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The Effects of Weak and Strong

CYP3A Induction by Rifampicin on the
Pharmacokinetics of Five Progestins and
Ethinylestradiol Compared to Midazolam

Herbert Wiesingerl’*, Stefan Klein', Antje Rottmann’, Bettina Nowotnyz’f, Kai Riecke', Isabella Gashaw',
Margarete Brudny-Kléppel ¥, Robert Fricke?, Joachim Héchel' and Christian Friedrich'

It is known that co-administration of CYP3A inducers may decrease the effectiveness of oral contraceptives
containing progestins as mono-preparations or combined with ethinylestradiol. In a randomized clinical drug-drug
interaction study, we investigated the effects of CYP3A induction on the pharmacokinetics of commonly used
progestins and ethinylestradiol. Rifampicin was used to induce CYP3A. The progestins chosen as victim drugs were
levonorgestrel, norethindrone, desogestrel, and dienogest as mono-products, and drospirenone combined with
ethinylestradiol. Postmenopausal women (n = 12-14 per treatment group) received, in fixed sequence, a single
dose of the victim drug plus midazolam without rifampicin, with rifampicin 10 mg/day (weak induction), and with
rifampicin 600 mg/day (strong induction). The effects on progestin exposure were compared with the effects on
midazolam exposure (as a benchmark). Unbound concentrations were evaluated for drugs binding to sex hormone
binding globulin. Weak CYP3A induction, as confirmed by a mean decrease in midazolam exposure by 46%, resulted
in minor changes in progestin exposure (mean decreases: 15-37%). Strong CYP3A induction, in contrast, resulted

in mean decreases by 57-90% (mean decrease in midazolam exposure: 86%). Namely, the magnitude of the
observed induction effects varied from weak to strong. Our data might provide an impetus to revisit the currently
applied clinical recommendations for oral contraceptives, especially for levonorgestrel and norethindrone-containing
products, and they might give an indication as to which progestin could be used, if requested, by women taking
weak CYP3A inducers—although it is acknowledged that the exact exposure-response relationship for contraceptive

efficacy is currently unclear for most progestins.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

M CYP3A inducers may decrease the effectiveness of hormo-
nal contraceptives. However, comparative clinical data on the
effects of CYP3A induction on different progestins are absent.
WHAT QUESTION DID THIS STUDY ADDRESS?

M Are all progestins equally vulnerable to CYP3A induction and
what is the relationship between changes in midazolam exposure
and the exposure of different progestins after CYP3A induction?
WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M It showed that CYP3A induction affects progestins in
varying degrees and provided a ranking of the vulnerability

of different progestins to CYP3A induction, where the perpe-
trator’s effect on midazolam exposure served as a benchmark.
Further, it showed that unbound drug concentrations should
be considered for progestins binding to sex hormone binding
globulin.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[ The study results allow predicting the inductive effect of
new drugs on different progestins based on clinical screen-
ing data obtained with midazolam as an index substrate. This
might result in fewer and more focused interaction studies with
oral contraceptives and might help counseling women taking
CYP3A inducers who seck contraception.
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Oral contraceptives (OC) (i.c., progestin-only products or prod-
ucts containing a progestin combined with an estrogen, usu-
ally ethinylestradiol (EE)), are widely used and highly effective.
Their perfect-use Pearl indices are below 1; however, typical-use
Pearl indices are highcr.1 Leaving the possibility of incorrect or
inconsistent use aside, pharmacokinetic (PK) drug-drug interac-
tions (DDIs) between the OC and concomitantly used drugs that
decrease the systemic exposure of the OC might be a key factor
responsible for this discrepancy in failure rates. Of particular con-
cern are interactions mediated by CYP3A enzymes, which are
induced by many therapeutic drugs (e.g., rifampicin, phenytoin,
carbamazepine, and efavirenz). Thus, women taking such drugs
who are seeking contraception need counseling on which contra-
ceptive to choose and their gynecologists need qualified informa-
tion on the relative interaction potential of different OCs.

For many of the commonly used OCs, it is known from iz
vitro investigations as well as from clinical studies that they are
eliminated by metabolic processes mediated by CYP3A enzymes.
However, the quantitative contribution of this elimination path-
way, the fraction metabolized, is unknown for most OCs? and
there are no comparative clinical studies available addressing the
question of whether the exposure of different progestins is equally
vulnerable to CYP3A induction. In a recent meeting hosted by
the US Food and Drug Administration (FDA) it was pointed
out that it is challenging to extrapolate the results of a study with
one specific OC to another OC due to possible differences in the
compounds’ metabolism and transport pathways3; see also Zhang
et al? and Ramsden et /. This makes advising women in need of
treatment with CYP3A inducers on adequate contraception very
difficult. The same applies to the question of which OCs should
be tested as DDI victim drugs during the development of a new
drug with the potential to induce CYP3A. Prescribing informa-
tion for OCs do not solve these problems. The FDA guidance on
labeling for combined hormonal contracqptives5 contains a “class
labeling” applicable to all OCs. It also includes a comprehensive
list of CYP3A inducers with high diverging induction potential
(Supplementary Materials, Table S1) but the statement “Enzyme
inducers (CYP3A4): May decrease the effectiveness” of the OC is
applicable to any inducer/OC combination.

Therefore, we considered a head-to-head comparison very use-
ful to assess the sensitivity of different progestins toward a graded
induction of CYP3A. The focus of our study was on progestins,
which are the main driver of the contraceptive efficacy of modern
0Cs.%7 Rifampicin (RIF), which is described as an index perpe-
trator in the FDA DDI guidance,8 was used at a Jow dosage and
a high dosage to study the impact of weak and of strong CYP3A
induction on the exposure of selected progestins and EE. The pro-
gestins chosen as DDI victims for this study were levonorgestrel
(LNG), norethindrone (NET), desogestrel (DSG), and dienogest
(DNG) as mono-products and drospirenone (DRSP) in a fixed
combination with EE. The total global market share of these 5 con-
traceptive progestins amounted to 81% in 2016, with LNG having
the largest share globally, in Europe, and in Latin America (39%,
37%, and 42%, respectively), whereas NET had the largest market
share in the United States (36%) (details in Figure S1). To calibrate
the impact of CYP3A induction on the investigated hormones, a
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subtherapeutic dose of midazolam (MDZ), a sensitive and selective
CYP3A index substrate with a known high fraction metabolized
via CYP3A (~90%),9’10 was co-administered with each dose of
hormone. Additional aspects studied were: (i) RIF’s impact on the
concentrations of sex hormone binding globulin (SHBG), a main
binding protein for several progestins, among them LNG, NET,
and DSG’s active metabolite etonogestrel (ENG); and (ii) the as-
sociation among changes in progestin, EE, and MDZ exposure and
changes in the plasma concentrations of 48-hydroxycholesterol (4-
HC),an endogenous biomarker of hepatic CYP3A activity.1 1-13

METHODS

The protocol for this study (EudraCT 2017-002792-26; clinicaltrials.gov
NCTO03353857) was approved by the relevant independent ethics com-
mittee before the start of the study (Ethics Committee of Nordrhein; ref
erence number 101/17-03 RN). All subjects gave their written informed
consent before entry into the study.

Study design and treatments

This was a randomized, open-label, fixed-sequence, cross-over study with
five parallel treatment groups conducted in two centers in Germany. It
was designed to investigate the impact of two different degrees of CYP3A
induction by RIF on the PKs of commonly used progestins and EE. A
subtherapeutic dose of MDZ was co-administered with the hormones as
abenchmark for the induction effect achieved.

The study comprised a screening and randomization phase, three treat-
ment periods, and a follow-up visit for cach subject (Figure 1). The first
treatment period served as a control period. During this period, subjects
received a single dose of the randomly assigned test drug (hormone(s) plus
MDZ) without prior medication. In periods 2 and 3, administration of
the test drug was preceded and followed by once daily administration of
RIF 10 or 600 mg, respectively, resulting in two 11-day induction phases.
On the days of test drug administration, RIF was administered 12 hours
after the test drug to minimize competitive inhibition of the clearance of
the test drug.m Daily administration of RIF was continued after test drug
administration to maintain the CYP3A activity at the induced level for the
duration of the PK sampling period. A fixed sequence of dosing with RIF
was chosen because a randomized sequence crossover design would have
required long washout periods to ensure the return of enzyme activity to
baseline.

The hormones administered as single doses in this study were LNG
0.03 mg (MICROLUT; Jenapharm, Jena, Germany), NET 0.35 mg
(NORIDAY; Pfizer, Sandwich, UK), DSG 0.075 mg (CERAZETTE;
Merck Sharp & Dohme, Haar, Germany), DNG 2 mg (28 MINI
(Visanne); Jenapharm, Jena, Germany), and a fixed combination of DRSP
3 mgand EE 0.03 mg (YASMIN; Jenapharm, Jena, Germany). MDZ 1 mg
(the CYP3A probe substrate) was co-administered with the hormones
in the form of an oral solution (MIDAZOLAM-RATIOPHARM; 2
mg/mL, Ratiopharm, Ulm, Germany). For weak induction of CYP3A
in period 2, a RIF-containing suspension was used (EREMFAT SIRUP;
Riemser Pharma, Greifswald, Germany; 10 mg in 0.5 mL). For strong
induction of CYP3A in period 3, RIF tablets were used (EREMFAT
600 mg; Riemser Pharma, Greifswald, Germany). All study medications
were taken by mouth. RIF was taken at home, except on PK sampling days.
The intake of other drugs or herbal remedies, in particular those poten-
tially inhibiting or inducing CYP3A (e.g., St. John’s wort), and the con-
sumption of food and beverages containing furanocoumarin derivatives
(e.g., grapefruits) was not allowed during the study.

Study population
This was a study in healthy postmenopausal women. To be eligi-
ble, subjects had to be between 45 and 70 years of age (inclusive), be
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Figure 1 Study design. Treatment period 1 (control period): single administration of the randomly assigned test drug plus MDZ on day 1.
Treatment period 2 (weak-CYP3A-induction period): administration of the randomly assigned test drug plus MDZ on day 15 was preceded and
followed by once daily administration of rifampicin 10 mg for 7 and 4 days, respectively. Treatment period 3 (strong-CYP3A-induction period):
administration of the randomly assigned test drug plus MDZ on day 26 was preceded and followed by once daily administration rifampicin
600 mg for 7 and 4 days, respectively. On days 15 and 26, rifampicin was administered 12 hours after the contraceptive and MDZ. There was
no washout between low-dose and high-dose administration of rifampicin. The following test drugs (hormones) were co-administered with MDZ
1 mg: LNG 0.03 mg; NET 0.35 mg; DSG 0.075 mg; DNG 2 mg; and DRSP 3 mg/EE 0.03 mg. Each treatment group included 12-14 subjects.
DNG, dienogest; DRSP, drospirenone; DSG, desogestrel; EE, ethinylestradiol; LNG, levonorgestrel; MDZ, midazolam; NET, norethindrone; PK,

pharmacokinetic; RIF, Rifampicin.

nonsmokers, and to have a body weight of > 50 kg and a body mass
index > 18.5 and < 30 kg/m*. Their postmenopausal state had to be
confirmed by medical history (natural menopause > 12 months before
first dose of study medication or bilateral ovariectomy > 3 months
before first dose) or, for women younger than 60 years by hormone
measurements (follicle stimulating hormone > 40 IU/L and estradiol
< 20 pg/mL). Women with specific risks or with conditions or habits
suspected to have an impact on the aims of the study were excluded
from participation.

Assessments and variables

Blood samples (PK samples) for the determination of LNG, NET, ENG,
DNG, DRSP, EE, MDZ, and 1-OH-MDZ, the metabolite of MDZ
formed by CYP3A, were taken up to 144 hours postdose in period 1
and up to 96 hours in periods 2 and 3, assuming that clearance would
be faster with co-administration of RIF. Plasma samples were taken pre-
dose,and 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 12, 15, 24, 48, 72, 96, 120,
and 144 hours postdose (for MDZ only until 24 hours postdose). Plasma
samples to determine RIF trough concentrations and 48-HC concentra-
tions were taken on days 8, 10, 13, 15, 17, 19, and 28 before RIF intake
and on day 30. Serum samples to determine SHBG by immunoassay were
taken on days 1, 8, 15, 19, and 26.

High-performance liquid chromatography-tandem mass spectrome-
try and fluoroimmunometric methods, which were validated according
to the relevant European and US guidelines and a pertinent reflection
paper of the European Medicines Agency (EMA),">™"7 were used to de-
termine the concentrations of the above-mentioned analytes in individual
plasma samples (detailed description in Methods S1). The fractions un-
bound of LNG, NET, and ENG in human plasma were determined using
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ultrafiltration after spiking predose plasma samples with the correspond-
ing 3H-labeled tracer. Because LNG, NET, and ENG bind to SHBG,
which increased during RIF treatment, the unbound concentrations of
these progestins were calculated by multiplying the obtained fractions un-
bound with the corresponding total plasma concentrations.

The following noncompartmental single dose PK parameters
were determined for LNG, LNG = NET, NET .. ENG,
ENG, ., DNG, DRSP, EE, MDZ, and 1-OH MDZ without and
with concomitant administration of RIF 10 or 600 mg/day using the
software WinNonlin version 5.3 (Certara, Princeton, NJ): area under
the concentration-time curve (AUC) and the maximum concentration
(Cmax). Further, the metabolic ratio for MDZ, AUC(O_tlasr)l—OH—MDZ/
AUC(0-1, )\pz» Was determined using the area under the plasma con-
centration-time curve from zero to the time of the last quantifiable con-
centration (AUC(0-7_)).

Statistical analyses

For cach cohort and analyte, a parametric mixed-effects analysis of vari-
ance model was fitted to the natural log-transformed AUC and C___val-
ues assuming normal distributed data. Analyses were performed using
SAS version 9.4 (SAS Institute, Cary, NC). The ratio of geometric least-
squares means for test vs. reference treatment periods was calculated, as
well as the associated 90% confidence interval (CI).

The magnitude of the induction effects was classified into the fol-
lowing categories based on the with RIF(IOW or high c[mc)/no RIF AUC or
C,.., geometric mean ratios of the respective analyte: weak induction
(ratio > 0.5 and < 0.8), moderate induction (ratio > 0.2 and < 0.5)
and strong induction (ratio < 0.2); ¢fthe FDA and EMA DDI guide-
lines.'® The standard bioequivalence criterion, geometric mean ratio
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and 90% CI within the acceptance interval of 0.8-1.25, was applied for
the classification “no effect.”

Determination of sample size

Based on published data from DDI studies with OCs or MDZ as the
victim drug and bioequivalence studies with combined OCs, it was
assumed that the within-subject coefficient of variation for PK pa-
rameters is 0.30. Further, it was assumed that the PK parameters are
log-normally distributed. With 12 valid subjects per group, the 90%
CI for the mean of a prespecified progestin induction ratio was ex-
pected to lie within the ranges (0.87 x p; 1.14 x ) with 90% proba-
bility. Here, p denotes the observed mean induction ratio. This sample
size was determined by a simulation approach using SAS version 9.4.
To adjust for dropouts, it was planned to randomize 14 subjects to
cach treatment group.

RESULTS

Supplementary information accompanies this paper on the Clinical
Pharmacology and Therapeutics website (www.cptjournal.com).
Furthermore, individual de-identified PK data from the study will be
made publicly available at the Open Systems Pharmacology GitHub
repository (https://github.com/Open-Systems-Pharmacology).

Study population

In total, 68 healthy postmenopausal women between 51 and
70 years of age were enrolled in the study and received study
medication. Sixty-five of these subjects were included in the
PK analysis set (12-14 subjects/group). Three subjects were
excluded from PK analysis: one subject because of obvious in-
compliance (progestin not quantifiable in plasma in period 3),
another because of violation of inclusion/exclusion criteria, and
a third subject withdrew prematurely. The subject character-
istics were well balanced with no notable differences between
treatment groups (Table $2).

Impact of rifampicin administration on the PKs of midazolam
Co-administration of RIF (i.e., prior and concomitant intake
of RIF; trough concentrations shown in Figure $2), was consis-
tently associated with the expected, dose-dependent decrease in
the concentrations of MDZ (and also 1-OH-MDZ) in plasma
(Figure 2a,b; Figure S3). In total, co-administration of RIF
10 mg/day led to a decrease in the exposure (AUC) of MDZ by
46% and coadministration of RIF 600 mg/day to a decrease by
86% compared with MDZ administration alone (Table 1; Table
S3), confirming that RIF 10 mg/day acted as a weak inducer of
CYP3A and RIF 600 mg/day as a strong inducer according to
the classification provided in the DDI guidf:lines.g‘18 The effect
of RIF on MDZ exposure was similar in all treatment groups
with the same RIF dose (Figure S3; i.c., it was not affected by
the co-administered progestins or EE). The relationship between
individual RIF trough concentrations and the corresponding de-
crease in MDZ exposure is shown in Figure S4A.

Impact of rifampicin co-administration on the PKs of the
progestins and ethinylestradiol in comparison to MDZ
Co-administration of RIF 600 mg/day led to substantial de-
creases in the exposure of the 5 progestins and EE (Table 1;
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Figure 2c-h). The largest decreases were observed for ENG,
DNG, and DRSP. Smaller decreases were observed for LNG
and NET. For LNG, NET, and ENG, the effects of RIF co-ad-
ministration were more pronounced when unbound drug con-
centrations were considered; see also Figure 3¢,d. Compared
with co-administration of RIF 600 mg/day, co-administration
of RIF 10 mg/day led to less pronounced decreases in the expo-
sure of the 5 progestins and EE, but the ranking of the effects
was similar.

The geometric mean AUC ratios (and 90% Cls) presented in
Table 1 and Figure 3a show that co-administration with RIF
10 mg/day had a weak effect on (in descending order) MDZ,
ENG_ . ..o DRSP, and DNG, and almost no effect on EE,
LNG,_ | und and NET , . . The effects of RIF 600 mg/day were
stronger: there were moderate effects on LNG unbound> EEs and
NET , . observed and strong effects on ENG,_ . ..o DNG,
MDZ, and DRSP. Hence, parity between the effect on the pro-
gestin and the effect on MDZ was observed only for ENG,_  .a
DNG, and DRSP (Figure 3a, gray shades areas). The effect on
LNG_ ..o EE and NET, .. in contrast, was smaller than the
effect on MDZ. The effects of RIF co-administration on the C
values of the progestins and EE were weak at most and lower than

the effectson C___of MDZ (Table $3; Figure 3b).

Impact of rifampicin administration on SHBG concentrations
The mean concentrations of SHBG in serum substantially in-
creased in all treatment groups from day 19 to day 26 by ~ 100%,
confirming that RIF at a dosage of 600 mg/day induces SHBG in
serum (Figure 4). The subjects in the DRSP/EE group showed—
probably EE-related—higher SHBG concentrations than the
other subjects, with a first peak still present 8 days after the first
dose of EE (+DRSP; i.c., without any concomitant RIF adminis-
tration), and a steep increase 4 days after the second dose (i.c., at
the 10 mg/day RIF dose, which was shown not to induce SHBG).

Impact of rifampicin administration on 4f3-HCs

Across all treatment groups, the mean concentrations of 43-HC
in plasma substantially increased during administration of
600 mg/day RIF (day 26: increase by 215% on day 8); the 10 mg/
day dose, in contrast, had almost no effect (day 15: 14% increase
on day 8) (Table S3; Figure 5). The 4p-HC concentrations in-
creased continuously during the two 11-day RIF administrations
without reaching steady-state. Visual inspection of the scatter
plot of RIF concentrations vs. changes in 4B8-HC concentrations
(4p-HC ratios (day 19/day 8 and day 30/day 8); Figure S4B) re-
vealed a correlation between the two parameters and a good dif-
ferentiation between low-dose and high-dose RIF. The 4p-HC
ratios correlated also with the ratios of MDZ (Figure 6a; Figure
$4C) and the ratios of the progestins and EE (Figure 6b), show-
ing the same pattern of effects as the CYP3A index substrate
MDZ (Figure 3a).

DISCUSSION
This study is the first head-to-head comparison of the effects of
CYP3A induction on different progestins commonly used in

OC:s. The results of this study clearly showed that the progestin
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Figure 2 Midazolam, 1-OH-midazolam, progestin, and EE concentrations in plasma after single dose administration of the test drug with and
without co-administration of rifampicin. Geometric means and standard deviations. (a) Midazolam concentration vs. time; (b) 1-OH-midazolam
concentration vs. time; (¢) unbound levonorgestrel concentration vs. time; (d) unbound norethindrone concentration vs. time; (e) unbound
etonogestrel (active metabolite of desogestrel) concentration vs. time; (f) dienogest concentration vs. time; (g) drospirenone concentration vs.
time; (h) ethinylestradiol concentration vs. time. LLOQ, lower limit of quantitation; RIF, rifampicin.
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Table 1 Geometric mean AUC ratios (with RIF/no RIF) of different progestins, ethinylestradiol, and midazolam following 10

and 600 mg/day RIF

Strong-induction phase (RIF 600 mg/day)

Weak-induction phase (RIF 10 mg/day)

GMR ¢ 90% Cl GMR ¢ 90% CI N
MDZ 0.137 (0.124-0.150) 0.539 (0.491-0.592) 65
ENG,,,0ung (DSG) 0.105 (0.091-0.120) 0.627 (0.547-0.719) 12
ENG (DSG) 0.128 (0.113-0.145) 0.625 (0.553-0.708) 12
DNG 0.130 (0.116-0.144) 0.722 (0.648-0.804) 12
DRSP 0.139 (0.130-0.149) 0.701 (0.657-0.749) 14
NG, pound 0.292 (0.255-0.335) 0.853 (0.744-0.978) 13
LNG 0.427 (0.395-0.460) 0.832 (0.771-0.897) 13
NET, 1ound 0.430 (0.392-0.471) 0.850 (0.775-0.932) 14
NET 0.539 (0.489-0.595) 0.875 (0.794-0.965) 14
EE 0.358 (0.320-0.400) 0.817 (0.730-0.915) 14

Progestins are sorted in ascending order by the GMR,, . (RIF 600 mg per day/no RIF) value.
AUC, area under the concentration-time curve extrapolated to infinity; Cl, confidence interval; DNG, dienogest; DRSP, drospirenone; DSG, desogestrel; EE,
ethinylestradiol; ENG, etonogestrel (active metabolite of DSG); GMR, geometric mean ratio (with RIF/no RIF); LNG, levonorgestrel; MDZ, midazolam; NET,

norethindrone; RIF, rifampicin.

components of OCs are vulnerable to CYP3A induction to vary-
ing degrees and that the results obtained in a study with one OC
cannot be directly extrapolated to another OC. The effects of
high-dose RIF administration (i.e., the effects of strong CYP3A
induction as judged by the concomitantly gauged changes in
MDZ exposure) were substantial for all five progestins studied,
but they varied considerably in size. The exposures of DRSP,
DNG, and the DSG-metabolite ENG, .4 Were decreased by
> 80% when the drugs were administered in combination with
high-dose RIF compared with their administration alone. The
exposure of NET
The effects of low-dose RIF co-administration were weak
(ENGunbound’ DRSP, and DNG) or virtually absent (LNGunbound
and NET ). The decrease in the exposure of EE was mod-
erate with co-administration of high-dose RIF and negligible
with low-dose RIF. In summary, the effects of strong CYP3A
induction seen in our study show a clear ranking (Figure 3a):

g in contrast, was reduced by < 60%.

On the one hand, there were decreases in drug (or metabolite in
case of ENG) exposure by > 80% observed for DNG, DRSP, and
ENG_ . and, on the other hand, there were decreases in ex-
posure of between 50% and < 80% observed for LNG_ ,  and
NETunbou
NET and LNG were less pronounced than the simultancously
assessed decreases in the exposure of MDZ (chamsden et ﬂl.4),
whereas the decreases in DNG, DRSP, and ENG exposure were

in the same order of magnitude (the fact that postmenopausal

.4 and also for EE. The decreases in the exposure of

instead of premenopausal women (the target population of OCs)
were included in our study does not diminish the validity of our
findings. Previous studies have shown that age does not influ-
ence the extent of intestinal and hepatic CYP3A induction as
determined by the oral and systemic clearance of midazolam'?).
These differences in the vulnerability of the different progestins
tested toward induction of CYP3A metabolizing enzymes by ri-
fampicin suggest that the fractions metabolized via CYP3A are
higher for DNG, DRSP, and ENG than for LNG, NET, and EE
(Table S4).
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Progestins commonly used in OCs and EE are known to be ex-
tensively metabolized via phase I and II biotransformation path-
ways (with a very low amount of unchanged excretion indicating
that metabolic clearance is the main elimination pathway) whereas
active transport plays a minor role. CYP3A is one of the main
contributing enzymes for the primary metabolic pathway (Table
$4). Most progestins and EE are highly permeable compounds.
Although some of them are iz vitro substrates of certain transport-
ers (e.g., P—gp),20 the contribution of active transport to overall
elimination is considered insubstantial.

Rifampicin is a ligand of pregnane xenobiotic receptor that is
inducing the transcription not only of CYP3A but also of other
drug metabolizing enzymes and a few drug transporters. Based on
the current knowledge, a major contribution of other than CYP3A
elimination pathways and active transport is, however, considered
of minor importance for progestins and EE. Additionally, it was
recently shown that the clinical effect of rifampicin on other than
CYP3A enzymes as well as drug transporters is one category less
than CYP3A induction (e.g., strong on CYP3A, moderate on
CYP2C9 and P—gp).21 Therefore, we assume that the observed
clinical effects in this study are mainly due to induction of CYP3A
by rifampicin. Furthermore, the effect of rifampicin on progestins
and EE may be translatable to other CYP3A inducers acting via
the same pregnane xenobiotic receptor-mediated mechanism tak-
ing the potency of the inducer into account.”

Opverall, the effects of RIF co-administration on progestins ob-
served in our study were in the same range as the effects reported for
prior DDI studies with RIF and NET or DNG.2™% Comparable
studies with LNG, ENG, and DRSP do not seem to be available.
The effects of low-dose and high-dose RIF on MDZ were also in
the same range as previously rcported.1 L142126-28 1) this context, it
might be worth mentioning that most of the published DDI studies
with OCs were conducted with LNG or NET, two progestins with
a large market share in the United States (Figure $1) and—based
on our study—the two progestins with the lowest vulnerability to-
ward CYP3A induction. Further, it is worth mentioning that none
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Figure 3 Rifampicin-dependent induction relationship between midazolam and different progestins and EE. Induction effects on AUC (a),

C.ax (b) @and unbound vs. total AUC (c) and C

max

(d) The magnitude of the induction effect is classified into three categories: weak induction

(W, GMR > 0.5 and < 0.8), moderate induction (M,IGMR > 0.2 and < 0.5) and strong induction (S, GMR < 0.2). Gray shaded areas indicate
parity of induction effects. AUC, area under the concentration-time curve extrapolated to infinity; C__ , observed maximum concentration;
Cl, confidence interval; DNG, dienogest; DRSP, drospirenone; EE, ethinylestradiol; ENG(unbound), (unbound) etonogestrel (active metabolite of

desogestrel); GMR, geometric mean ratio (with RIF/no RIF); LNG(unbound), (

norethindrone.

of the studies published so far provides a comparison between dif-
ferent OCs or a direct comparison with a CYP3A index substrate.
Based on such comparisons, practical guidance can be given as
to which OCs should be tested as DDI victims during the devel-
opment of a new drug. The results of our study suggest that LNG
or NET should be used as victim drugs for studying the drug-OC
interaction potential of new drug candidates in a best-case scenario
(i.e., when the focus of the study is on the general suitability of
different OC options as concomitant medications). For predicting
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unbound) levonorgestrel; MDZ, midazolam; NET(unbound), (unbound)

the drug candidate’s effects on OCs in a worst-case scenario (i.c.,
when the focus is on the potential maximum effect on progestin
exposure), the results obtained in a DDI study with MDZ can be
used. Knowledge of a drug’s effects on both highly vulnerable and
less vulnerable OCs will also be helpful for prescribers counseling
patients using this drug. However, the comparative data obtained
in our study are valuable also from another point of view. As the
effects of high-dose RIF on ENG_ . ..ao DNG, DRSP, and MDZ

were very similar, it might be possible to estimate the effect on
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Figure 4 Sex hormone binding globulin concentrations in serum
prior to and during repeated administration of rifampicin. Geometric
means with geometric SDs; N = 12 to 14 per group. DNG, dienogest;
DRSP, drospirenone; DSG, desogestrel; EE, ethinylestradiol; LLOQ,
lower level of quantification; LNG, levonorgestrel; MDZ, midazolam;
NET, norethindrone; PK, pharmacokinetic; RIF, rifampicin; SHBG, sex
hormone binding globulin.

another CYP3A substrate with similar fm)CYP3 A
tion study using DSG, DNG, or DRSP.

Furthermore, as the exposures of LNG and NET (and EE) were
less impacted by CYP3A induction compared with the index sub-

by a DDI induc-

strate midazolam, the currently applied clinical recommendations
for OCs might be revisited especially for the combination of LNG
or NET containing OCs and weak inducers (e.g., topiramate and
rufinamide; Table S1). However, we are aware that the detailed
knowledge of the exposure-response relationship required for qual-
ified guidance on what degree of exposure reduction would still be
acceptable is currently very limited for most progestins. (A promising
project that might help to establish exposure thresholds for the effi-
cacious and safe use of OC has recently been described by Lesko er
al. *). Nevertheless, we assume that our data provide an indication as
to which OCs could be used, if requested, by a woman taking a weak
CYP3A inducer. Furthermore, our data imply that taking a higher

200 ~

dose of progestin would be reasonable in this case, if available (c.g.,
150 mg LNG and 0.03 mg EE instead of 100 mg and 0.02 mg EE).

An additional objective of our study was to investigate the im-
pact of RIF administration on the concentrations of SHBG be-
cause LNG, ENG, and NET bind with high affinity to SHBG.*®
During treatment with high-dose RIF (600 mg/day), but not
during treatment with low-dose RIF (10 mg/ day), we observed
a marked increase in SHBG concentrations in human plasma, as
previously rcf[901‘tr:d.3l_33 Accordingly, the decrease in the exposure
after co-administration with RIF calculated as unbound LNG,
ENG, and NET was more pronounced than that calculated based
on total concentrations (Figure 3c). These findings indicate that
not considering the concentrations of unbound drug in these cases
would have underestimated the true pharmacologically relevant
effect of CYP3A induction in the progestin exposure. Therefore,
concentrations of unbound hormones should always be consid-
ered when evaluating the risk of interactions between a progestin
that binds to SHBG and a perpetrator expected to increase SHBG
concentration in plasma, such as rifampicin, or other strong en-
zyme inducers, such as phenytoin, phenobarbital, or carbamaze-
pine.32’34‘35 Furthermore, EE even after a single dose should not be
ignored as an SHBG inducer either. The subjects in the DRSP/EE
group showed an increase of SHBG concentrations already after
a single dose of DRSP/EE and a further increase after the second
dose. Similar effects on SHBG have been observed after a single
dose of NET/EE by Boyd ez 4. 3¢ and in a more manifested manner
(e.g., by Fotherby30) after multiple administration of EE.

Further, we studied the association among changes in progestin,
EE, and MDZ exposure and changes in the plasma concentrations
of 48-HC, an endogenous CYP3A substrate and biomarker of
CYP3A activity. The results are promising: 4p-HC concentration
in plasma was substantially increased after 11-day intake of high-
dose RIF compared to baseline (no RIF) and the changes in 4p-HC
concentrations showed the same pattern of effects as the CYP3A
index substrate MDZ, substantiating 48-HC as a robust biomarker

reflecting the hepatic component of strong CYP3A induction.'?
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Especially in studies were a MDZ microdose is not feasible (c.g.,
patient studies), it might be possible to use this endogenous marker
instead of the exogenous probe MDZ for calibrating, but proper
reference ranges still have to be established.

In conclusion, our study showed that CYP3A induction affects
progestins in varying degrees and provided a ranking of the vul-
nerability of the exposure of different progestins to CYP3A in-
duction, where the perpetrator’s effect on MDZ exposure served
as a benchmark. The magnitude of the observed induction effects
varied from weak to strong. Our data might provide an impetus
to revisit the currently applied clinical recommendations for
OCs, especially for LNG and NET containing products, and they
might give an indication as to which progestin could be used, if
requested, by women taking weak CYP3A inducers—although
it is acknowledged that the exact exposure-response relationship
for contraceptive efficacy is currently unclear for most progestins.
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