUC. Considering
the fold increase in the AUC predicted using both models, clofazimine
can be classified as a moderate-to-strong inhibitor of CYP3A4/5.
The findings from the drug interaction predictions were further

qualified against the available clinical evidence in Balakrishnan and
Seshadri (1981), where clofazimine was coadministered with dapsone
(a CYP3A4 substrate). The study concluded that there was no
significant effect on the exposure of dapsone when administered with
clofazimine (Balakrishnan and Seshadri, 1981). The AUCR value for
dapsone with clofazimine was estimated to be 1.97 and predicted
weak inhibition by clofazimine on dapsone PK. This is in agreement
with the clinical data where no interaction was observed. The minimal
difference between the findings from the predicted and observed value
can be attributed to the fact that dapsone is also metabolized by
CYP2C9 (Gill et al., 1995).

TABLE 5

Predicted fold change in the AUC of selected substrates of CYP3A4/5

For the weak CYP3A4/5 inhibitor the AUCRs are .1.25 and ,2. For the moderate CYP3A4/5
inhibitor the AUCRs are .2 and ,5. For the strong CYP3A4/5 inhibitor the AUCR is $5.

Class/Substrate Predicted AUCR

Antiretrovirals
Atazanavir 2.10
Amprenavir 2.39
Darunavir 2.50
Delaviridine 2.57
Dolutegravir 3.00
Efavirenz 2.48
Elvitegravir 2.62
Etravirine 2.57
Indinavir 4.48
Lopinavir 2.52
Nelfinavir 2.41
Raltegravir 2.81
Ritonavir 2.57
Rilpivirine 2.57
Saquinavir 2.96
Simeprevir 5.16
Tipranavir 5.83

Antituberculars
Bedaquiline 2.25
Clarithromycin 2.93
Delamanid 5.59

Antihypertensives
Losartan 2.35
Verapamil 2.50
Diltiazem 2.62
Nitrendipine 3.37
Amlodipine 3.79
Guanfacine 3.79
Nifedipine 3.85
Eplerenone 4.72
Felodipine 4.88
Lercanidipine 5.96

Antidiabetics
Alogliptin 2.23
Pioglitazone 2.39
Repaglinide 2.48
Teneligliptin 2.57
Saxagliptin 3.46

Antihyperlipidemics
Pravastatin 2.90
Atorvastatin 4.88
Simvastatin 5.83
Lovastatin 6.23

Antileprotics
Dapsone 1.97

TABLE 6

Observed and simulated clinical PK parameters for clofazimine in patients following
single oral doses (50 and 100 mg)

Parameter
Clofazimine (Mean 6 S.D.)

Oral Dose (50 mg) Oral Dose (100 mg)

Cmax (ng/ml)
Observeda 71.8 6 34.1 131 6 59.9
Predicted 83.3 6 219 178 6 465
PE (%)b +16% +36%

AUC0–24 h (ng×h/ml)
Observeda 1084 6 409 1856 6 821
Predicted 976 6 1633 2090 6 3691
PE (%)b 210% +13%

Tmax (h)
c

Observeda 8 6
Predicted 9.5 9.5
PE (%)b +19% +58%

AUC0–24 h, area under plasma-drug concentration curve between 0 and 24 hours; PE,
prediction error (%); Tmax, time to reach maximum concentration.

aClinical PK parameters were not available on day 43; hence, the day 1 PK parameters were
used for comparison; picomoles per grams was converted to nanograms per milliliter as follows:
pmol/g = (pmol/g) � molecular weight (g/mol) = pmol/mol = ng/g = ng/ml, where plasma density
assumes a value of ;1 g/ml.

bPrediction error = [(predicted value 2 observed value)/observed value] � 100.
cMedian.
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In view of the most frequent comorbidities associated with TB and
the multidrug regimen used for DR-TB treatment, various classes of
antituberculars, antiretrovirals, antidiabetics, antihypertensives, antile-
protics, and antihyperlipidemics (statins) that undergo metabolism by
CYP3A4/5 were considered for AUCR evaluation. Clofazimine is
always administered as part of a multidrug regimen, either as a shorter or
conventional regimen (WHO guidelines; http://www.who.int/tb/areas-
of-work/drug-resistant-tb/treatment/en/). The shorter regimen contains
kanamycin (an injectable agent), moxifloxacin, prothionamide, clofazi-
mine, isoniazid, pyrazinamide, and ethambutol, given together in an
initial phase of 4 months, and followed by 5 months of treatment with
four of the medicines (moxifloxacin, clofazimine, pyrazinamide, and
ethambutol). For the conventional regimen, the intensive phase includes
pyrazinamide and four second-line drugs (fluoroquinolones: levoflox-
acin, moxifloxacin, and gatifloxacin; second-line injectables: amikacin,
capreomycin, kanamycin, and streptomycin; and core second-line
agents: ethionamide/ prothionamide, cycloserine/terizidone, linezolid,
and clofazimine). If the minimum of effective TB medicines cannot be
composed, either a group D2 drug (bedaquiline or delamanid), and
possibly group D3 agents (p-aminosalicylic acid, imipenem-cilastatin,
meropenem, amoxicillin-clavulanate, or thioacetazone) could be added.
With the exception of bedaquiline and delaminid, no P450-mediated
interaction was predicted for other antitubercular drugs (fluroquino-
lones, second-line injectables, core second-line agents, and D1 and D3
agents) that are currently recommended by WHO for treatment of
DR-TB (both shorter and conventional regimens).
For most of the tested antiretroviral drugs known to bemetabolized by

CYP3A4/5, moderate interactions were assessed, with an estimation of
between 2- and 5-fold increase in the AUC of the antiretroviral drug

[except simeprevir (5.13-fold) and tipranavir (5.83-fold)] when admin-
istered concomitantly with clofazimine 100 mg/daily. Moderate inhibi-
tions were predicted for some of the dipeptidyl peptidase-4 inhibitors
tested. Moderate-to-strong inhibitions were predicted for antihyperten-
sives and antihyperlipidemic drugs (pravastatin, atorvastatin, simvasta-
tin, and lovastatin) when administered concomitantly with clofazimine
100 mg/d.
In conclusion, clofazimine was predicted to be a weak CYP2C8

and CYP2D6 inhibitor. Thus, the possibility of a clinically signifi-
cant interaction when coadministered with CYP2C8 and CYP2D6
substrate is minimal. Clofazimine is predicted to be a moderate-to-
strongCYP3A4/5 inhibitor based on the net effect and PBPK modeling
predictions. In the absence of a clinical DDI study, the possibility of an
increase in the AUC of CYP3A4/5 substrates when coadministered with
clofazimine cannot be ignored. Thus, caution is recommended when
clofazimine is prescribed along with a CYP3A4/5 substrate.
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TABLE 7

Simulated clinical PK parameters for clofazimine on day 126 following multiple oral doses of 100 mg once daily

An example of the summary model input, output, and PK statistical output for this scenario can be found in the Supplemental Tables 9–11.

Parameter Value

Mean Cmax (ng/ml) 797 (S.D.: 392)
Mean AUC0–24h (ng×h/ml) 16,627 (S.D.: 5367)
Median Cmax (ng/ml) 703 (minimum: 255; maximum: 2966)
Median AUC0–24 h (ng×h/ml) 15,919 (minimum: 5868; maximum: 36,902)
Geometric mean Cmax (ng/ml) 728 (CV%: 49)
Geometric mean AUC0–24 h (ng×h/ml) 15,797 (CV%: 32)

AUC0–24 h, area under plasma-drug concentration curve between 0 and 24 hours.

TABLE 8

Predicted clinical PK parameters in plasma for midazolam, saquinavir, efavirenz, repaglinide, and desipramine

Single dose given on day 126 in the presence and absence of clofazimine (100 mg once daily, days 1–126).

Substrate (dose) Simulated n = 100

Mean (S.D.) Geometric Mean (CV%) Geometric Mean Ratio (90% CI)

AUCinf Cmax AUCinf Cmax

AUC Cmax

ng/ml×h ng/ml ng/ml×h ng/ml

Midazolam (5 mg) 72.1 (55.8) 25.1 (16.9) 56.0 (77) 20.4 (68)
Midazolam (5 mg) + clofazimine 214 (174) 42.3 (27.0) 151 (81) 34.2 (64) 2.69 (2.58, 2.80) 1.68 (1.62, 1.74)
Saquinavir (1200 mg) 2197 (1519) 388 (309) 1810 (69) 304 (80)
Saquinavir (1200 mg) + clofazimine 6164 (3730) 886 (567) 5224 (60) 736 (64) 2.89 (2.87, 2.90) 2.42 (2.30, 2.53)
Efavirenz (600 mg) 118,424 (78,432) 2376 (1653) 97,306 (66) 1950 (70)
Efavirenz (600 mg) + clofazimine 124,951 (86,932) 2389 (1671) 101,211 (64) 1958 (70) 1.04 (1.04, 1.04) 1.00 (1.00, 1.00)
Repaglinide (0.25 mg) 8.27 (4.16) 3.83 (1.36) 7.14 (50) 3.56 (36)
Repaglinide (0.25 mg) + clofazimine 13.6 (8.75) 5.04 (1.78) 11.4 (59) 4.69 (35) 1.60 (1.58, 1.76) 1.32 (1.29, 1.34)
Desipramine (50 mg) 2836 (7808) 17.3 (11.4) 688 (275) 14.5 (66)
Desipramine (50 mg) + clofazimine 3125 (7745) 20.4 (11.6) 1009 (248) 17.7 (57) 1.47 (1.44, 1.50) 1.27 (1.24, 1.30)

AUCinf, area under plasma-drug concentration curve from 0 to infinity; CI, confidence interval.
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SUPPLEMENTAL DATA TO: 

Evaluation of clinical drug interaction potential of clofazimine using static and dynamic 

modeling approaches 

Ramachandra Sangana, Helen Gu, Dung Yu Chun, Heidi J. Einolf 

Drug Metabolism and Disposition 

 

MATERIAL AND METHODS 

Inhibitory effect of clofazimine on CYP-selective probe substrate metabolism 

The potential of clofazimine to inhibit human cytochrome P450 (CYP) enzyme activity was 

assessed in pooled human liver microsomes (HLM) by testing the effect of increasing 

concentrations of clofazimine on the in vitro metabolism of several probe substrates whose 

metabolism is known to be selective for individual CYP enzymes. CYP activity was assessed 

using the probe reactions phenacetin O-deethylation (CYP1A2), coumarin 7-hydroxylation 

(CYP2A6), bupropion hydroxylation (CYP2B6), amodiaquine N-deethylation (CYP2C8), 

diclofenac 4′-hydroxylation (CYP2C9), S-mephenytoin 4′-hydroxylation (CYP2C19), bufuralol 

1′-hydroxylation (CYP2D6), chlorzoxazone 6-hydroxylation (CYP2E1), and midazolam-

1′-hydroxylation or testosterone 6β-hydroxylation (CYP3A). Probe substrate concentrations used 

for these determinations were less than or equal to their reported Michaelis–Menten constant 

(Km) values. For reversible inhibition, the incubations (37°C, 10–20 min) were composed of 

(final concentrations) potassium phosphate buffer (100 mM, pH 7.4), nicotinamide adenine 

dinucleotide phosphate (NADPH) (1 mM), magnesium chloride (5 mM), HLM protein (0.05–0.5 

mg protein/mL), probe substrate (1 μM midazolam or coumarin, 5 μM phenacetin, diclofenac, or 

bufuralol, 2 μM amodiaquine, 10 μM chlorzoxazone, 15 μM S-mephenytoin, 25 μM bupropion, 



2 
 
 

or 50 μM testosterone), and varying concentrations of clofazimine (0–10 μM). After pre-

incubation for 3 min, the reactions were initiated by addition of NADPH and terminated by 

addition of acetonitrile (2 volumes). These were conducted in a 96-well plate format at 37°C 

using a TECAN Freedom Evo system (Zurich, Switzerland). The reactions were initiated by 

adding NADPH after at least a 3-min thermal equilibrium. Incubations were terminated by the 

addition of acetonitrile (200 μL). Due to the poor aqueous solubility of clofazimine in HLM 

incubation mixture, the organic content was increased to ~5% for all the experiments. Formation 

of probe substrate metabolites from the above samples, acetaminophen, 7-hydroxycoumarin, 

hydroxybupropion, N-desethylamodiaquine, 4′-hydroxydiclofenac, 4′-hydroxy-S-mephenytoin, 

1′-hydroxybufuralol, 6-hydroxychlorzoxazone, 1′-hydroxymidazolam, and 6β-

hydroxytestosterone was determined by liquid chromatography–tandem mass spectrometry (LC-

MS/MS) after concentration and reconstitution of the samples in acetonitrile/water containing an 

internal standard. Values for 50% half maximal inhibitory concentration (IC50) for the inhibition 

of CYP enzyme were determined by visual inspection of the data (percentage of control CYP 

activity vs clofazimine concentration). The apparent inhibition constant (Ki) values were 

determined for CYP inhibition of CYP2C8, CYP2D6, and CYP3A4/5 (midazolam 

1ʹ-hydroxylation). The assay conditions are generally similar to those described above, with a 

range of clofazimine concentrations on a range of probe substrate concentrations for CYP2C8 

(0–5 µM clofazimine on 0.2–20 µM amodiaquine), CYP2D6 (0–2.4 µM clofazimine on 1.25–

100 µM bufuralol), and CYP3A4/5 (0–0.7 µM clofazimine on 0.2–20 µM midazolam). The Ki 

values were determined using the software package SigmaPlot (SigmaPlot 2004, version 12.1, 

SPSS Inc., US). The equation for data evaluation was selected based on visual inspection of the 

fitting and best-fit criteria (R2 values). For CYP2C8 and CYP3A4/5, the Ki value was derived 
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using a mixed (partial) inhibition model, and for CYP2D6, the Ki value was derived using a 

competitive (partial) inhibition model. The equations used to calculate the Ki values are listed as 

below. 

Competitive inhibition (partial): ( ) ( ) ( )iim

max

/]I[1//]I[1]S/[1 KKK
Vv

⋅++⋅+
=

a
  (1) 

Mixed inhibition (partial): ( ) ( )[ ]
( ) ( ) ( )iim

iimax

/]I[1//]I[1]S/[1
/]I[1//]I[1

KKK
KKVv
⋅++⋅+
⋅+⋅⋅+

=
⋅

a
aaβ    (2) 

where, v is initial rate of metabolism, Vmax is maximal rate of metabolism, Km is Michaelis– 

Menten constant, [S] is substrate concentration, [I] is inhibitor (clofazimine) concentration, Ki is 

inhibition constant. 

To investigate the possibility of time-dependent inhibition (TDI) of CYP1A2, CYP2B6, 

CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4/5, clofazimine (0–10 µM) was 

preincubated with HLM, using protein concentrations of 1.0 mg microsomal protein/mL for 

CYP1A2, CYP2B6, and CYP2C19 and 0.5 mg microsomal protein/mL for CYP2C8, CYP2C9, 

CYP2D6, and CYP3A4/5. The concentrations of clofazimine were 0.1, 0.5, 1, 2.5, 5, and 10 µM 

for all experiments. The assessment of the TDI of the total seven CYP enzymes was divided into 

two experiments. The first experiment included CYP2B6, CYP2C8, CYP2D6, and CYP3A4/5, 

while the second experiment included CYP1A2, CYP2C9, and CYP2C19. After specified 

incubation times, aliquots (5 µL) of the pre-incubation mixture were transferred to a 95 µL 

enzyme activity assay mixture to determine the CYP activity remaining. The concentrations of 

probe substrates in the enzyme activity assay were 50 μM phenacetin (CYP1A2), 1.5 mM 

bupropion (CYP2B6), 20 μM amodiaquine (CYP2C8), 25 μM diclofenac (CYP2C9), 300 μM S-

mephenytoin (CYP2C19), 25 μM bufuralol (CYP2D6), and 20 μM midazolam (CYP3A4/5). The 

enzyme activity assay reactions were incubated at 37°C for 6 min and terminated as above. 
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Positive-control time-dependent inhibitors included furafylline (CYP1A2), ticlopidine (CYP2B6 

and CYP2C19), gemfibrozil glucuronide (CYP2C8), tienilic acid (CYP2C9), paroxetine 

(CYP2D6), and troleandomycin (CYP3A4). Sample preparation for analysis of probe substrate 

metabolite formation by LC-MS/MS was as described above. For positive controls, the 

inactivation parameters kinact (maximum inactivation rate) and KI (concentration at ½ kinact) 

were determined by plotting the natural log of the percentage of control activity remaining 

following incubations with increasing inhibitor concentration against time of pre-incubation. The 

absolute value of the observed rate of inactivation (kobs) was then plotted against inhibitor 

concentration ([I]) and the data analyzed by non-linear regression using the equation: 

kobs = (kinact [I]) / (KI + [I])         (3) 

Unbound fraction of clofazimine in microsomes (fumic) 

Clofazimine (1 or 10 µM) was mixed with pooled HLM at various protein concentrations (0.025, 

0.05, or 0.5 mg protein/mL) in 100 mM potassium phosphate buffer (pH 7.4) containing 5 mM 

MgCl2 (final concentrations) using glass vials. Aliquots of 0.5 mL of each sample were 

transferred to ultracentrifuge tubes and incubated for 10 min at 37°C in an Eppendorf 

Thermomixer (Eppendorf, Germany). The samples were centrifuged at 306,000 × g for 30 min at 

~37°C in a Sorvall® RC-M120GX Micro-ultracentrifuge (Newtown, CT, US). The ultracentrifuge 

was allowed to stop without using the brake. Two aliquots from the resulting supernatants were 

removed from individual tubes for LC-MS/MS analysis and protein analysis, respectively. Prior to 

ultracentrifugation, 50 µL aliquots of the samples were removed from each ultracentrifuge tube 

for LC-MS/MS analysis. The MS area ratio (peak area of clofazimine/peak area of clofazimine-

d7) of the pre- and post-ultracentrifugation samples obtained from LC-MS/MS analysis was used 

for the calculation of unbound fraction (fumic) with the following equation: 
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 𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝑟𝑟𝑚𝑚𝑟𝑟𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴𝑟𝑟𝑚𝑚𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

         (4) 

where, Area ratiototal is the area ratio of the sample before ultracentrifugation and Area ratiofree is 

the area ratio in the supernatant after ultracentrifugation. 
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Supplemental TABLE 1 

Inhibitory effect of clofazimine on CYP-selective probe substrate metabolism 

CYP 
enzyme 

Probe reaction IC50 value (μM) Ki value (μM) 
(Inhibition mechanism) 

Totala Unboundb Totala Unboundb 
CYP1A2 Phenacetin O- 

deethylation 
>10 >0.016 n.i. n.i. 

CYP2A6 Coumarin 7- 
hydroxylation 

>10 >0.10 n.i. n.i. 

CYP2B6 Bupropion 
hydroxylation 

>10 >0.079 n.i. n.i. 

CYP2C8 Amodiaquine N- 
deethylation 

2.5 0.025 0.372 ± 0.00753 
(mixed partial) 

0.00372 ± 
0.0000753 
(mixed 
partial) 

CYP2C9 Diclofenac 
4′-hydroxylation 

>10 >0.10 n.i. n.i. 

CYP2C19 S-mephenytoin 
4′-hydroxylation 

>10 >0.016 n.i. n.i. 

CYP2D6 Bufuralol 
1′-hydroxylation 

1.2 0.0095 0.311 ± 0.00432 
(competitive 
partial) 

0.00246 ± 
0.0000342 
(competitive 
partial) 

CYP2E1 Chlorzoxazone 
6-hydroxylation 

>10 >0.079 n.i. n.i. 

CYP3A4/5 Midazolam 
1′-hydroxylation 

0.35 0.0035 0.0786 ± 0.0170 
(mixed partial) 

0.000786 ± 
0.000170 
(mixed 
partial) 

CYP3A4/5 Testosterone 
6β-hydroxylation 

0.33 0.0033 n.i. n.i. 

atotal (bound + unbound) IC50 or Ki value 
bunbound IC50 or Ki value; fumic values are listed in Supplemental Table 5. 
μM, micromole; CYP, cytochrome P450; fumic, unbound fraction in microsomes; IC50, half maximal inhibitory 
concentration; Ki, inhibition constant; n.i, not investigated 
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Supplemental TABLE 2 

Fm values for antiretroviral, antitubercular, antihypertensive, antidiabetic, antileprotic, and 
antihyperlipidemic drugs collected from literature 
 
Drug type Substrate CYP3A4/5 

Inhibitor 
AUCi fm

a Reference 

Antiretroviral      

ARV (PI) Atazanavir Ketoconazole 1.10 0.09 Reyataz® 2017 

ARV (PI) Darunavir Ketoconazole 1.42 0.30 Sekar et al., 
2008 

ARV (PI) Amprenavir Ketoconazole 1.34 0.25 Polk et al., 
1999 

ARV (PI) Indinavir Ritonavir 4.50 0.78 Hsu et al., 
1998 

ARV (PI) Lopinavir Ritonavir 1.46 0.31 Kaletra® 2017 

ARV (PI) Nelfinavir Ketoconazole 1.35 0.26 Viracept® 2013 

ARV (PI) Ritonavir Ketoconazole 1.50 0.33 Morcos et al., 2014 

ARV (PI) Saquinavir Ketoconazole 1.90 0.47 Grub et al., 2001 

ARV (PI) Tipranavir Ritonavir 12.00 0.92 MacGregor et al., 
2004 

ARV (NS3/PI) Simeprevir Ritonavir 7.18 0.86 Olysio® 2017 

ARV (NNRTI) Efavirenz Voriconazole 1.43 0.30 Liu et al., 2008 

ARV (NNRTI) Etravirine Atazanavir 1.50 0.33 Intelence® 2014 

ARV (NNRTI) Nevirapine Ritonavir 1.43 0.30 Sekar et al., 2009 

ARV (NNRTI) Rilpivirine Ketoconazole 1.49 0.33 Edurant® 2015 

ARV (NNRTI) Delaviridine Ketoconazole 1.50 0.33 Rescriptor® 2012 

ARV (II) Dolutegravir Atazanavir 1.91 0.48 Tivicay® 2014 

ARV (II) Elvitegravir Ketoconazole 1.48 0.35 Striblid® 2016 

ARV (II) Raltegravir Atazanavir 1.72 0.42 Iwamoto et al., 2008 

Anti-TB 
 

Bedaquiline Ketoconazole 1.22 0.18 Sirturo™ 2012 

Clarithromycin Ritonavir 1.77 0.46 Ouellet et al., 1998 

Delamanidb  - - 0.90 - 

Antidiabetic      
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 Pioglitazone Ketoconazole 1.34 0.25 Actos® 2011 

Repaglinide Itraconzaole 1.40 0.29 PrandiMet® 2012 

Saxagliptin Ketoconazole 2.50 0.60 Onglyza® 2009 

Alogliptin Ketoconazole 1.20 0.17 Nesina® 2013 

Teneligliptin  
 

Ketoconazole 1.49 0.33 Nakamaru et al., 
2014 

Antihypertensive      

 Amlodipine Telaprevir 3.00 0.67 Lee et al., 2011 

 Felodipine Itraconazole 6.00 0.83 Jalava et al.,1997 

Lercanidipine Ketoconazole 15.00 0.93 Zanidip® 2010 

Nifedipine Diltiazem 3.10 0.68 Adalat® CC 2010 

Nitrendipine Cimetidine 2.40 0.58 Soons et al., 1991 

Diltiazem Cimetidine 1.53 0.35 Tiazac® 2011 

Verapamil Grape fruit 1.43 0.30 Fuhr et al., 2002 

Losartan Erythromycin 1.30 0.23 Cozaar® 2015 

Eplerenone Ketoconazole 5.39 0.81 Cook et al., 2004 

Guanfacine Ketoconazole 3.00 0.67 Intuniv® 2013 

Antihyperlipidemic      

 Simvastatin Itraconazole 13.1 0.92 Zocor® 2012 

Lovastatin Itraconazole 22 0.95 Mevacor® 2012 

Atorvastatin lopinavir/ 
ritonavir 

5.9 0.83 Lipitor® 2009 

Pravastatin Darunavir/ 
ritonavir 

1.81 0.45 Pravachol 2016 

Antileprotics      

 Daspone Clarithromycin 1.01 0.01 Winter et al., 2004 
aAs described in Section 3.1.3, fm values are calculated for all the substrates based on their magnitude of change in 
plasma AUC (AUCi=AUC in presence of an inhibitor/AUC in absence of an inhibitor) with a CYP3A4/5 inhibitor. 
bAs no in vivo drug interaction studies were found reported for CYP3A4/5 inhibitors, an fm value of 0.90 was 
assumed for delamanid. 
ARV, antiretroviral; CYP, cytochrome P450; AUC, area under the plasma concentration-time curve; fm, fraction 
metabolized by an enzyme; II, integrase inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; NS3, non-
structural protein 3; PI, protease inhibitor 
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Supplemental TABLE 3 

Unbound fraction of clofazimine in microsomes (fumic) 

[HLM] 
(mg protein·mL−1) 

Clofazimine 
(μM) 

Mean ARa Avg fumic ± SDb 
Before UC 
(total)  

After UC 
(free) 

 

0.025 10 197 1.57 0.00794 ± 0.0005 
 1 20.1 0.244 0.0121 ± 0.00023 
Averagec    0.0100 ± 0.0023 
0.05 10 203 1.48 0.00729 ± 0.00021 
 1 20.6 0.176 0.00856 ± 0.0005 
Averagec    0.00792 ± 0.00077 
0.5 10 212 0.337 0.00159 ± 0.000056 
 1 22.5 0.037 0.00165 ± 0.00015 
Averagec    0.00162 ± 0.00011 
aAverage area ratio of triplicates. 
bAverage fumic (unbound fraction) = ARfree / ARtotal ± SD of triplicate samples for each clofazimine concentration 
examined. 
cThe average ± SD of the two clofazimine concentrations at each HLM concentration examined. 
AR, area ratio; fumic, microsomal protein binding; HLM, human liver microsomes; μM, micromole; mg, milligram; 
SD, standard deviation; UC, ultracentrifugation 
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Supplemental TABLE 4 

PBPK model input parameters for midazolam 
Parameter Value 
Physical chemistry and blood binding  

Molecular weight (g/mol) 325.8 
LogP 3.53 
Compound type Ampholyte 
pKa1 10.95 
pKa2 6.2 
B/P 0.603 
fup 0.032 

Absorption  
Model used First-order absorption 
fa 1 
Lag time (h) 0 
ka (h−1) 3 
fugut 1 
Qgut (l/h) 14.02 
Peff,man (10−4 cm/s) 6.045 

Distribution  
Model used Minimal PBPK 
Vss (l/kg) (CV%) 1 (30%) 
Liver tissue:plasma partition coefficient 1 

Elimination  
Model used Enzyme kinetics, recombinant CYP 
CYP3A4 Vmax (min−1) 5.23 (1-OH pathway), 5.2 (4-OH pathway) 
CYP3A4 Km,u (µM) 2.16 (1-OH pathway), 31.8 (4-OH pathway) 
CYP3A5 Vmax (min−1) 19.7 (1-OH pathway), 4.03 (4-OH pathway) 
CYP3A5 Km,u (µM) 4.16 (1-OH pathway), 34.8 (4-OH pathway) 
Active uptake into hepatocytes 1 
CLR (l/h) 0.085 

µM, micromole; B/P, blood-to-plasma ratio; CLR, renal clearance; CV, coefficient of variation; fa, fraction of dose absorbed; 
fugut, unbound fraction of drug in enterocyte; fumic, fraction unbound in the microsomes; fup, fraction unbound in the plasma; g, 
gram; h, hour; ka, absorption rate constant; Km,u, unbound Michaelis–Menten constant; LogP, log of the partition coefficient; mol, 
moles; PBPK, Peff.man, effective permeability in man; pKa, acid dissociation constant; Qgut, nominal flow in gut model; Vmax, 
maximum velocity; Vss, volume of distribution at steady state  
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Supplemental TABLE 5 

PBPK model input parameters for saquinavir 

Parameter Value 
Physical chemistry and blood binding  

Molecular weight (g/mol) 670.86 
logP 3.9 
Compound type Ampholyte 
pKa1 10.94 
pKa2 6.67 
B/P 0.6 
fup 0.025 

Absorption  
Model used First-order absorption 
fa 1 
Lag time (h) 0 
ka (h−1) 2.55 
fugut 0.025 
Qgut (l/h) 4.9089 
Peff,man (10−4 cm/s) 0.7668 

Distribution  
Model used Minimal PBPK 
Vss (l/kg) (CV%) 3.63 (30) 
Liver tissue:plasma partition coefficient 1 

Elimination  
Model used Enzyme kinetics, HLM 
CYP3A4 Vmax (pmol/min/mg protein) 2860 
CYP3A4 Km,u (µM) 0.51 
CLR (l/h) 0.95 

Interaction  
CYP3A4 Ki (µM) (fumic) 3.5 (0.58) 

µM, micromole; B/P, blood-to-plasma ratio; CLR, renal clearance; CV, coefficient of variation; fa, fraction of dose absorbed; 
fugut, unbound fraction of drug in enterocyte; fumic, fraction unbound in the microsomes; fup, fraction unbound in the plasma; g, 
gram; h, hour; HLM, human liver microsomes; ka, absorption rate constant; Km,u, unbound Michaelis–Menten constant; LogP, log 
of the partition coefficient; mol, moles; PBPK,  Peff.man, effective permeability in man; pKa, acid dissociation constant; Qgut, 
nominal flow in gut model; Vmax, maximum velocity; Vss, volume of distribution at steady state 
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Supplemental TABLE 6 

PBPK model input parameters for efavirenz 
 
Parameter Value 
Physical chemistry and blood binding  

Molecular weight (g/mol) 315.68 
logP 4.02 
Compound type Monoprotic Acid 
pKa 10.2 
B/P 0.74 
fup 0.029 

Absorption  
Model used First-order absorption  
fa (CV%) 0.67 (15) 
Lag time (h) (CV%) 0.36 (15) 
ka (h−1) (CV%) 0.41 (0) 
fugut 0.005 
Qgut (l/h) 13.78 
Peff,man (10−4 cm/s) 5.680 

Distribution  
Model used Minimal PBPK 
kin (h−1) 0.29 
kout (h−1) 0.09 
Vsac (l/kg) 1.1 
Vss (l/kg) (CV%) 2.256 
Kp scalar 0.155 

Elimination  
Model used Enzyme kinetics, recombinant CYP 
CYP1A2 CLint (µL/min/pmol CYP) 0.03 
CYP2B6 CLint (µL/min/pmol CYP) 1.36 
CYP2A6 CLint (µL/min/pmol CYP) 0.47 
CYP3A4 CLint (µL/min/pmol CYP) 0.012 
Additional HLM CLint (µL/min/mg protein) 0.694 
Active uptake into hepatocytes 1 
CLR (l/h) 0 

Interaction  
CYP2B6 Indmax (fold) 6.2 
CYP2B6 IndC50 (µM) (fuinc) 1.2 (0.15) 
CYP3A4 Indmax (fold) 9.9 
CYP3A4 IndC50 (µM) (fuinc) 3.8 (0.15) 

µM, micromole; B/P, blood-to-plasma ratio; CLint, intrinsic clearance; CLR, renal clearance; CV, coefficient of variation; CYP, 
cytochrome P450; fa, fraction of dose absorbed; fugut, unbound fraction of drug in enterocyte; fumic, fraction unbound in the 
microsomes; fup, fraction unbound in the plasma; fuinc, fraction unbound in intrinsic clearance; g, gram; h, hour; IndC50, 
calibrated concentration of inducer at ½ Indmax; Indmax, calibrated maximal fold change of induction over vehicle 
control; ka, absorption rate constant; Km,u, unbound Michaelis–Menten constant; Kp, tissue:plasma partition coefficient; 
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LogP, log of the partition coefficient; mol, moles; PBPK, physiologically based pharmacokinetic; Peff.man, effective permeability 
in man; pKa, acid dissociation constant; Qgut, nominal flow in gut model; Vsac, single adjusted compartment volume; Vss, volume 
of distribution at steady state 
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Supplemental TABLE 7 

PBPK model input parameters for repaglinide 
 
Parameter Value 
Physical chemistry and blood binding  

Molecular weight (g/mol) 452.6 
logP 3.98 
Compound type Ampholyte 
pKa1 4.16 
pKa2 6.01 
B/P 0.62 
fup 0.023 

Absorption  
Model used First-order absorption 
fa 0.981 
Lag time (h) 0 
ka (h−1) 1.598 
fugut 1 
Qgut (l/h) 12.19 
Peff,man (10−4 cm/s) 3.886 

Distribution  
Model used Full PBPK 
Vss (l/kg) (CV%) 0.2375 
Kp scalar 3.3 

Elimination  
Model used Enzyme kinetics, HLM 
CYP2C8 Vmax (pmol/min/mg protein) 300.8 
CYP2C8 Km,u (µM) 2.3 
CYP3A4 Vmax (pmol/min/mg protein) 958.2 
CYP3A4 Km,u (µM) 13.2 
CLR (l/h) 0.013 

Transport  
Model Permeability limited liver model 
Sinusoidal uptake  
OATP1B1 CLint,T (µL/min/million cells) 
(fuinc) 

246 (1) 
µM, micromole; B/P, blood-to-plasma ratio; CLR, renal clearance; CV, coefficient of variation; fa, fraction of dose absorbed; 
fugut, unbound fraction of drug in enterocyte; fuinc, fraction unbound in intrinsic clearance; fumic, fraction unbound in the 
microsomes; fu,plasma, fraction unbound in the plasma; g, gram; h, hour; HLM, human liver microsomes; ka, absorption rate 
constant; Km,u, unbound Michaelis–Menten constant; LogP, log of the partition coefficient; mol, moles; OATP1B1, Organic 
Anion Transporting Polypeptide 1B1; pmol, picomole; PBPK, physiologically based pharmacokinetic Peff.man, effective 
permeability in man; pKa, acid dissociation constant; Qgut, nominal flow in gut model; Vmax, maximum velocity; Vss, volume of 
distribution at steady state 
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Supplemental TABLE 8 

PBPK model input parameters for desipramine 
 
Parameter Value 
Physical chemistry and blood binding  

Molecular weight (g/mol) 266.4 
logP 4.57 
Compound type Monoprotic base 
pKa 10.26 
B/P 1.16 
fup 0.24 

Absorption  
Model used First-order absorption 
fa 1 
Lag time (h) 0 
ka (h−1) 0.62 
fugut 1 
Qgut (l/h) 12.73 
Peff,man (10−4 cm/s) 4.4 

Distribution  
Model used Minimal PBPK 
Vss (l/kg) (CV%) 20.8 
Liver tissue:plasma partition coefficient 1 

Elimination  
Model used Enzyme kinetics, HLM 
CYP2D6 Vmax (pmol/min/mg protein) 93.5 
CYP2D6 Km,u (µM) 0.84 
Active uptake into hepatocytes 1 
CLR (l/h) 1.5 

µM, micromole; B/P, blood-to-plasma ratio; CLR, renal clearance; CV, coefficient of variation; fa, fraction of dose absorbed; 
fugut, unbound fraction of drug in enterocyte; fumic, fraction unbound in the microsomes; fup, fraction unbound in the plasma; g, 
gram; h, hour; HLM, human liver microsomes; ka, absorption rate constant; Km,u, unbound Michaelis–Menten constant; LogP, log 
of the partition coefficient; mol, moles; pmol, picomole; PBPK, physiologically based pharmacokinetic Peff.man, effective 
permeability in man; pKa, acid dissociation constant; Qgut, nominal flow in gut model; Vmax, maximum velocity; Vss, volume of 
distribution at steady state 
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Supplemental TABLE 9 

Summary input and output parameters from the simulation of the trial design described in Table 2 
(Model application) of the manuscript (Simulated clinical PK parameters for clofazimine at Day 
126 following multiple oral doses of 100 mg QD) 

 

                                   
Input Parameters
Output Parameters

Workspace LAM320_100mg43QD
Substrate HG-LAM320_patient
Simulation Mode PKPD Parameters + PKPD Profiles

Substrate Substrate
Compound Name HG-LAM320_patient Absorption Model 1st order
Mol Weight (g/mol) 473.000 Permeability Assay Entered
log P 7.660 Peff,man Regional
Compound Type Monoprotic Base
pKa 1 8.510 Distribution Model Minimal PBPK Model
pKa 2 n/a Vss (L/kg) 47.500
B/P 0.550 Prediction Method Entered
Haematocrit 45.000
fu 0.001 Clearance Type In Vivo Clearance

Trial Design
Substrate

Population Name LAMSim-Healthy Volunteers Fasted/Fed Fasted
Use Pop Representative No Route Oral
Population Size 100.000 Dose Units Dose (mg)
Number of Trials 10.000 Dose 100.000
No. of Subjects per Trial 10.000 Start Day/Time Day 1, 09:00
Start Day/Time Day 1, 09:00 Dosing Regimen Multiple Dose

End Day/Time Day 127, 09:00 Dose Interval (h) 24.000

Study Duration (h) 3024.000 Number of Doses 126.000

Sampling Time Pre-defined Uniform

Sampling Site Selection Off

PKPD Parameters Mean Median Geometric mean Can be found in Excel sheet

CL (L/h) 3.99 3.72 3.80 3.58 4.04 Clearance Trials SS

CLpo (L/h) 6.26 5.67 5.88 5.50 6.29 Clearance Trials SS

fa (Sub) 0.70 0.70 0.70 0.69 0.71 Clearance Trials SS

Fg (Sub) 1.00 1.00 1.00 1.00 1.00 Clearance Trials SS

Fh (Sub) 0.92 0.93 0.92 0.92 0.93 Clearance Trials SS

F (Sub) 0.65 0.65 0.65 0.63 0.66 Clearance Trials SS

Vss (Subs)(L/Kg) 46.38 45.39 45.46 43.71 47.28 Distribution - Vols

PKPD Profiles Mean Median Geometric mean Can be found in Excel sheet

CMax (ng/mL) 796.53 702.91 728.02 671.91 788.81 AUC

TMax (h) 6.77 7.00 6.59 6.25 6.94 AUC

AUC (ng/mL.h) 16627.09 15919.14 15797.08 14819.91 16838.69 AUC

CL (Dose/AUC)(L/h) 6.68 6.28 6.33 5.94 6.75 AUC

Confidence Interval

Simcyp Population Based Simulator
10/6/2017 11:28

Simcyp Version 15  (02/12/2015)

Input Parameters

Output Parameters

Confidence Interval
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Supplemental TABLE 10 

Input sheet from the trial design described in Table 2 (Model application) of the manuscript 
(Simulated clinical PK parameters for clofazimine at Day 126 following multiple oral doses of 
100 mg QD) 

 

  

Substrate      Trial Design                        Software Version Detail                   

Compound Name HG-LAM320_patient Use Pop Representative No Simulation Duration(seconds) 23.000
Version number Not applicable Population Size 100.000 Windows Version Windows 7
Compound Type Small Molecule Number of Trials 10.000 Excel Version Excel 2010
Route Oral No of Subjects per Trial 10.000 Source File Location C:\Program Files\Simcyp\Simcyp Simulator V15\Screens\
Dose Units Dose (mg) Population name LAMSim-Healthy Volunteers Data Path Location C:\Users\Public\Documents
Dose 100.000 Version number Not applicable Excel Embedded Workspace No
Start Day 1.000 Minimum Age (years) 18.000 Simcyp.exe
Start Time 9h0m Maximum Age (years) 70.000 File Version 15.0.86.0
Dosing Regimen Multiple Dose Propn. of Females 0.500 Date Modified 02/12/2015
Dose Interval (h) 24.000 Fasted/Fed Fasted File Size (bytes) 2584064
Number of Doses 126.000 Fluid intake with dose (mL) 250.000 Simcyp.ExcelPluginV15.dll

Fluid intake with dose CV (%) 30.000 File Version 15.0.86.0
PhysChem and Blood Binding PKPD Parameters On Date Modified 02/12/2015

PKPD Profiles On File Size (bytes) 3110400
Mol Weight (g/mol) 473.000 Start Day/Time Day 1, 09:00 Simcyp.UI.Common.dll
log P 7.660 End Day/Time Day 127, 09:00 File Version 15.0.0.0
Compound Type Monoprotic Base Study Duration (h) 3024.000 Date Modified 02/12/2015
pKa 1 8.510 File Size (bytes) 4302848
BP input type User Sub : Route Oral Simcyp.ViewModel.Animal.dll
B/P 0.550 File Version 15.0.0.0
Haematocrit 45.000 Random Generator Mersenne Twister (MT19937) Date Modified 02/12/2015
fu Input User Seed Fixed File Size (bytes) 64000
fu 0.001 Seed Value 1.000 Simcyp.ViewModel.Common.dll
Reference Binding Component HSA File Version 15.0.86.0
Protein Reference Conc (g/L) 45.000 Solver sampling interval (h) 0.050 Date Modified 02/12/2015
% Bound to Lipoprotein 0.000 Sampling Time Pre-defined Uniform File Size (bytes) 253440
% Bound to Lipoprotein (CV %) 0.000 Number of time samples 1200.000 SimcypLicenceManager.dll

File Version 1.0.0.2
Absorption Sampling Site Selection Off Date Modified 02/12/2015

File Size (bytes) 86016
Absorption Model 1st order AUCt for the first dose Off simcyp.ViewModel.dll
Input type User AUC_INF for the first dose On File Version 15.0.86.0
fa 0.700 AUCt for the last dose Off Date Modified 02/12/2015
CV fa (%) 10.000 AUC Calculation Method Linear Trapezoid File Size (bytes) 488448
ka (1/h) 0.250 simcyp.licencing.dll
CV ka (%) 30.000 Memory Size 15387836.000 File Version 15.0.86.0
lag time (h) 0.550 Solubility Cap (mg/mL) 500.000 Date Modified 02/12/2015
CV lag time (%) 30.000 Differential Solver 5th-order Runge-Kutta File Size (bytes) 56832
fu(Gut) input type User Maximum number of steps 1000000.000 simcyp.model.XmlSerializers.dll
fu(Gut) 0.001 Relative Tolerance 0.000 File Version 0.0.0.0
Q(Gut) Input Predicted Relative Tolerance when ADAM is used 0.000 Date Modified 02/12/2015
Peff,man Type n/a Integration error tolerance 0.001 File Size (bytes) 2979840

Use UBL fluid volumes Off simcyp.model.dll
Distribution File Version 15.0.86.0

Paediatric Module Not Loaded Date Modified 02/12/2015
Distribution Model Minimal PBPK Model No. Differential Equations 15.000 File Size (bytes) 3415040
SAC kin (1/h) 0.031
SAC kout (1/h) 0.016
SAC CLin (L/h) 39.690
SAC CLout (L/h) 26.749
SAC Q (L/h) 42.600
Volume [Vsac] (L/kg) 3.27E+01
Vss input type User
Vss (L/kg) 47.500
CV Vss (%) 20.000
Liver input type User
Liver Kp 1.000

Elimination

Allometric Scaling Not Used

Clearance Type In Vivo Clearance
CL (iv) (L/h) 4.180
CL (iv) CV 30.000
Active Uptake into Hepatocyte 1.000
CL R (L/h) 0.000

CYPs and/or UGTs Interaction

Enzyme CYP2C8
Ki (µM) 0.004
fu mic 1.000

Enzyme CYP2D6
Ki (µM) 0.002
fu mic 1.000

Enzyme CYP3A4
Ki (µM) 7.86E-04
fu mic 1.000

Simcyp Population Based Simulator
10/6/2017 11:28

Simcyp Version 15  (02/12/2015)



18 
 
 

Supplemental TABLE 11 

PK statistical output from Simcyp from the simulation of the clinical PK parameters for 
clofazimine at Day 126 following multiple oral doses of 100 mg QD (refers to Table 7 of the 
manuscript) 

 

  

 Statistics
AUC (ng/mL.h) TMax (h) CMax (ng/mL) Dose (mg) CL (Dose/AUC) (L/h)

Mean 16627.09 6.77 796.53 100.00 6.68
Median 15919.14 7.00 702.91 100.00 6.28

Geometric Mean 15797.08 6.59 728.02 100.00 6.33
95% Confidence interval around the geometric mean (lower limit) 14819.91 6.25 671.91 100.00 5.94
95% Confidence interval around the geometric mean (upper limit) 16838.69 6.94 788.81 100.00 6.75

5th centile 9323.52 4.85 410.81 100.00 3.99
95th centile 25056.86 8.35 1552.03 100.00 10.73
Skewness 0.83 -1.73 2.49 n/a 1.53

cv 0.32 0.19 0.49 0.00 0.35
Min Val 5867.57 2.00 254.83 100.00 2.71
Max Val 36902.11 9.65 2965.81 100.00 17.04

Fold 6.29 4.82 11.64 1.00 6.29
Std Dev 5367.00 1.31 392.23 0.00 2.35
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Supplemental FIGURE 1 

Sensitivity analysis of clofazamine fa (A), ka (B), and fugut (C) value on the AUC ratio of 
midazolam.    
Dosing regimen: Midazolam 5 mg on Day 126 + clofazimine 100 mg QD on Day 1-Day 
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