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Prediction of the Impact of Cytochrome P450 
2C9 Genotypes on the Drug–Drug Interaction 
Potential of Siponimod With Physiologically-
Based Pharmacokinetic Modeling: A 
Comprehensive Approach for Drug Label 
Recommendations
Felix Huth1,*, Anne Gardin1, Kenichi Umehara1 and Handan He2

We predicted the drug–drug interaction (DDI) potential of siponimod in presence of cytochrome P450 (CYP)2C9/CYP3A4 
inhibitors/inducers in subjects with different CYP2C9 genotypes by physiologically-based pharmacokinetic (PK) 
modeling. The model was established using in vitro and clinical PK data and verified by adequately predicting 
siponimod PK when coadministered with rifampin. With strong and moderate CYP3A4 inhibitors, an increased DDI 
risk for siponimod was predicted for CYP2C9*3/*3 genotype vs. other genotypes area under the curve ratio (AUCR): 
3.03–4.20 vs. ≤ 1.49 for strong; 2.42 vs. 1.14–1.30 for moderate. AUCRs increased with moderate (2.13–2.49) and 
weak (1.12–1.42) CYP3A4/CYP2C9 inhibitors to the same extent for all genotypes. With strong CYP3A4/moderate 
CYP2C9 inducers and moderate CYP3A4 inducers, predicted AUCRs were 0.21–0.32 and 0.35–0.71, respectively. This 
complementary analysis to the clinical PK-DDI studies confirmed the relevant influence of CYP2C9 polymorphism on 
the DDI behavior of siponimod and represented the basis for the DDI labeling recommendations.

Siponimod is a potent, oral, selective sphingosine 1-phosphate 
receptor subtypes 1 and 5 modulator.1 In a recently published 
phase III study, siponimod 2 mg (s.d.) reduced the risk of disabil-
ity progression in patients with secondary progressive multiple 
sclerosis.2 Siponimod has recently been approved by the US Food 
and Drug Administration (FDA) for the treatment of relapsing 
forms of multiple sclerosis, including clinically isolated syndrome, 

relapsing-remitting disease, and active secondary progressive dis-
ease, in adults.3

Siponimod exhibits time-independent pharmacokinetics 
(PKs). The rate and extent of systemic exposure increase in a 
dose-proportional manner after single (0.1–75 mg; Table 1) and 
multiple (0.3–20 mg, Table 1) doses of siponimod.1 The mean 
elimination half-life (t1/2) of siponimod is ~  30  hours (range: 

Received December 7, 2018; accepted May 10, 2019. doi:10.1002/cpt.1547

1Novartis Pharma AG, Basel, Switzerland; 2Novartis Pharmaceuticals Corporation, East Hanover, New Jersey, USA. *Correspondence: Felix Huth  
(felix.huth@novartis.com)

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 The clinical relevance of the different cytochrome P450 
(CYP)2C9 genotypes is well described. However, there are few 
examples of dedicated drug–drug interaction (DDI)–physio-
logically-based pharmacokinetic (PBPK) simulations published 
that support the DDI labeling recommendations for the differ-
ent genotypes.
WHAT QUESTION DID THIS STUDY ADDRESS?
 Do CYP3A4/CYP2C9 perpetrators impact the exposure 
of siponimod in the various CYP2C9 genotypes, and to what 
extent?

WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
 PBPK simulations are valuable tools to translate clinical ob-
servations to untested perpetrators and/or subpopulations with 
different genotypes.
HOW MIGHT THIS CHANGE CLINICAL PHARMA- 
COLOGY OR TRANSLATIONAL SCIENCE?
 For drugs with polymorphic enzymes as major clearance 
factors, PBPK simulations can be utilized to give a genotype-
specific dose and dose adjustment recommendation, which is a 
step in personalized medicine without performing DDI studies 
for all relevant genotypes.
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22–38  hours) with a washout period of 6  days.1 Siponimod is 
eliminated from systemic circulation primarily through hepatic 
oxidative metabolism with subsequent fecal/biliary excretion 
(Figure 1).4 Cytochrome P450 (CYP)2C9 is the major hepatic 
enzyme involved in the metabolism (79.3%) of siponimod, 
followed by CYP3A4 (18.5%).4,5 Siponimod did not exhibit 
clinically relevant inhibition potential on CYP enzymes and 
transporters based on static-mechanistic model calculations,6 and 
it was not identified as transporter substrate in vitro (Table S1).

CYP2C9 is a polymorphic enzyme with >50 single nucle-
otide polymorphisms (SNPs). Of these, the CYP2C9*2 and 
CYP2C9*3 SNPs are the primary causes of clinically relevant 
reductions in enzyme activity.5 These SNPs lead to six most 
prominent CYP2C9 genotypes conferring to three function-
ally different phenotypes: extensive metabolizers, interme-
diate metabolizers, and poor metabolizers (PMs).5,7–10 The 
prevalence of the six clinically relevant CYP2C9 genotypes in 
the white population ranges from 62–65% for CYP2C9*1/*1, 
20–24% for CYP2C9*1/*2, 9–12% for CYP2C9*1/*3, 1–2% 
for CYP2C9*2/*2, 1.4–1.7% for CYP2C9*2/*3, and 0.3–0.4% 
for CYP2C9*3/*3.5,9,11 CYP2C9 polymorphism has shown a 
significant impact on siponimod metabolism.5 Regarding si-
ponimod clearance, population PK analyses (PopPK; Table S2) 
and a CYP2C9 pharmacogenetic study5 indicated that subjects 
with CYP2C9*1/*1 and CYP2C9*1/*2 genotypes behave as 
extensive metabolizers, CYP2C9*2/*2 and CYP2C9*1/*3 gen-
otypes behave as intermediate metabolizers, and CYP2C9*2/*3 
and CYP2C9*3/*3 genotypes as PMs. Compared with subjects 
with the CYP2C9*1/*1 genotype, those with the CYP2C9*2/*2, 
*1/*3, *2/*3, and *3/*3 genotypes have 20%, 35–38%, 45–48%, 
and 74% lower total body clearance of the drug from plasma 
values, respectively (Novartis data on file, Table S2).5 The 
recommended maintenance dose of siponimod as approved 
by the FDA is 2  mg taken orally once daily. In patients with a 
CYP2C9*1/*3 or *2/*3 genotype, a lower maintenance dose of 
1  mg taken orally once daily is recommended, whereas siponi-
mod is contraindicated in patients homozygous for CYP2C9*3 
(i.e., CYP2C9*3/*3 genotype), because of the substantially ele-
vated siponimod plasma levels.3

In subjects with the CYP2C9*1/*1 genotype, upon coadministra-
tion with fluconazole (a moderate CYP3A4/CYP2C9 inhibitor), 
siponimod area under the curve (AUC) increased approximately 
two fold and the maximum plasma concentration (Cmax) increased 
by ~  10%.5 Coadministration of rifampin (a strong CYP3A4/
moderate CYP2C9 inducer) in CYP2C9*1/*1 subjects reduced 
siponimod Cmax by 45% and AUC by 57%.12 Although an in-
creased siponimod exposure was expected, coadministration of 
itraconazole (a strong CYP3A4 inhibitor) in CYP2C9*1/*2 and 
CYP2C9*1/*3 subjects led to a decrease in siponimod AUC by 
9–10% and 24%, respectively (unpublished data13).

It is expected that the CYP2C9 genotype influences the ef-
fects of CYP3A4 and CYP2C9 inhibitors and inducers on si-
ponimod PK. Physiologically-based pharmacokinetic (PBPK) 
modeling can help in predicting in vivo PK changes and  
drug–drug interactions (DDIs) caused by CYP perpetrators 
for the six different CYP2C9 genotypes while waiving a large D
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number of additional clinical DDI studies.14,15 This simulation 
study aimed to establish a middle-out siponimod PBPK model 
reflecting the in vitro fractional enzyme contributions con-
firmed by clinical DDI data. Subsequently, the DDI potential of 
siponimod as a substrate in the presence of typical CYP2C9 and 
CYP3A4 perpetrators was evaluated for the six clinically rele-
vant CYP2C9 genotypes in the white population.

RESULTS
Siponimod model verification

Systemic exposure. The simulated AUC from time 0 to infinity 
(AUCinf ) or from time 0–24  hours (AUC0–24  h), Cmax, and 
minimum plasma concentration (Cmin) after single i.v. (0.25 mg), 
single oral (s.d.; 0.1–75  mg), and multiple oral (0.3–20  mg q.d. 
for 28  days1) administration of siponimod were compared with 
the observed values (Table 1). Good model predictability of AUC, 
Cmax, and Cmin was achieved. The calculated percentage of residuals 
(=[predicted−observed]/observed) were within 30% (Figure S1). 
The residual plots for the PK parameters were well distributed, 
indicating that the established siponimod PBPK model was not 
biased by any arbitrary parameter optimization process. Linear PK 
observed clinically for siponimod single doses up to 75 mg (p.o., 
s.d.; Figure 2a,b) and up to 20 mg for the multiple doses (p.o., q.d. 
for 28 days; Figure S2) were reflected by the siponimod model.

A sensitivity analysis within the absorption rate constant (Ka) 
range of 0.1–2 showed a moderate change in siponimod (0.1 mg 
p.o., s.d. at day 1) Cmax from 0.4 to 1.1 ng/mL. Therefore, small 
changes in Ka would not result in a significant Cmax change. Time 
to reach the highest systemic drug concentration (Tmax) of siponi-
mod was sensitive to Ka changes below Ka values of 0.5 per hour. A 
sensitivity analysis within the fraction unbound in the enterocytes 
(fugut) range from 0.0002–0.01 revealed little impact on siponi-
mod (0.1 mg p.o., single dose at day 1) Cmax with changes from 0.69 
to 0.65 ng/mL. Thus, any value within this range could be used. 

The sensitivity analysis results for the above siponimod model PK 
parameters are presented in Figure S3.

Impact of different CYP2C9 genotypes. The simulation trial 
parameters used to demonstrate the predictability of the 
siponimod model in different CYP2C9 genotypes (*1/*1, *2/*3, 
and *3/*3) were similar to the actual clinical study5 conditions 
(e.g., female proportionality and age ranges in populations; 
Table S3). The simulated siponimod PK after single oral 
administration to subjects of these three different genotypes 
was comparable to the observed values (Table 2, Figure 2c,d), 
verifying the PK and the fraction metabolized via CYP2C9 
(fm,CYP2C9).

Predicted vs. observed siponimod DDI potential with CYP3A4 
and CYP2C9 perpetrators. Moderate CYP3A4/CYP2C9 inhibitor 
(fluconazole). The geometric mean AUCinf and Cmax ratios of 
siponimod (4 mg p.o., s.d. on day 3) following oral administration 
of f luconazole (200 mg b.i.d. on day 1 and 200 mg q.d. on days 
2–19) was predicted to be 2.15 and 1.07, respectively, for the 
CYP2C9*1/*1 genotype (Table 3). The predicted ratios were 
in line with the corresponding clinical observation (AUC 
ratio (AUCR): 1.98; Cmax ratio: 1.10).5 For siponimod and 
f luconazole at steady state, the predicted AUCRs ranged from 
2.18 for CYP2C9*1/*1 to 2.09 for CYP2C9*2/*3 (Table 3). 
An increase in AUCR was predicted for the CYP2C9*3/*3 
genotype (2.49).

The sensitivity analysis for the fluconazole CYP2C9 unbound 
inhibition constant range from 5–30  μM, predicted an AUCR 
change from 4.17 to 1.84, respectively, suggesting that the pre-
dictions of AUC changes for siponimod in the presence of flu-
conazole were sensitive to CYP2C9 inhibition constant (Ki) 
changes for the CYP2C9*1/*1 genotype (Figure S3). However, 
the higher CYP2C9 Ki value has been published and successfully 
verified by the SimCYP team.16

Figure 1 Drug disposition pathways for siponimod. aOral absorption of siponimod was estimated to be ~ 91% based siponimod excreted to 
feces in the human absorption, distribution, metabolism, and excretion study,4 assuming that the drug and metabolites are stable against 
intestinal bacterial enzymes. bBased on SimCYP simulations. cFractional contribution of CYP enzymes based on phenotyping data.5 Values 
represent normalized values scaled to 100%. CYP, cytochrome P450.

First PassbOral Dosea Systemic Drug

Metabolitesc

CYP2C9: 79.3%
CYP3A4: 18.5%

Others: 2.2%
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Figure 2 SimCYP simulation for siponimod pharmacokinetics following single dose oral administration. (a) Day 1, 0.1 mg. (b) Day 1, 75 mg 
for the CYP2C9*1/*1 genotype (n = 11 at 0.1 mg and n = 8 at 75 mg) and 0.1 mg (c, d) for the CYP2C9*2/*3 and CYP2C9*3/*3 genotypes 
(n = 6 [*2/*3]; n = 66 [*3/*3]). The black and gray lines represent simulated mean time-plasma concentration profiles and the 5th/95th 
percentile of the total virtual population, respectively (n = 340). Full circles are the measured values after oral administration. CYP, 
cytochrome P450.
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Table 2 Observed and simulated siponimod PK parameters after single oral administration to subpopulations carrying the different 
CYP2C9 genotypes

CYP2C9 genotype

N Cmax (ng/mL) AUCinf (ng·hour/mL) t1/2 (h)

Predicted Observed Predicted Observed Predicted Observed Predicted Observed

*1/*1 100 12 1.90 (14) 2.03 (17.2) 70.6 (37) 70.5 (21.2) 25.5 (37) 28.1 (18.5)

*1/*2 100 NA 1.92 (14) NA 76.2 (37) NA 27.4 (40) NA

*1/*3 100 NA 1.99 (14) NA 117 (34) NA 41.1 (36) NA

*2/*2 100 NA 1.97 (15) NA 98.7 (34) NA 34.9 (36) NA

*2/*3 100 6 2.02 (14) 2.45 (13.1) 142 (39) 144 (15.7) 49.2 (42) 50.9 (31.7)

*3/*3 100 6 2.10 (15) 2.35 (29.0) 348 (45) 271 (22.4) 118 (49) 126 (12.7)

AUCinf, area under the curve from time zero to infinity; Cmax, maximum plasma concentration; CYP, cytochrome P450; h, hour;  NA, not applicable; PK, 
pharmacokinetic; t1/2, half-life.
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Strong CYP3A4/moderate CYP2C9 inducer (rifampin). The steady-
state geometric mean AUC (AUCτ) and Cmax ratios of siponimod 
(2  mg p.o., q.d. for 12  days) with coadministration of rifampin 
(600  mg b.i.d. for 12  days) were predicted to be 0.32 and 0.50, 
respectively (Table 3), which were comparable to the clinical 
observation (AUCR: 0.43; Cmax ratio: 0.55).12 For siponimod and 
rifampin at steady state, the predicted AUCRs ranged from 0.32 for 
CYP2C9*1/*1 to 0.29 for CYP2C9*2/*3; for the CYP2C9*3/*3 
genotype, an AUCR of 0.21 was predicted (Table 3). The 
induction effect of rifampin (600 mg b.i.d. for 12 days) on the PK 
of siponimod (2  mg p.o., q.d. for 12  days) in the CYP2C9*1/*1 
genotype was also predicted using the rifampin model without 
CYP2C9 induction parameters. The simulated AUCτ (0.59) and 
Cmax ratios (0.71) showed a less pronounced DDI effect compared 
with the clinical observations12 indicating that the contribution of 
CYP2C9 induction is important and cannot be neglected.

When performing a sensitivity analysis, the AUCR of sipon-
imod in the presence of rifampin within a degradation rate con-
stant (Kdeg), CYP3A4 range of 0.005–0.03 per hour changed 
from 0.294–0.275, suggesting a weak dependency. Similarly, 
within a Kdeg, CYP2C9 range of 0.005–0.03 per hour, the AUCR 
changed from 0.293 to 0.252, indicating a weak dependency for 
the CYP2C9*1/*1 genotype population (Figure S3).

Strong CYP3A4 inhibitor (itraconazole). The geometric mean 
AUCinf and Cmax ratios of siponimod (0.25 mg p.o., s.d. on day 
5) with coadministration of itraconazole (100 mg p.o., b.i.d. from 
day 1 to day 17) were predicted to be 1.18 and 1.02, respectively, 
for the CYP2C9*1/*2 genotype, and 1.29 and 1.02, respectively, 
for the CYP2C9*1/*3 genotype. These predictions were different 
from the clinical observation (AUCR: 0.90; Cmax ratio: 1.01 
for the CYP2C9*1/*2 genotype; AUCR: 0.76; Cmax ratio: 0.94 
for the CYP2C9*1/*3 genotype). The coadministration of 
itraconazole and siponimod, the predicted AUCRs ranged from 
1.17 for CYP2C9*1/*1 to 1.35 for CYP2C9*2/*3 at steady state, 
for the CYP2C9*3/*3 genotype, an AUCR of 3.03 was predicted 
(Table 3).

DDI prediction of siponimod as a victim drug
Steady-state DDI effects of strong, moderate, and weak inhibi-
tion of CYP3A4 and/or CYP2C9 and moderate induction of 
CYP3A4 on the PK of siponimod were simulated for the six dif-
ferent CYP2C9 genotypes. Due to the longer t1/2 of siponimod in 
subpopulations carrying CYP2C9*3/*3,5 the simulation time was 
extended to 90 days for the inhibitors, and to 24 days for the inducer 
efavirenz, maintaining coadministration of perpetrators. The DDI 
effects of CYP3A4 and CYP2C9 perpetrators on siponimod expo-
sure in subjects of the six clinically relevant genotypes are presented 
in Table 3.

Effect of inhibitors. Strong CYP3A4 inhibitor (ketoconazole). In the 
presence of the strong CYP3A4 inhibitor ketoconazole, predicted 
siponimod AUCinf inhibition ratios tended to increase with 
reduced CYP2C9 metabolic activity in the different genotypes. 
The AUCRs increased from 1.24 in CYP2C9*1/*1 up to 1.49 in 
CYP2C9*2/*3. The CYP2C9*3/*3 genotype population showed 
a significantly higher DDI risk, with a predicted AUCR of 4.20 
(Table 3).

Moderate CYP3A4 inhibitor (erythromycin). In the presence of the 
moderate CYP3A4 inhibitor erythromycin, an increase in predicted 
siponimod AUCinf inhibition ratios was observed, increasing from 
1.14 in CYP2C9*1/*1 to 1.30 in CYP2C9*2/*3. The AUCR was 
larger for the CYP2C9*3/*3 genotype (2.42) suggesting a higher 
DDI risk (Table 3).

Weak CYP3A4/2C9 inhibitors (fluvoxamine). In the presence of 
the weak CYP3A4/2C9 inhibitor fluvoxamine, the predicted 
AUCRs ranged between 1.42 in CYP2C9*1/*1 genotype and 1.31 
in CYP2C9*2/*3 genotype. A further decrease in the AUCR was 
predicted in the CYP2C9*3/*3 genotype (1.12) due to the dual 
inhibition of the metabolic pathways (Table 3).

Effect of inducers. Strong CYP3A4/moderate CYP2C9 inducers. 
In presence of strong CYP3A4 and moderate CYP2C9 inducer 

Table 4 Net inhibition or induction effect ratios (inhibition or induction × CYP2C9 genotype exposure ratios)a

CYP2C9 genotype

CYP inhibitor CYP inducer

Strong 3A4 inhibitor
Moderate 3A4 

inhibitor
Moderate 

3A4/2C9 inhibitor
Weak 3A4/2C9 

inhibitor

Strong 3A4/
moderate 

2C9 inducer
Moderate 

3A4 inducer

Itraconazole Ketoconazole Erythromycin Fluconazole Fluvoxamine Rifampin Efavirenz

AUCi/AUC AUCi/AUC AUCi/AUC AUCi/AUC AUCi/AUC AUCi/AUC AUCi/AUC

*1/*1 1.18 1.24 1.14 2.20 1.44 0.29 0.68

*1/*2 1.29 1.36 1.25 2.31 1.55 0.30 0.72

*2/*2 1.73 1.83 1.66 2.91 1.90 0.37 0.85

*1/*3 1.06 1.14 1.01 1.72 1.11 0.22 0.48

*2/*3 1.32 1.42 1.25 1.98 1.28 0.26 0.53

AUC, area under the curve; AUCi, area under the curve for inhibition/induction; CYP, cytochrome P450.
aCalculated using drug–drug interaction ratios from Table 3 multiplied by the genotype-specific exposure increase, and compared with the wild type 
(CYP2C9*1/*1, Table 1) where simulated exposures at a 2 mg siponimod dose were used for the genotypes CYP2C9*1/*1, *1/*2, and *2/*2, and a dose of 1 mg 
for CYP2C9*1/*3 and *2/*3. Calculations are based on geometric mean data.
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(rifampin), the predicted AUCR ranged between 0.32 (CYP2C9*1/*1) 
and 0.21 (CYP2C9*3/*3) and the Cmax ratios ranged between 0.5 
and 0.27, respectively. Both metabolic pathways of siponimod were 
impacted, and only a small difference in the induction effect was 
predicted between CYP2C9 genotypes (Table 3).

Moderate CYP3A4 inducer (efavirenz). The predicted exposure 
change in presence of the moderate CYP3A4 inducer efavirenz was 
comparatively lower than with rifampin. The predicted AUCRs 
ranged between 0.35 and 0.71 and the Cmax ratios ranged between 
0.41 and 0.79 for the CYP2C9 genotypes (Table 3). The lowest 
DDI ratios were predicted for the CYP2C9*3/*3 genotype (AUCR: 
0.35 and Cmax ratio: 0.41).

Siponimod CYP2C9 genotype-based DDI management
When considering the siponimod maintenance doses recom-
mended by the FDA (2 mg daily in patients with CYP2C9*1/*1, 
*1/*2, and *2/*2 genotypes and 1 mg daily in patients with *1/*3 
and *2/*3 genotypes) and the contraindication for patients with 
the CYP2C9*3/*3 genotype, the estimated net effects on sipon-
imod exposure in the presence of CYP2C9/CYP3A4 inhibi-
tors or inducers were estimated after multiple administrations 
(Table 4). The net effect is the simulated inhibition or induc-
tion ratio (Table 3) multiplied by the corresponding CYP2C9-
genotype ratio (AUCss,tau of the genotype vs. AUCss,tau of wild 
type CYP2C9*1/*1 at the FDA recommended dose for the re-
spective genotypes without coadministration of any perpetrator).

DISCUSSION
The present siponimod PBPK modeling study was conducted 
as a complementary analysis to the clinical PK DDI studies 
to gather complete understanding of the DDI potential of si-
ponimod with respect to the six clinically relevant CYP2C9 
genotypes. These modeling results were used to guide the devel-
opment of drug label recommendations. The study evaluated the 
DDI effect of CYP3A and CYP2C9 enzyme inducers or inhib-
itors on systemic exposure of siponimod through PBPK simula-
tions in healthy subjects. The linear PK profiles of siponimod up 
to doses of 75 mg for the single dose and 20 mg for the multiple 
dose (q.d. for 28 days) were described well by the PBPK model. 
The systemic exposure at steady state after multiple oral admin-
istration was reached after 6 days, confirming validity of the re-
ported t1/2 of 30  hours for CYP2C9*1/*1 genotypes.1 The PK 
profiles of the two genotypes CYP2C9*2/*3 and CYP2C9*3/*3 
were also well described by the established model.

Predicted effects of fluconazole (AUCR: 2.15; Cmax ratio: 1.07) 
and rifampin (AUCR: 0.32; Cmax ratio: 0.50) on the siponimod 
PK were comparable to the respective corresponding clinical data 
(fluconazole/rifampin; geometric mean AUCinfR: 1.98/0.43 
and Cmax ratio: 1.10/0.55)5,12 for the CYP2C9*1/*1 genotype 
(Table 3), verifying the siponimod PK and fraction metabolized 
via CYP3A4 (fm,CYP3A4). The fraction metabolized via CYP2C9 
(fm,CYP2C9, 0.79) was based on the in vitro phenotyping data,4 and 
the selected CYP2C9 intrinsic clearance (CLint) values for the dif-
ferent genotypes based on PopPK (Table S2) were verified by the 

correct PK estimation for the different genotypes (CYP2C9*1/*1, 
CYP2C9*2/*3, and CYP2C9*3/*3).

With decreased CYP2C9 metabolic activity, CYP3A4 becomes 
the dominant elimination pathway for the PMs (CYP2C9*3/*3) 
with an estimated fraction metabolized via CYP2C9 (fm,CYP3A4) 
of 0.82; this genotype subpopulation is sensitive to strong 
CYP3A4 inhibitors (Tables 3 and 5). All other genotypes have 
<35% CYP3A4 metabolism contribution to total clearance 
(CLtot). In the presence of strong CYP3A4 inhibitors, an in-
creased DDI risk in subjects with CYP2C9*3/*3 was predicted 
compared with other genotypes (predicted siponimod AUCR: 
3.03–4.20 vs. <1.49), demonstrating the sensitivity, when both 
pathways CYP2C9 and CYP3A4 are less functional or inhibited.

For all genotypes, there was a moderate AUC increase 
(AUCR: 2.13–2.49) predicted with moderate dual CYP3A4/
CYP2C9 inhibitors (fluconazole) and a weak AUC increase 
(AUCR: 1.12–1.42) with weak dual CYP3A4/CYP2C9 in-
hibitors (fluvoxamine). For the interaction with the strong 
CYP3A4 and moderate CYP2C9 inducer (rifampin), no rel-
evant difference in AUCRs across all CYP2C9 genotypes was 
predicted (range: 0.21–0.32). The different CYP2C9 geno-
types are equally inducible by a CYP2C9 inducer.17 Therefore, 
we assumed that no adaptations were required for simulating 
CYP2C9-mediated induction effects on siponimod for the six 
clinically relevant genotypes.

The predicted geometric mean AUCinf ratios of siponi-
mod (0.25 mg, single dose at day 5) with a coadministration of 
the strong CYP3A4 inhibitor itraconazole (100  mg b.i.d.) in 
CYP2C9*1/*2 (1.18) and CYP2C9*1/*3 genotypes (1.29) were 
different from the clinical observations (0.90, 0.76, respectively; 
unpublished data13), indicating an apparent induction poten-
tial of itraconazole on the PK of siponimod rather than an in-
hibition effect. A potential explanation for the miss-predictions 
would be the involvement of another metabolizing enzyme of 
siponimod (i.e., CYP1A1), which was identified in the in vitro 
enzyme phenotyping study as a minor pathway.4 CYP1A1 was 
not considered for the PBPK model due to its low abundance in 
the noninduced state.18 However, additional investigations indi-
cated that the potential involvement of CYP1A1 was not likely 
to be the root cause of the decreased siponimod exposure in the 
presence of itraconazole (unpublished data13), as the itraconazole 
in vitro CYP1A1 inhibition effect is stronger than its induction 
potential. The underlying mechanism leading to these clinical ob-
servations is currently unknown. However, it is considered that 
the effect observed was specific to itraconazole. It is concluded 
that other CYP3A4 inhibitors, without the effect observed with 
itraconazole (e.g., clarithromycin), should act as strong and selec-
tive CYP3A4 inhibitors, resulting in increased AUCRs of sipon-
imod > 1 when coadministered. The basis for this assumption is 
the good correlation between observed and predicted DDI re-
sults of the dual perpetrators (CYP2C9/CYP3A4), fluconazole, 
and rifampin, verifying the fractional contribution of CYP3A4 to 
CLtot of siponimod. The fraction metabolized via CYP2C9 (fm,-

CYP2C9) was confirmed by the good match of the genotype-specific 
PK data for CYP2C9*1/*1, CYP2C9*2/*3, and CYP2C9*3/*3. 
Therefore, it is believed that the established siponimod model for 
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Table 5 SimCYP input parameters for the siponimod model

Input parameters Siponimod Fluconazolea

1. Physicochemical and binding properties

Molecular weight (g/mol) 516.6 306.3

Log P: Octanol-water partition 1.8 0.20

Compound type Ampholyte Monoprotic base

pKa 3.1/8.1 1.76

Blood to plasma drug concentration ratio 0.765 1

Fraction unbound in plasma 0.0002 0.89

Main plasma binding protein HSA (assumption) HSA

2. Absorptionb

Absorption model First order  

Fraction available from dosage form 0.91c 0.988

CV fa (%) 8.6d 30

Absorption rate constant (1/hour) 0.687d 1.863

CV Ka (%) 7.8 30

Lag time (h) 1.5 (optimized)  

Unbound fraction in enterocytes 0.0002e 0.89

Nominal flow in gut model (L/hour) 9.851 14.376

CV Q(gut) (%) 30 30

PAMPA permeability, PAMPA (10−6 cm/s) 10 —

Permeability A-B, Caco-2 (cm/s*10−6) — 0.89

Caco-2 reference (L/hour) — 14.376

Permeability scalar — 0.885

3. Distribution

Distribution model Full PBPK Minimal PBPK model

Tissue model Perfusion limited model Perfusion limited model

Volume of distribution at steady state (L/kg) 1.45f 0.748

CV Vss (%) 3.4d 30

Extent of tissue Kp, Kp scalar 0.574 (optimized) —

4. Enzyme/transporter phenotyping

Human liver microsomes

In vitro intrinsic clearance (CYP2B6, μL/minutes/pmol) (fmCYP2B6) 0.733g (0.004) —

CLint (CYP2C8, μL/minutes/pmol) (fmCYP2C8) 2.941g (0.017) —

CLint (CYP2C19, μL/minutes/pmol) (fmCYP2C19) 0.593g (0.001) —

CLint (CYP3A4, μL/minutes/pmol) (fmCYP3A4) 5.607g (0.185) —

CLint (allelic CYP2C9*1/*1, μL/minutes/pmol) (fmCYP2C9/fmCYP3A4) 45.105h (0.804/0.175) —

CLint (allelic CYP2C9*1/*2, μL/minutes/pmol) (fmCYP2C9/fmCYP3A4) 45.885h (0.788/0.189) —

CLint (allelic CYP2C9*1/*3, μL/minutes/pmol) (fmCYP2C9/fmCYP3A4) 24.605h (0.678/0.287) —

CLint (allelic CYP2C9*2/*2, μL/minutes/pmol) (fmCYP2C9/fmCYP3A4) 33.271h (0.727/0.244) —

CLint (allelic CYP2C9*2/*3, μL/minutes/pmol) (fmCYP2C9/fmCYP3A4) 18.924h (0.616/0.343) —

CLint (allelic CYP2C9*3/*3, μL/minutes/pmol) (fmCYP2C9/fmCYP3A4) 2.869h (0.074/0.822) —

5. Other distribution and elimination property

In vivo CL — —

In vivo renal clearance in a 20–30 year healthy man (L/hour) 0i 0.7

CL following i.v. administration (L/hour) — 1.01

CV CLiv (%) — 24

In vitro CL — —

(Continues)
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DDI simulations is still valid for typical CYP3A4 and CYP3A4/
CYP2C9 perpetrators without CYP1A1 induction potential.

The recommended siponimod maintenance doses in the FDA 
approved prescribing information are 2  mg daily in patients with 
CYP2C9*1/*1, *1/*2, and *2/*2 genotypes, and 1 mg daily in pa-
tients with CYP2C9*1/*3 and *2/*3 genotypes, and siponimod 
is contraindicated for patients with a CYP2C9*3/*3 genotype. 
Considering these doses, the predicted net effect on siponimod ex-
posures ranged between 1.06 and 1.90 across CYP2C9 genotypes 
in presence of strong and moderate CYP3A4 inhibitors, and weak 
dual CYP3A4/2C9 inhibitors. A larger effect is predicted in the 
presence of moderate dual CYP3A4/2C9 inhibitors with ratios 
ranging between 1.72 and 2.91 (Table 4). Because of this signifi-
cant increase in exposure of siponimod, the US prescribing infor-
mation stipulated that concomitant use of siponimod and drugs 
that cause moderate CYP2C9 and moderate or strong CYP3A4 
inhibition are not recommended. In addition, caution should be ex-
ercised for concomitant use of siponimod with moderate CYP2C9 
inhibitors.3

Dual strong CYP3A4/moderate CYP2C9 inducers are pre-
dicted to reduce siponimod exposure by ~  63% to 78%, and 
moderate CYP3A4 inducers by ~ 15–52% (Table 4). Therefore, 
concomitant use of siponimod with drugs that cause moderate 
CYP2C9 and strong CYP3A4 induction is not recommended 
for all patients irrespective of their CYP2C9 genotype.3 Caution 
should be exercised for concomitant use of siponimod with moder-
ate CYP2C9 inducers. In addition, concomitant use of siponimod 
and moderate (e.g., modafinil and efavirenz) or strong CYP3A4 
inducers is not recommended for patients with CYP2C9*1/*3 and 
*2/*3 genotypes.3

The current PBPK study indicated that the CYP2C9 genotype 
has a relevant influence on the DDI behavior of siponimod in the 
presence of different CYP3A4/CYP2C9 inducers and inhibitors. 
Moreover, this study demonstrated the potential of PBPK mod-
eling to complement clinical DDI information with simulations 
of untested scenarios. These results served as the basis for the ap-
proved label recommendations3 when siponimod is administered 
in combination with CYP2C9/CYP3A4 perpetrator drugs, to 
ensure that safety and the efficacy of siponimod are preserved in 
all patients.

METHODS
The population-based PKs simulator SimCYP version 16 (Certara, 
Princeton, NJ) was used to predict the DDI victim potential of sipon-
imod in the presence of typical CYP3A4/CYP2C9 inhibitors and 
inducers.

All simulations within this study were performed with the SimCYP 
healthy volunteer population, as there was no clinical relevant PK dif-
ference between a healthy volunteer and a patient with multiple sclerosis 
population identified by PopPK.12

The fluconazole SimCYP version 16 model was adapted by changing 
the CYP2C9 Ki value from 7.92 to 20.4 μM16 to increase predictabil-
ity of the inhibition effects on probe CYP2C9 substrates (S-warfarin, 
tolbutamide, and phenytoin). The efavirenz model was built as a pure 
CYP3A4 inducer model based on SimCYP version 16, because negligi-
ble CYP2C9 induction is expected for a moderate CYP3A4 inducer.19,20 
Input values for the perpetrator drugs itraconazole, ketoconazole, eryth-
romycin, fluvoxamine, and rifampin were provided by SimCYP version 
16.

All systemic PK data were based on plasma concentrations. AUC, Cmax, 
Cmin, t1/2, and Tmax are reported as geometric means or median with range 
or as 90% confidence intervals. The exposure change in the presence of 
perpetrators was defined as the AUCR and/or Cmax ratio.

Input parameters Siponimod Fluconazolea

Hepatic uptake 1.0j 1

Overall biliary clearance, CLint(hep) (μL/minutes/106 cells) 0i —

CV CLint(hep) (%) 30i —

6. Interaction

Inhibition constant (CYP2C9; μM) — 20.4

Fraction unbound in human liver microsome (CYP2C9) — 1

Ki (CYP2C19; μM) — 2

fu(mic) (CYP2C19) — 1

Ki (CYP3A4; μM) — 10.7

fu(mic) (CYP3A4) — 1

Ki (CYP3A5; μM) — 84.6

fu(mic) (CYP3A5) — 1

CL, clearance; CLint,u, unbound intrinsic clearance; CLint(hep), overall biliary clearance; CLiv, clearance following intravenous administration; CV, coefficient of 
variation; CYP, cytochrome P450; fa, fraction available  from dosage form; fm, fraction metabilized; fu(mic), fractions unbound in human liver microsome; HSA, 
human serum albumin; Ka, absorption rate constant; Ki, inhibition constant; Kp, partition coefficient; PAMPA, parallel artificial membrane permeability assay; 
PBPK, physiologically-based pharmacokinetic; Q(gut), nominal flow in gut model; Vss, volume of distribution at steady state.
aAll data taken from the fluconazole SimCYP compound file V16 except for a CYP2C9 Ki.

16 This was verified by showing improved predictability of the clinical 
drug−drug interaction effects on probe CYP2C9 substrates. bNo involvement of intestinal efflux transporters in the absorption process (Table S4). cBased on 
amount of siponimod excreted to feces.4 dEstimated based on population pharmacokinetic (PopPK) model. eSensitivity analysis performed. fBased on mean 
Vss observed (Table 1), converted to L/kg based on mean body weight of the study subjects (80.08 kg). gCL used in the retrograde calculator was the observed 
geometric mean CL = 3.12 L/hour (Table 1); due to the retrograde calculation fu(mic) was set to 1 for all enzymes. hCalculated based on PopPK CL data (Table 
S2). iBased on human absorption, distribution, metabolism, and excretion study4 and enzyme phenotyping data,4 it was concluded that hepatic metabolism is 
exclusively driving CL. jTable S4.

Table 5 (Continued)
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Siponimod PBPK model
Model building. A siponimod PBPK model was established, in alignment 
with a drug disposition scheme of siponimod (Figure 1), using a mixed 
approach combining in vitro data, physicochemical parameters, and 
PK parameters derived from clinical studies. The clinical PK data from 
the single ascending dose (Table 1), multiple-ascending dose (Table 1), 
absolute bioavailability (Table 1), human absorption, distribution, me-
tabolism, and excretion,4 and fluconazole DDI study results5,12,21 were 
used for building of the PBPK model. This model was verified for its PK 
and the fraction metabolized via CYP2C9 (fm,CYP2C9) by the genotype 
PK data (Table 2)5 and by clinical siponimod PK and DDI data in the 
absence and presence of rifampicin verifying the fraction metabolized 
via CYP3A4 (fm,CYP3A4).12 The final PBPK model was used to predict 
the siponimod DDI potential as substrate at steady state in the presence 
of typical CYP3A4/CYP2C9 inhibitors for the six clinically relevant 
CYP2C9 genotypes (*1/*1, *1/*2, *1/*3, *2/*2, *2/*3, and *3/*3). The 
model-building workflow for the siponimod PBPK model is illustrated 
in Figure S4.

Model input parameters
The siponimod SimCYP model was established based on the physico-
chemical properties from the in vitro absorption, distribution, metab-
olism, and excretion data. Fraction absorbed was determined from the 
human absorption, distribution, metabolism, and excretion study.4 
Fraction unbound in the enterocytes (fugut) was set to be equal to un-
bound fraction in plasma. Absorption rate constant (Ka) was taken from 
the PopPK analysis results (Novartis data on file). Lag time was opti-
mized based on the clinical Tmax data at steady state of the multiple-as-
cending dose study (Table 1). Volume of distribution at steady state and 
CLtot were used as determined after single i.v. administration of siponi-
mod in the clinical study (Table 1). Siponimod clearance is exclusively 
driven by CYP-mediated metabolism. The hepatic uptake of siponimod 
in human hepatocytes was purely passive with no contribution of active 
uptake transporters (Table S1). Therefore, the hepatic intrinsic clear-
ance values (CLint,h) for CYP2C9, CYP3A4, CYP2B6, CYP2C8, and 
CYP2C19 were determined by distributing the relative fractions metab-
olized (fm) from the in vitro enzyme phenotyping study.4 The respective 
CLint,h values for the six different CYP2C9 genotypes were calculated 
based on PopPK total body clearance of the drug from plasma results for 
each genotype (*1/*1, *1/*2, *1/*3, *2/*2, *2/*3, and *3/*3; Table S3). 
Total clearance (CLtot) values were derived by multiplying CLtot/F by F. 
There is no excretion of siponimod via urine and no biliary or intestinal 
secretion.4 The siponimod model input parameters and all assumptions 
are summarized in Table 5.

DDI simulations used for model verification and prospective 
DDI predictions
Effects of CYP3A4 and CYP2C9 inhibitors on siponimod. Simulated 
DDI potential of fluconazole on the systemic exposure of siponimod 
after oral administration was compared with the respective clinical study 
results, matching the study design. This was used to verify estimations 
of fm by CYP3A4 (fm,CYP3A4) for siponimod. Fraction metabolized 
by CYP2C9 (fm,CYP2C9) based on in vitro data was verified in model 
building based on the PK of the different genotypes CYP2C9*1/*1, 
CYP2C9*2/*3 and CYP2C9*3/*3.4 The model was further verified by 
the clinical rifampicin DDI study data (described in the next section). 
Using the siponimod model with the verified fm,CYP3A4 value, the effects 
of itraconazole, ketoconazole, erythromycin, and fluvoxamine on the si-
ponimod PK were simulated (Table S4).

Effects of CYP3A4 and CYP2C9 inducers on siponimod. Simulated 
DDI potential of rifampin on the systemic exposure of siponimod after oral 
administration was compared with the respective clinical study results,12 

matching the study design. The result supported validity of  fm,CYP3A4 
for siponimod (i.e., estimated based on the clinical PK results and DDI 
data with fluconazole)5 and the PK of the genotypes CYP2C9*2/*3 and 
CYP2C9*3/*3. Subsequently, the effect of efavirenz on the siponimod PK 
was simulated (Table S4).

Sensitivity analysis
To investigate the impact of Ka changes on siponimod AUC, a sensitivity 
analysis within the range of 0.1–2 was performed. To investigate the impact 
of fugut changes on siponimod Cmax, a sensitivity analysis was performed 
within the range of 0.0002–1. The fluconazole CYP2C9 Ki was revised 
by the SimCYP team. Therefore, to investigate the impact of CYP2C9 Ki 
changes on siponimod AUC in the presence of fluconazole, a sensitivity 
analysis was performed for the CYP2C9*1/*1 genotype population. The 
CYP2C9 and CYP3A4 Kdeg values were defined in the SimCYP version 
16. A sensitivity analysis within the range of 0.005–0.03 per hour was per-
formed to investigate the impact of Kdeg,CYP2C9 and Kdeg,CYP3A4 changes 
on siponimod AUCRs when coadministered with rifampin.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

Figure S1. Residual plot showing the predictability of Cmax, Cmin, and 
AUC; (A) Cmax and AUCinf after single oral administration of siponimod; 
(B) Cmin, Cmax, and AUC0-24 h at days 28 after multiple oral administra-
tion of siponimod. Area0-24h, area under the curve between 0-24 hours; 
AUC, area under the curve; AUCinf : area under the curve extrapolated to 
infinity; Cmax, maximum plasma concentration; Cmin, minimum plasma 
concentration.
Figure S2. Siponimod pharmacokinetics: SimCYP simulation for multi-
ple dose oral administration.
Figure S3. (A) Effect of Ka on predicted Tmax of siponimod. (B) Effect of 
fugut on predicted AUC and (C) Cmax of siponimod. (D) Effect of Ki,CYP2C9 on 
the systemic AUC and (E) Cmax ratio prediction of siponimod in the pres-
ence and absence of fluconazole. (F) Effect of mean turnover CYP2C9 
and CYP3A4 on AUC and Cmax ratios of siponimod in the presence of the 
CYP3A4/CYP2C9 inducer rifampin; mean turnover CYP2C9 on AUC and 
(G) Cmax ratios for CYP2C9*1/*1 genotype; mean turnover CYP3A4 on 
(H, I) AUC and (J, K) Cmax ratio for CYP2C9*1/*1 and CYP2C9*3/*3 gen-
otypes, respectively. AUC, area under the curve; Cmax, maximum plasma 
concentrations; CYP2C9, Cytochrome P450 2C9; CYP3A4, Cytochrome 
P450 3A4; fugut, fraction unbound in enterocytes; Ka, absorption rate 
constant; Ki,CYP2C9, inhibition constant for CYP2C9; Tmax, time at maxi-
mum plasma concentration.
Figure S4. Model building process for siponimod.
Table S1. In vitro investigation on siponimod as cytochrome P450 en-
zyme or transporter inhibitor and transporter substrate.
Table S2. Intrinsic clearance values of allelic cytochrome P450 2C9 
genotypes calculated based on genotype specific clearance data from 
population pharmacokinetic analysis.†

Table S3. Pharmacokinetic simulation design parameters for the sipon-
imod model verification and for predictions of subpopulations with the 
different cytochrome P450 2C9 genotypes.
Table S4. Drug–drug interaction simulation design parameters for pre-
dictions of siponimod as a victim drug with cytochrome P450 enzyme 
inhibitors and inducers.
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