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Abstract
Zanubrutinib is a highly selective, potent, orally available, targeted covalent inhibitor 
(TCI) of Bruton's tyrosine kinase (BTK). This work investigated the in vitro drug me-
tabolism and transport of zanubrutinib, and its potential for clinical drug–drug interac-
tions (DDIs). Phenotyping studies indicated cytochrome P450 (CYP) 3A are the major 
CYP isoform responsible for zanubrutinib metabolism, which was confirmed by a clini-
cal DDI study with itraconazole and rifampin. Zanubrutinib showed mild reversible 
inhibition with half maximal inhibitory concentration (IC50) of 4.03, 5.69, and 7.80 μM 
for CYP2C8, CYP2C9, and CYP2C19, respectively. Data in human hepatocytes dis-
closed induction potential for CYP3A4, CYP2B6, and CYP2C enzymes. Transport 
assays demonstrated that zanubrutinib is not a substrate of human breast cancer 
resistance protein (BCRP), organic anion transporting polypeptide (OATP)1B1/1B3, 
organic cation transporter (OCT)2, or organic anion transporter (OAT)1/3 but is a po-
tential substrate of the efflux transporter P-glycoprotein (P-gp). Additionally, zanu-
brutinib is neither an inhibitor of P-gp at concentrations up to 10.0 μM nor an inhibitor 
of BCRP, OATP1B1, OATP1B3, OAT1, and OAT3 at concentrations up to 5.0 μM. The 
in vitro results with CYPs and transporters were correlated with the available clinical 
DDIs using basic models and mechanistic static models. Zanubrutinib is not likely to 
be involved in transporter-mediated DDIs. CYP3A inhibitors and inducers may impact 
systemic exposure of zanubrutinib. Dose adjustments may be warranted depending 
on the potency of CYP3A modulators.
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1  |  INTRODUC TION

B-cell receptor signaling is not only essential for normal B-cell de-
velopment but is also implicated in the survival and proliferation of 
malignant B cells. Bruton's tyrosine kinase (BTK), a Tec family kinase 
expressed in B cells, myeloid cells, mast cells, and platelets, plays 
an integral role in the B-cell receptor signaling responsible for the 
proliferation and survival of malignant B cells.1,2 Irreversible BTK 
inactivation was established as a valuable clinical target for the 
treatment of B-cell malignancies by ibrutinib, the first-in-class BTK 
inhibitor. Ibrutinib has become a standard of care in chronic lym-
phocytic leukemia/small lymphocytic lymphoma (CLL/SLL), mantle 
cell lymphoma (MCL), and Waldenström macroglobulinemia (WM).3 
However, adverse effects of ibrutinib therapy include bleeding and 
atrial fibrillation, which were postulated to involve off-target activity 
against other Tec and Src family kinases.4

Zanubrutinib (Brukinsa®, BGB-3111) is a highly selective, po-
tent, orally available targeted covalent inhibitor (TCI) of BTK that 
has received approval for the treatment of WM and relapsed/re-
fractory (R/R) MCL and marginal zoone lymphoma by the United 
States Food and Drug Administration (FDA), for the treatment 
of R/R CLL/SLL, MCL, and WM by the China National Medical 
Products Administration, for the treatment of WM and R/R MCL 
in Canada, and for the treatment of R/R MCL in Brazil, the United 
Arab Emirates, Israel, and Chile.5 Zanubrutinib has demonstrated 
improved selectivity over ibrutinib for the inhibition of BTK versus 
other receptor tyrosine kinases.6,7 The improved selectivity for BTK 
may result in a lower incidence and severity of off-target toxicities 
compared with ibrutinib. The recommended phase 2 and 3 dose is 
160 mg orally (PO) twice daily (BID). Emerging clinical data have 
shown that zanubrutinib is associated with favorable pharmacoki-
netics (PK) and a high objective response rate with a low incidence of 
major toxicities in patients with B-cell malignancies, including WM, 
MCL, and CLL.8–10

The management of drug–drug interactions (DDIs) for cancer 
therapies is challenging because the major mechanisms of DDIs 
for anticancer drugs involve metabolic enzymes, ATP-binding cas-
sette efflux transporters, and solute carrier (SLC) uptake trans-
porters. In patients with B-cell malignancies, concurrent use of 
ibrutinib and acalabrutinib with strong CYP3A inhibitors, such as 
azole antifungals (e.g., voriconazole, posaconazole), is mostly pro-
hibited.3,11–13 Moreover, a cancer drug itself can be a potent en-
zyme inhibitor or inducer and will therefore impact the systemic 
exposure of concomitant enzyme substrates. For example, idelal-
isib is a potent CYP3A inhibitor that can increase the exposure of 
midazolam by 5.15-fold.14 In addition to metabolic enzymes, drug 
transporters can also influence the PK of drugs.9,15,16 An overlap 
in substrate and inhibitor specificity for P-gp and for CYP3A has 

been observed for many drugs.16 A drug's status as a P-gp or BCRP 
substrate impacts its entry into restricted tissues, such as brain 
or placenta. Alternatively, absorption and elimination of P-gp or 
BCRP substrates can be affected through the modulation of these 
transporters. For example, the anticancer drug neratinib, a P-gp 
inhibitor, increased mean digoxin maximum plasma concentration 
(Cmax) by 54% and the area under the plasma concentration versus 
time curve (AUC) of digoxin by 32% in healthy subjects.17 Statins, 
substrates of OATP, are commonly used with cancer drugs and 
the AUC for statins can increase to as high as 10-fold when co-
administered with potent OATP inhibitors.18 Therefore, the metab-
olism and transport-mediated DDI potential of zanubrutinib need 
to be thoroughly investigated during development.

Zanubrutinib is under investigation for administration with a 
combination of a wide variety of other drugs, including agents 
for non-cancer–related comorbidities. The objective of this study 
was to investigate the mechanisms of the potential roles of me-
tabolizing enzymes and transporters associated with zanubru-
tinib disposition and DDIs and to provide an understanding of 
the relationship between in vitro investigation and clinical drug 
interaction.

2  |  MATERIAL S AND METHODS

The test article zanubrutinib (BGB-3111) and the standard BGB-
7941 for metabolite M5 were provided by BeiGene Co., Ltd. All other 
reagents and chemicals were obtained from commercial sources. 
Metabolite profiling in pooled liver microsomes (BD Biosciences), 
CYP phenotyping, CYP inhibition and induction, and P-gp inhibition 
assays were conducted by 3D BioOptima. Contract labs and vendors 
for other assays are described in their respective sections. After in-
cubation of zanubrutinib in in vitro systems, the reaction was termi-
nated by the addition of acetonitrile (ACN) spiked with glibenclamide 
as an internal standard, followed by centrifugation. The supernatant 
was diluted with water and subjected to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis.

2.1  |  In vitro metabolism

In vitro metabolism of zanubrutinib was assessed in mouse, rat, dog, 
and human liver microsomes. Zanubrutinib (10 μM) was incubated 
for 60 min with liver microsomes (1 mg/ml), NADPH (1 mM), UDP 
glucuronic acid (UDPGA) (1 mM), MgCl2 (3 mM), alamethicin (5 μg/
mg), and phosphate buffer (100 mM, pH 7.4). Reconstituted sam-
ples were submitted for UV detection, and LC-MS and LC-MS/MS 
analyses.

K E Y W O R D S
BTK inhibitor, CYP induction, CYP inhibition, drug metabolism, transporter inhibition, 
transporter substrate
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2.2  |  Identification of enzymes metabolizing 
zanubrutinib

Zanubrutinib phenotyping of CYPs was assessed with human liver 
microsomes (HLMs) with specific inhibitors and recombinant CYPs 
(rCYPs; Corning). Zanubrutinib (1 μM) was incubated with pooled 
HLM (0.5 mg/ml) and NADPH (1 mM) for 30 min in the absence or 
presence of isoform-selective inhibitors (0.2 µM α-naphthoflavone 
for CYP1A2, 2 µM clopidogrel for CYP2B6, 8 µM montelukast for 
CYP2C8, 5  µM sulfaphenazole for CYP2C9, 30  µM nootkatone 
for CYP2C19, 2 µM quinidine for CYP2D6, 1 µM ketoconazole for 
CYP3A) and isoform-selective probe substrates served as posi-
tive controls (40  µM phenacetin for CYP1A2, 100  µM bupropion 
for CYP2B6, 2 µM amodiaquine for CYP2C8, 5 µM diclofenac for 
CYP2C9, 40 µM S-mephenytoin for CYP2C19, 5 µM dextromethor-
phan for CYP2D6, 2 µM midazolam for CYP3A).

Zanubrutinib (1 μM) was incubated for 15 min with each rCYP 
enzyme (rCYP1A2, rCYP2B6, rCYP2C8, rCYP2C9, rCYP2C19, 
rCYP2D6, and rCYP3A4) at 50  pmol/ml for 30  min with 1  mM 
NADPH. Isoform-selective probe substrates, 1  µM phenacetin 
for CYP1A2, 2 µM bupropion for CYP2B6, 2 µM amodiaquine for 
CYP2C8, 2 µM diclofenac for CYP2C9, 10 µM S-mephenytoin for 
CYP2C19, 1 µM dextromethorphan for CYP2D6, and 20 µM midaz-
olam for CYP3A4, were used as positive controls.

2.3  |  CYP inhibition

CYP inhibition potential was evaluated in NADPH-fortified HLMs 
(0.1 mg/ml) using CYP probe substrates (same as the positive con-
trols in HLM phenotyping assays; 80 μM testosterone for CYP3A 
was also used). Zanubrutinib in triplicates (0, 0.274, 0.823, 2.47, 7.41, 
22.2, 66.7, and 200 μM) was incubated with each probe for 20 min 
(CYP1A2), 10  min (CYP2B6), 5  min (CYP2C8), 7  min (CYP2C9), 
20 min (CYP2C19), 10 min (CYP2D6), 5 min (CYP3A, midazolam), and 
10 min (CYP3A, testosterone). Selective inhibitors in seven concen-
trations (furafylline for CYP1A2, ticlopidine for CYP2B6, quercetin 
for CYP2C8, sulfaphenazole for CYP2C9, nootkatone for CYP2C19, 
quinidine for CYP2D6, and ketoconazole for CYP3A) served as posi-
tive controls. Probe substrate metabolites were analyzed by LC-MS/
MS and ratios of analytes to internal standard peak area ratios were 
calculated. IC50 values were calculated by nonlinear regression anal-
yses of data using the Hill equation.19

2.4  |  Time-dependent CYP inhibition

Zanubrutinib (10  μM) or vehicle in triplicates was pre-incubated 
with NADPH-fortified HLMs at 1.0 mg/ml for CYP1A2, CYP2B6, 
CYP2C8, CYP2C9, CYP2C19, CYP2D6, or HLMs at 0.5 mg/ml for 
CYP3A for 30 min. The HLM mixture was diluted 10-fold to 0.1 mg/
ml (20-fold to 0.025 mg/ml for CYP3A) in buffered solution contain-
ing a CYP substrate, which was the same as the reversible inhibition 

assay except 50 μM midazolam was used for CYP3A. The incuba-
tion was continued for 20 min for CYP1A2 and CYP2C19, 10 min for 
CYP2B6 and CYP2D6, 7 min for CYP2C9, 5 min for CYP2C8, and 
1.5 min for CYP3A activities. Verapamil served as a positive control. 
Percent CYP activity loss of a specific CYP was calculated by the 
following equation.

where A is the mean response of the metabolite of a CYP probe; t0: no 
preincubation; t30: preincubation for 30 min.

2.5  |  CYP induction

Induction of CYP1A2, CYP2B6, and CYP3A enzymes by zanubruti-
nib in human hepatocytes was evaluated in XBL Inc. Cryopreserved 
human hepatocytes from three donors and media were purchased 
from Celsis In Vitro. Hepatocytes were treated with zanubrutinib 
(0.3, 3, or 30 μM), or a positive control (omeprazole at 50 μM for 
CYP1A2, phenobarbital at 1000  μM for CYP2B6, or rifampin at 
25 μM for CYP3A), or the vehicle medium for 2 days. After culture, 
total mRNA was extracted, and the RNA content was measured 
using an ultra-micro spectrophotometer and the RNA was then re-
verse transcribed into cDNA. Cycle thresholds of CYP1A2, CYP2B6, 
and CYP3A DNA were quantified using a fluorescence quantitative 
PCR kit (Takara Bio). CYP induction was calculated using a standard 
ΔΔCT method.20 The cells were incubated with 50 μM of CYP1A2 
probe phenacetin, CYP2B6 probe bupropion, or CYP3A probe tes-
tosterone for 1 h to assess CYP activities. The probe metabolites 
were analyzed by LC-MS/MS.

Induction of CYP2C8, CYP2C9, and CYP2C19 enzymes by za-
nubrutinib in human hepatocytes was evaluated in WuXi AppTec. 
Cryopreserved human hepatocytes from three donors and media 
were from BioIVT. Both mRNA expression levels and enzymatic 
activities were assessed for CYP2C8 and CYP2C9 induction. For 
CYP2C19, only enzymatic activity was reported as the mRNA level 
did not respond to positive control rifampin. Human hepatocytes 
were treated for 3 days with zanubrutinib (0.3, 3, and 30 μM) and 
rifampin (25 μM). At the end of incubation, the cells were incubated 
with CYP2C8 probe amodiaquine (20 μM), CYP2C9 probe diclofenac 
(40  μM), and CYP2C19 probe S-mephenytoin (80  μM) for 1  hour 
to assess CYP activities. The probe metabolites were analyzed by 
LC-MS/MS.

2.6  |  P-gp transportation and inhibition

The P-gp status of zanubrutinib was evaluated in ChemPartner 
(Shanghai, China) using the Madin–Darby canine kidney (MDCK) cell 
lines transfected with multidrug resistance gene 1 (MDR1). MDCK-
MDR1 cells were obtained from the Netherlands Cancer Institute 

Activity loss =

(

A with drug

A with vehicle

)

at t0 −

(

A with drug

A with vehicle

)

at t30 min ,
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(Amsterdam, Netherlands). The MDCK-MDR1 cells were maintained 
in Dulbecco's Modified Eagle's Medium (DMEM) for 3–4 days prior 
to the transport experiments. Lucifer Yellow (LFY) permeability 
was used to indicate monolayer integrity. Zanubrutinib (1 or 10 µM) 
transportation was tested with or without 100 µM verapamil in both 
apical-to-basolateral (A-B) and basolateral-to-apical (B-A) directions 
at 37°C for 90 min. At the end of incubation, receiver and donor 
samples were both diluted by assay buffer and analyzed by LC-
MS/MS. Bidirectional apparent permeability (Papp) of A-B and B-A 
and the efflux ratios (Papp [B-A]/Papp [A-B]) were then calculated.

19 
Metoprolol (5 μM) and quinidine (5 μM) served as high-permeability 
negative and positive controls, respectively.

The potential to inhibit P-gp by zanubrutinib (0.5 and 10 μM, trip-
licates) was evaluated using Caco-2 cells (Committee on Type Culture 
Collection of Chinese Academy of Sciences, Shanghai, China). Aliquots 
of passage 29 cells were stored in the cell-freezing medium (fetal bo-
vine serum:DMSO = 9:1, v:v) in liquid nitrogen until use. After 21-day 
culture on membranes, cell monolayers were used for drug transport 
assays. The incubations were conducted for 120 min using digoxin 
(10 μM) as the probe substrate for P-gp. Digoxin was quantified by LC-
MS/MS. Elacridar (4 μM) served as a positive control.

2.7  |  BCRP transportation and inhibition

The potential of zanubrutinib to be transported by BCRP and to in-
hibit BCRP was evaluated at the Research Institute for Liver Disease 
(Shanghai, China) using BCRP inside-out vesicles isolated from Sf9 
cells expressing human BCRP (GenoMembrane). In the BCRP trans-
portation assay, zanubrutinib (0.1 or 5.0 μM) or the positive control 
LFY (10 μM) in triplicates was incubated with BCRP vesicles (1 mg/
ml, 0.05 mg) and 4 mM of MgATP (MgAMP for passive transport) 
for 5 min. Uptake ratio of a compound was determined by ratio of 
uptake rates (pmol/min/mg protein) in the presence of ATP versus 
AMP.21

In the BCRP inhibition assay, the impact of zanubrutinib (0.05, 
0.2, 1.0, or 5.0 µM), positive control novobiocin (500 µM), or buffer 
vehicle (negative control) in triplicates on LFY uptake with BCRP ves-
icles was evaluated. The LFY amount was analyzed by fluorescence. 
The inhibitory potential on BCRP by test articles was described by 
relative BCRP activity (uptake rate % of negative control).21

2.8  |  Transportation and inhibition of SLC uptake 
transporters

The potential of zanubrutinib to be transported by SLC uptake 
transporters and to inhibit these transporters was evaluated at the 
Research Institute for Liver Disease (Shanghai, China) using recombi-
nant stable human embryonic kidney 293 (HEK293) cells expressing 
human OATP1B1, OATP1B3, OCT2, OAT1, and OAT3, which were 
transfected with empty vector (HEK293-MOCK, negative control) 
(GenoMembrane). Cells (2 × 105 cells/well) were maintained in DMEM 

medium supplemented with 10% (v/v) fetal calf serum, penicillin-
streptomycin solution (100 U/ml and 0.1 mg/ml), and 0.5 mg/ml of ge-
neticin. In the SLC transportation assays, DMEM media were removed 
from cells, followed by incubation with triplicates of zanubrutinib (0.1, 
0.3, or 5 µM) or positive controls (20 µM estradiol-17-glucuronide for 
OATP1B1/1B3; 20  µM p-aminohippuric acid for OAT1, 20  µM es-
trone sulfate for OAT3; 50 µM metformin for OCT2) in transporta-
tion buffer for 10 min. Transportation buffer contained 250 mM NaCI, 
9.6 mM KCI, 11.2 mM d-(+)-glucose, 2.4 mM CaCl2, 2.4 mM MgSO4, 
and 590 mM HEPEs. After cell washing, 0.15 mL 1 M NaOH was 
added to each well to lyse the cells for 30 min, and then neutralized 
with 0.15 mL 1 M HCl. The content of protein was determined by the 
Pierce BCA protein assay kit (Thermo Scientific, Waltham, MA, USA). 
The amount of test article was determined by an LC-MS/MS method. 
An uptake ratio of compound is calculated by the uptake rate (pmol/
min/mg protein) in SLC-overexpressed cells divided by mean uptake 
rate in HEK293-MOCK cells.22,23

In the SLC inhibition assay, triplicates of zanubrutinib (0.05, 0.2, 
or 5  µM), positive controls (100  µM rifampin for OATP1B1/1B3; 
50 µM probenecid for OAT1/3; 500 µM quinidine for OCT2), and 
vehicle were incubated with respective probe substrates (positive 
controls in the SLC transportation assay). The net uptake rate is the 
difference of uptake rates between SLC-overexpressed cells and 
MOCK cells. The inhibitory potential on SLC transporters by test ar-
ticles is described by relative activity (net uptake rate % of vehicle).22

2.9  |  In vivo interaction prediction

The in vivo DDI risk of zanubrutinib as a perpetrator impacting CYPs 
was predicted using basic model value R1 for CYP reversible inhibition, 
R1,gut for CYP3A reversible inhibition in the gastrointestinal tract, R3 
for CYP induction, and mechanistic static model for the net effect of 
CYP inhibition and induction based on FDA DDI guidance.24,25 The net 
effect of DDI was determined by the ratio of AUC (AUCR) of a probe 
substrate in the presence and absence of zanubrutinib.

where Imax,u is unbound plasma Cmax, defined as Cmax* free plasma pro-
tein binding ratio (fup). Zanubrutinib mean steady-state concentration 
of 338 ng/ml following 160 mg BID in the dose-escalation study is 
used for Cmax (data on file). fup is 0.0583 based on experimental data. 
Imax,u is determined as 0.42 µM. Kiu is the reversible inhibition constant 
(Ki) based on the unbound inhibitor concentration (IC50/2* fraction of 
unbound zanubrutinib in liver microsome [fu,inc]). fu,inc was estimated as 
0.79 from the Hallifax & Houston equation26 based on a microsomal 
protein concentration of 0.1 mg protein/ml for CYP reversible inhibi-
tion assays and a measured LogP of 4.2 for zanubrutinib.

R1 = 1 +
Imax,u

Kiu

,

R1,gut = 1 +
Igut

Kiu

,
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where Igut is zanubrutinib intestinal concentration, Dose/250  ml 
(~1360 µM)

where Emax is maximum fold induction (control = 0) and EC50 is concen-
tration supporting half-maximal enzyme induction; the scaling factor d 
is assumed to be 1.

Emax and EC50 of CYP mRNA induction were estimated using the 
simple Emax model with double reciprocal plots of zanubrutinib con-
centration versus fold induction minus 1 (control = 0).27

In the mechanistic static model,27,28 AUCR is given by

where Ah and Ch represent the reversible inhibition and induction of 
hepatic CYPs, respectively, and Ag and Cg represent the reversible inhi-
bition and induction of intestinal CYPs, respectively. Fg is the fraction 
available after intestinal metabolism. Fm is the fraction of metabolism 
by the specific CYP. Time-dependent inhibition is not considered here.

[I]h and [I]g represent the free portal vein concentration and gut entero-
cyte concentration, respectively, which are estimated by

Qen: blood flow through enterocytes (18 L/h); Qh: hepatic blood 
flow (97 L/h)24; for zanubrutinib, ka (first-order absorption rate con-
stant): 0.526 estimated from population PK29; Fa (fraction absorbed) 
0.70 estimated from a human mass balance study; Fg: 0.44 estimated 
from physiologically based PK (PBPK) modeling30; Rb (the human 
blood-to-plasma ratio): 0.804 from measurement.

2.10  |  Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked 
to corresponding entries in http://www.guide​topha​rmaco​logy.
org, the common portal for data from the IUPHAR/BPS Guide to 
PHARMACOLOGY31 and are permanently archived in the Concise 
Guide to PHARMACOLOGY 2019/20.32

3  |  RESULTS

3.1  |  In vitro metabolism

After 60-min incubation with cofactors NADPH and UDPGA, zanu-
brutinib was extensively metabolized in mouse, rat, dog, monkey, 
and HLMs; a total of 11  metabolites (M1–M11) were found (see 
Figure 1). Of these, 10 metabolites (M1–M10) were found in human 
and monkey liver microsomes, eight metabolites (M2, M3, M5, M6, 
M8, M9, M10, M11) were found in dog liver microsomes, and nine 
metabolites (M2, M3, M5, M6, M7, M8, M9, M10, M11) were found 
in rat and mouse liver microsomes. The major in vitro metabolism 
pathways of zanubrutinib included hydroxylation of the phenoxy 
phenyl (M5), oxidation and ring opening of the piperidine (M3, M7/
M8, M9, M10, M11), epoxidation of ethylene on the acryloyl group 
(M6), and oxidation of tetrahydropyrazolopyrimidine (M7/M8). M5, 
the primary metabolite across species, was confirmed as the syn-
thetic standard, BGB-7941. M1, M2, and M4 were minor metabolites 
from multiple-step oxidations.

3.2  |  CYP phenotyping

Potent and selective inhibitors of CYP1A2, CYP2B6, CYP2C8, CYP2C9, 
CYP2C19, CYP2D6, and CYP3A were used to identify the major 
enzyme(s) responsible for the metabolism of zanubrutinib and positive 
controls in HLMs. Following 30-min incubation with HLMs, 32.8% of 
zanubrutinib remained in the reaction. The addition of the CYP3A in-
hibitor ketoconazole resulted in 98.9% of zanubrutinib remaining, while 
the addition of all the other CYP inhibitors produced nearly no effect 
(Figure  2). When incubated with recombinant CYP enzymes, only 
rCYP3A4 led to a remarkable disappearance of zanubrutinib (Figure 3).

3.3  |  CYP reversible and time-dependent inhibition

The reversible inhibition of zanubrutinib against CYP1A2, CYP2B6, 
CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 in HLMs is shown 
in Table 1. Ki was calculated as IC50/2, assuming a competitive inhibi-
tory mechanism. In addition, time-dependent CYP inhibition by zanu-
brutinib was determined by pre-incubation of 10 µM zanubrutinib with 
HLMs and NADPH for 30 min. Percent loss of enzymatic activity of 
CYPs was 8.10% for CYP1A2, 15.5% for CYP2B6, 21.9% for CYP2C8, 
5.86% for CYP2C9, −14.6% for CYP2D6, −4.58% for CYP2C19, and 
19.2% for CYP3A. The activity losses by zanubrutinib were lower than 
30% for 7 CYPs, suggesting the potential for zanubrutinib as a clini-
cally relevant time-dependent inhibitor of CYPs is low.33

3.4  |  CYP induction

Induction of mRNA expression and enzymatic activity of 
CYP1A2, CYP2B6, CYP3A4, CYP2C8, CYP2C9, and CYP2C19 

R3 =
1

1 +
(

d ×
Emax × 10× Imax,u

E50 + 10× Imax,u

) ,

Fold induction =
Emax × [Drug]

EC50 + [Drug]
.

AUCR =

(

1
[

Ag × Cg

]

×
(

1 − Fg
)

+ Fg

)

x

(

1
[

Ah × Ch

]

× fm +
(

1 − fm
)

)

,

Reversible inhibition Ag =
1

1+
[I]g
Kiu

, Ah=
1

1+
[I]h
Kiu

,

Induction Cg =1+
d. Emax .

[

I
]

g

EC50+
[

I
]

g

, Ch=1+
d. Emax .

[

I
]

h

EC50+
[

I
]

h

,

Ih = fup×
(

Cmax+
(

Fa×Fg ×ka×Dose
)

∕Qh∕Rb
)

,

Ig =Fa×ka×Dose∕Qen.

http://www.guidetopharmacology.org
http://www.guidetopharmacology.org
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(enzymatic activity only) in human hepatocytes is presented in 
Table 2. Zanubrutinib at 0.3, 3, and 30 µM increased CYP3A4 mRNA 
levels by 3.5-, 13.1-, and 15.0-fold compared with vehicle control, 
respectively. Zanubrutinib at 3 and 30 µM increased CYP2C8 mRNA 
levels by 5.0-  and 9.8-fold, respectively. CYP1A2, CYP2B6, and 
CYP2C9 mRNA induction at 0.3–30 µM of zanubrutinib were less 
than fourfold. Induction of CYP activity was usually less than induc-
tion of mRNAs.

3.5  |  P-gp substrate and inhibition

The MDCK-MDR1 monolayers in the substrate assay showed intact 
tight junctions as indicated by minimum permeability for LFY, a low 
permeability control. An efflux ratio >2 indicates a P-gp substrate.24 
In MDCK-MDR1 cells (Table 3), the efflux ratio of positive control 
quinidine was 3.10 and was reduced to 0.506 with P-gp inhibitor 
verapamil. Zanubrutinib (1 µM) exhibited high permeability values. 
The efflux ratio of zanubrutinib was 3.46 at 1 µM and 2.19 at 10 µM, 
and reduced to 1.59 at 1 µM and 1.14 at 10 µM in the presence of 
verapamil. These results revealed that zanubrutinib is a potential 
P-gp substrate.

In the P-gp inhibition assay with Caco-2 cells, the efflux ratios of 
digoxin (10 μM) were 16 and 22 with vehicle control. P-gp inhibitor 
elacridar diminished the efflux ratio of digoxin to 1.1. In the presence 
of zanubrutinib at 0.5 and 10 μM, the efflux ratios of digoxin were 31 
and 17, respectively (Table 3). These results implied that zanubruti-
nib up to 10 μM was not a significant inhibitor of P-gp.

3.6  |  BCRP substrate and inhibition

In BCRP vesicles, an uptake ratio ≥2-fold is indicative of a BCRP 
substrate.21 The uptake ratio of LFY, a probe substrate of human 
BCRP, was 17.4 ± 0.31-fold. The uptake ratios of zanubrutinib at 0.1 
and 5 μM were 0.970 ± 0.101-fold and 0.720 ± 0.209-fold, respec-
tively. Zanubrutinib is unlikely to be a substrate of the human BCRP 
transporter.

In the BCRP inhibition assay, the uptake ratio of LFY in the buf-
fer vehicle was 14.9-fold and was suppressed by the BCRP inhibitor 
novobiocin by 98.9% (Table 4). Relative BCRP uptake activity of LFY 
was 93.0%, 108%, 94.5%, and 83.3% of buffer vehicle in the pres-
ence of 0.05, 0.2, 1, and 5 μM of zanubrutinib, respectively, sug-
gesting that zanubrutinib at 0.05–5 μM did not inhibit BCRP activity.

F I G U R E  1 Proposed metabolic pathways of zanubrutinib in incubation with different liver microsomes
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3.7  |  Transportation and inhibition of SLC uptake 
transporters

In SLC transporter overexpressed cells, an uptake ratio ≥2-fold is in-
dicative of a substrate of SLC transporters.22,24,34 Given the uptake 

ratios of zanubrutinib at 0.1, 0.3, and 5 µM were <2 (Table 5), zanu-
brutinib is unlikely to be a substrate of OATP1B1, OATP1B3, OAT1, 
OAT3, or OCT2.

In the SLC transporter inhibition assays, the uptake activities 
of the probe substrates were inhibited significantly by the positive 

F I G U R E  2 Zanubrutinib remaining after incubation in human liver microsomes with chemical inhibitors. Data are the mean (± standard 
deviation, SD) from triplicate results

F I G U R E  3 Zanubrutinib remaining after incubation in recombinant enzymes. Data are the mean (± standard deviation, SD) from triplicate 
results
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controls compared to the vehicle (Table 4). The uptake activities of 
OATP1B1, OATP1B3, OAT1, and OAT3 transporters were not inhib-
ited by zanubrutinib at 0.05–5 µM. For OCT2, activation of OCT2 
by zanubrutinib 0.2–1 µM was observed. At 5 µM zanubrutinib, the 
OCT2-mediated relative activity was 48.4% of vehicle with the IC50 
estimated to be approximately 4.5 µM.

3.8  |  DDI prediction

R1 and R1,gut of zanubrutinib for reversible inhibition of hepatic and 
intestinal CYP enzymes, respectively, were estimated in Table 1. 
Table 6 summarizes Emax and EC50 of CYP mRNA induction data. 
The basic kinetic model R3 was computed from Emax and EC50.

27 
Table 7 lists the prediction of net DDI effect of CYP inhibition and 
induction using the mechanistic static model in comparison with 
clinical data.

4  |  DISCUSSION

The studies describe the in vitro metabolism of zanubrutinib, and the 
investigation of potential for zanubrutinib to be a victim or perpetra-
tor of DDIs via the modulation of metabolizing enzymes or trans-
porters in vitro. The correlations of in vitro and clinical DDIs were 
explored using basic models and mechanistic static models.

Zanubrutinib presented similar metabolism pathways in human, 
monkey, dog, rat, and mouse liver microsomes supplemented with 
NADPH and UDPGA (Figure  1). The primary metabolite M5 in 
human is expected to be covered in toxicological species rat and dog. 
All metabolites were oxidative in nature and no direct glucuronide 
was identified, indicating oxidative metabolism may be responsible 
for the clearance.

CYP3A is the primary CYP isoform responsible for zanubrutinib 
metabolism based on phenotyping results using HLMs with selective 
CYP inhibitors as well as recombinant CYP enzymes. The CYP phe-
notyping data were subsequently confirmed by a clinical DDI study 
that showed a 3.8-fold increase in AUC0-inf of zanubrutinib when 
co-administered with a potent CYP3A inhibitor (itraconazole) and a 
13.5-fold reduction in AUC0-inf with a potent CYP3A inducer (rifam-
pin).39 The following clinical results supported that CYP3A-mediated 
metabolism is mainly responsible for its clearance in humans. The 
exposure of zanubrutinib could be impacted by CYP3A modula-
tors; therefore, the use of zanubrutinib dosage and co-administered 
CYP3A modulators should be managed according to the zanubruti-
nib package insert.5

For assessing reversible inhibition of hepatic CYPs, the estimated 
R1 (1.05) for hepatic CYP2C8  slightly exceeds the FDA's cutoff 
value of 1.02, suggesting further modeling or clinical evaluation of 
CYP2C8-mediated DDI is needed.24 Due to the high plasma protein 
binding and thus low projected unbound portal vein concentration Ih, 
zanubrutinib was predicted to have minimal inhibitory effect on he-
patic CYPs. The values of Ah for reversible inhibition of hepatic CYPs 
tested were estimated to be close to 1 (Table 1). In addition, based 
on the estimated zanubrutinib Igut (~1360 µM) following 160 mg BID, 
R1,gut for intestinal CYP3A is higher than the FDA's cutoff value of 
11.24 Additional studies assessing zanubrutinib's inhibition against 
CYP3A activities are warranted.

Zanubrutinib was initially evaluated for its potential to induce 
mRNA levels and enzymatic activities of CYP1A2, CYP2B6, and 
CYP3A4 in human hepatocytes. Due to the induction activity with 
CYP3A4, induction of CYP2C8, CYP2C9, and CYP2C19 by zanu-
brutinib was further evaluated in human hepatocytes because 
both CYP3A4 and CYP2C enzymes are co-induced via PXR activa-
tion. The R3 for average induction fold of CYP3A4 mRNA was esti-
mated as 0.23—well below the FDA's cutoff value of 0.8 (Table 6). 

TA B L E  1 Evaluation of zanubrutinib as a reversible inhibitor of CYPs in HLMs with estimates of the FDA's value of R1 and R1,gut

Hepatic CYP enzyme Substrate IC50
† (µM) Ki(µM) Kiu(µM) R1 Ah

CYP1A2 Phenacetin 121 60.5 47.8 1.00 1.00

CYP2B6 Bupropion 121 60.5 47.8 1.00 1.00

CYP2C8 Amodiaquine 4.03 2.02 1.6 1.05 0.95

CYP2C9 Diclofenac 5.69 2.85 2.2 1.04 0.96

CYP2C19 S-Mephenytoin 7.58 3.79 3.0 1.03 0.97

CYP2D6 Dextromethorphan 72.9 36.5 28.8 1.00 1.00

CYP3A Midazolam 14.3 7.15 5.6 1.00 0.99

Testosterone 60.6 30.3 23.9 1.00 1.00

Intestinal CYP enzyme Substrate IC50
† (µM) Ki(µM) Kiu(µM) R1,gut Ag

CYP3A Midazolam 14.3 7.15 5.6 241 0.45

Testosterone 60.6 30.3 23.9 58 0.77

Ag, term in DDI mechanistic static model for inhibition in gut; Ah, term in DDI mechanistic static model for inhibition in liver; DDI, drug–drug 
interaction; HLM, human liver microsomes; Ki, reversible inhibition constant; Kiu, reversible inhibition constant based on the unbound inhibitor 
concentration; IC50, half-maximal inhibitory concentration; R1, DDI basic model value for reversible inhibition; R1,gut, DDI basic model value for 
CYP3A reversible inhibition in gut.
†IC50s were calculated from serial concentrations of zanubrutinib in triplicates (0, 0.274, 0.823, 2.47, 7.41, 22.2, 66.7, and 200 μM).



    |  9 of 13ZHANG et al.

In addition, the induction of CYP3A4 mRNA was dose dependent. 
The results indicated that zanubrutinib may cause a clinically rele-
vant induction of CYP3A. However, the dose-dependent induction 
of CYP1A2 by zanubrutinib was not evident, with a 100-fold in-
crease in zanubrutinib concentration (0.3–30 µM) associated with 
only a modest increase in the induction of CYP1A2 mRNA. The 
“flat” induction curve for CYP1A2 mRNA induction, which was 
<10% of fold induction by the positive control, showed that zanu-
brutinib is unlikely to be a CYP1A2 inducer. The R3 of 0.55 for both 
CYP2B6 and CYP2C8 mRNA induction suggested that zanubru-
tinib may have a low clinical induction potential for CYP2B6 and 
CYP2C8. Lower magnitude of CYP2B6 induction than CYP3A4 in 
vitro and in clinic is noted in literature and a clinical CYP3A DDI 
study could usually serve as a surrogate for identifying the poten-
tial risk for clinical CYP2B6 induction.40 As for CYP2C induction 
in human hepatocytes, zanubrutinib presented less than twofold 
of mRNA induction for CYP2C8 and CYP2C9 mRNA at 0.3  µM 
(7 × Imax,u), but more than twofold of CYP2C8 and CYP2C9 mRNA 

induction at 3–30 µM. The induction of CYP2C8 and CYP2C9 en-
zyme activity correlated with induction of mRNA, but at lower 
levels than mRNA. The marginal twofold induction of CYP2C19 
enzyme activity was only visible at 3–30 µM, although mRNA in-
duction data could not be obtained. The current knowledge about 
in vitro in vivo correlation of CYP2C induction is scarce in the lit-
erature.41,42 Underprediction of clinical CYP2C induction using he-
patocyte data has been reported.41,43,44

The mechanistic static model was used to predict the net ef-
fect of CYP inhibition and induction imposed by zanubrutinib fol-
lowing FDA DDI guidance (Table 7).24,25 The model demonstrated 
that CYP3A and CYP2C8 inhibition was overcome by induction. The 
midazolam induction effect based on induction of CYP3A mRNA by 
zanubrutinib in human hepatocytes could be significant. The pro-
jected induction of CYP2C8 and CYP2B6 built on either CYP mRNA 
or activity data was low. Zanubrutinib was predicted to have little 
DDI effect on CYP2C9 substrate warfarin and CYP19 substrate 
omeprazole (Table 7).

TA B L E  2 Average fold induction on CYP1A2, CYP2B6, CYP3A4, 2C8, and 2C9 mRNA and activity over vehicle controls (with vehicle 
control = 1) in human hepatocytes (N = 3)

Zanubrutinib (µM) Induction effect CYP1A2 CYP2B6 CYP3A4 CYP2C8 CYP2C9 CYP2C19

0.3 Fold induction of mRNA level 2.2 ± 0.66 1.6 ± 0.51 3.5 ± 0.61 1.2 ± 0.18 1.1 ± 0.12 NA

3 2.0 ± 0.15 3.6 ± 1.03 13 ± 9.6 5.0 ± 1.5 2.1 ± 0.29 NA

30 3.2 ± 0.93 2.6 ± 0.72 15 ± 10.9 9.8 ± 6.9 3.1 ± 0.59 NA

PCs 82 ± 94 6.4 ± 3.0 28 ± 20 9.0 ± 0.64 3.0 ± 0.48 NA

0.3 Fold induction of activity 1.5 ± 0.31 1.5 ± 0.38 2.0 ± 0.61 1.3 ± 0.22 1.1 ± 0.09 1.2 ± 0.13

3 1.8 ± 0.40 3.7 ± 1.1 6.3 ± 1.4 3.6 ± 0.75 1.5 ± 0.12 1.8 ± 0.27

30 1.4 ± 0.21 1.9 ± 0.67 2.5 ± 0.69 4.7 ± 1.56 1.7 ± 0.31 2.1 ± 0.90

PCs 42 ± 6.4 9.6 ± 5.4 14 ± 4.8 11 ± 4.2 3.4 ± 0.36 5.4 ± 0.75

The fold of induction in hepatocytes of three donors is expressed as mean ± standard deviation. Omeprazole (50 µM) and phenobarbital (1000 µM) 
served as CYP1A2 and CYP2B6 positive controls, respectively. Rifampin (25 µM) served as CYP3A, CYP2C8, CYP2C9, and CYP2C19 positive control.
NA, not available; PC, positive control.

TA B L E  3 Evaluation of zanubrutinib P-gp transportation in MDCK-MDR1 cell line and P-gp inhibition in Caco-2 cell line

Study type Test article Cell line
Papp A-B 
(×10−6 cm s−1)

Papp B-A 
(×10−6 cm s−1)

Efflux ratio
Papp(B-A)/Papp(A-B)

P-gp transportation Quinidine MDCK-MDR1 13.1 ± 0.025 40.6 ± 0.13 3.10

Quinidine + verapamil MDCK-MDR1 25.8 ± 0.15 13.1 ± 0.14 0.506

Zanubrutinib 1 µM MDCK-MDR1 9.16 ± 0.10 31.7 ± 0.12 3.46

Zanubrutinib 10 µM MDCK-MDR1 21.9 ± 0.049 47.9 ± 0.094 2.19

Zanubrutinib 1 µM + verapamil MDCK-MDR1 17.1 ± 0.12 27.2 ± 0.14 1.59

Zanubrutinib 10 µM + verapamil MDCK-MDR1 34.5 ± 0.042 39.4 ± 0.17 1.14

P-gp inhibition Digoxin Caco-2 0.700 ± 0.049 15.4 ± 0.40 22

Digoxin Caco-2 0.971 ± 0.048 15.8 ± 6.5 16

Digoxin + elacridar Caco-2 3.46 ± 0.36 3.81 ± 0.17 1.1

Digoxin + 0.5 µM zanubrutinib Caco-2 0.558 ± 0.14 17.2 ± 0.95 31

Digoxin + 10 µM zanubrutinib Caco-2 0.852 ± 0.044 14.2 ± 1.60 17

Values expressed as mean ± standard deviation.
A-B, apical-to-basolateral direction; B-A, basolateral-to-apical directions; Caco-2, human colon adenocarcinoma; MDCK, Madin–Darby Canine kidney 
cells; MDR, multidrug resistance; Papp, apparent permeability coefficient; P-gp, P-glycoprotein.
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The CYP induction potential of zanubrutinib and the uncertainty 
in DDI prediction prompted the evaluation of zanubrutinib as a per-
petrator for clinical DDI. The probe substrates of CYP3A (midaz-
olam), CYP2C9 (warfarin), and CYP2C19 (omeprazole) were included 
in a clinical DDI study using a cocktail approach (NCT03561298).38 
As the in vitro DDI properties of zanubrutinib are comparable among 
CYP2C8, CYP2C9, and CYP2C19 isozymes, and a validated selec-
tive CYP2C8 probe is not available in a cocktail study; CYP2C9 and 
CYP2C19 substrates were selected over a CYP2C8 substrate. The 
clinical data revealed that coadministration of zanubrutinib reduced 
the AUCs of CYP3A probe midazolam by 47.5% and CYP2C19 probe 
omeprazole by 36.5%, suggesting zanubrutinib is a weak inducer of 
CYP3A and CYP2C19 (Table  7).45 The clinical induction effect on 
midazolam was lower than predicted using the mechanistic static 
model. In human hepatocytes, the fold induction of CYP3A activ-
ity was much lower than that of mRNA, thereby the overprediction 

would be less if induction of CYP3A activity was used over mRNA. 
However, the bell-shaped activity data with limited zanubrutinib 
concentrations in human hepatocytes prevented accurate assess-
ments of Emax and EC50. In addition, overprediction of clinical CYP3A 
induction is common since enterocyte concentration, Ig, could be 
overestimated using the mechanistic static model.35 The substantial 
first-pass metabolism and possible binding of zanubrutinib could re-
duce its effective concentration in enterocytes. The induction effect 
of zanubrutinib on CYP2C19 probe omeprazole was slightly under-
estimated by the static model. Induction of CYP3A by zanubrutinib 
may also play a role in reduction of omeprazole exposure since ome-
prazole is also a substrate of CYP3A (fm(CYP3A) 0.37).

36 Zanubrutinib 
had no remarkable effect on the clinical PK of warfarin, in agreement 
with the static model. Overall, the CYP-based DDI prediction using 
the static model is in line with clinical data except for CYP3A, a major 
CYP in intestines.

TA B L E  4 Inhibitory effects of zanubrutinib on the activity of the efflux transporter BCRP, the hepatic uptake transporters OATP1B1 and 
OATP1B3, and the renal uptake transporters OAT1, OAT3, and OCT2

Transporter Substrate

Relative activity (% vehicle) at zanubrutinib concentration 
(µM) Positive controls

0. 05 0.2 1 5 Compound (µM)
Relative activity 
(% vehicle)

BCRP Lucifer Yellow 93 ± 17 108 ± 4.5 94.5 ± 3.5 83.2 ± 2.1 Novobiocin
(500 µM)

1.1 ± 0.8

OATP1B1 Estradiol-17β-
glucuronide

94.8 ± 2.3 97.9 ± 9.5 87.9 ± 5.7 85.7 ± 6.4 Rifampin
(100 µM)

0.93 ± 0.83

OATP1B3 Estradiol-17β-
glucuronide

91.6 ± 12 95.2 ± 8.0 97.8 ± 7.1 74.1 ± 10 Rifampin
(100 µM)

2.5 ± 2.6

OAT1 p-aminohippuric 
acid

103 ± 5.6 106 ± 7.8 109 ± 3.9 109 ± 3.3 Probenecid
(50 µM)

1.8 ± 0.48

OAT3 Estrone sulfate 90.0 ± 4.2 97.8 ± 7.7 113 ± 27 199 ± 34 Probenecid
(50 µM)

12.5 ± 8.0

OCT2 Metformin 107 ± 10 339 ± 5.7 178 ± 36 48.4 ± 5.2 Quinidine
(500 µM)

31.5 ± 8.0

The relative activity % of vehicle in the presence of zanubrutinib or positive controls are the means of triplicate results.
BCRP, breast cancer resistance protein; OAT, organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic cation 
transporter.

TA B L E  5 The uptake ratios of zanubrutinib and positive controls in HEK293 cell lines expressing human OATP1B1, OATP1B3, OAT1, 
OAT3, and OCT2

Transporters
Zanubrutinib 
0.1 µM

Zanubrutinib 
0.3 µM

Zanubrutinib 
5 µM Control substrates

OATP1B1 0.576 ± 0.019 0.773 ± 0.039 1.05 ± 0.036 Estradiol-17β-glucuronide 38.5 ± 5.5

OATP1B3 1.02 ± 0.15 0.977 ± 0.19 1.21 ± 0.14 Estradiol-17β-glucuronide 5.82 ± 0.62

OAT1 0.639 ± 0.19 0.997 ± 0.13 1.04 ± 0.12 p-aminohippuric acid 3.14 ± 0.51

OAT3 0.573 ± 0.044 0.743 ± 0.12 0.892 ± 0.17 Estrone sulfate 16.1 ± 0.45

OCT2 1.84 ± 0.16 1.83 ± 0.23 1.25 ± 0.027 Metformin 3.49 ± 0.26

The uptake rates of zanubrutinib and positive controls were determined in triplicates. The uptake ratio was determined by the ratio of mean uptake 
rate of a compound in SLC transport overexpressed cells to that in control cell lines.
HEK293, human embryonic kidney 293 cells; OAT, organic anion transporter; OATP, organic anion transporting polypeptide; OCT, organic cation 
transporter; SLC, solute carrier.
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The transporter assays demonstrated that zanubrutinib is not a 
substrate of BCRP, OATP1B1, OATP1B3, OCT2, OAT1, and OAT3 
(Table  5), but is likely a P-gp substrate (Table  3). However, co-
administered P-gp inhibitors would have a limited clinical impact on 
zanubrutinib absorption due to the high permeability of zanubru-
tinib across human intestines. Additionally, zanubrutinib is neither 
a significant inhibitor of P-gp at concentrations up to 10.0 μM nor 
an inhibitor of BCRP, OATP1B1, OATP1B3, OAT1, and OAT3 up 
to 5.0 μM, but is a marginal inhibitor against OCT2 (Table 4). The 
highest concentration of zanubrutinib tested in SLC transporter in-
hibition assays (5 µM) is roughly 120-fold of Imax,u and 94-fold of Ih. 
The ratio of Imax,u/IC50 is estimated to be only 0.01 for OCT2, which 
is lower than the FDA cutoff value of 0.1.24 Thus, zanubrutinib is 
unlikely to be a clinically relevant inhibitor of OATP1B1, OATP1B3, 
OAT1, OAT3, and OCT2. As the maximum concentrations tested in 
the P-gp and BCRP inhibition assays were considerably less than 
0.1 × Igut (~140 μM), concern exists for P-gp or BCRP-mediated clin-
ical DDIs. The potential of zanubrutinib to inhibit P-gp and BCRP 
transport was evaluated further in the above clinical cocktail DDI 
study (NCT03561298).38 Co-administration of zanubrutinib did 

not significantly affect the exposure of BCRP probe rosuvastatin. 
Zanubrutinib increased Cmax of P-gp probe digoxin by 34% but had 
no significant effect on its AUC. The results support that zanubruti-
nib has a low impact on P-gp, consistent with in vitro data.

In conclusion, these in vitro studies reveal that the metabolic 
pathways of zanubrutinib in liver microsomes across species are 
similar, and its metabolism is mainly mediated by CYP3A. The sys-
temic exposure changes of zanubrutinib inflicted from the coadmin-
istration of CYP3A inhibitors and inducers represent the major DDIs 
with zanubrutinib. Zanubrutinib has a low propensity to cause DDIs 
through transporter pathways.
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TA B L E  6 Estimates of Emax, EC50, and R3 for CYP mRNA induction by zanubrutinib in three preparations of human hepatocytes

CYP and hepatocyte 
preparation

Emax(fold induction with vehicle 
control = 0)

EC50
(µM) R3 Ch Cg

CYP1A2 3.60 0.29 0.37 N/A N/A

CYP2B6 2.21 0.73 0.55 1.23 N/A

CYP3A4 17.0 1.75 0.23 1.77 14.6

CYP2C8 10.3 4.89 0.55 1.17 N/A

CYP2C9 3.58 8.64 0.86 1.03 N/A

Emax and EC50 were estimated from average fold induction values of CYP mRNAs.
Cg, term in DDI mechanistic static model for induction in gut; Ch, term in DDI mechanistic static model for induction in liver; DDI, drug–drug 
interaction; EC50, concentration supporting half-maximal enzyme induction; Emax, maximum fold induction relative to control set to zero; N/A, not 
available; R3: DDI basic model value for induction.

TA B L E  7 Predictions for clinical DDI studies using mechanistic static models

Observed AUCR†,‡   
(90% CI)

Observed Cmax   
(90% CI)‡

Predicted AUCR 
(mRNA)

Predicted AUCR 
(activity)

CYP3A4 (midazolam)*
Fm =0.88 fg = 0.57
Ref. [35,36]:

0.525 (0.485–0.569) 0.702 (0.632–0.779) 0.18 N/A

CYP2C9* (S-warfarin) fm = 0.82
Ref. [37]:

0.998 (0.974–1.02) 0.953 (0.876–1.04) 1.0 1.0

CYP2C19* (omeprazole) fm = 0.63
Ref. [36]:

0.635 (0.574–0.703) 0.795 (0.65–0.973) N/A 0.99

CYP2B6 assuming fm = 1 N/A N/A 0.82 0.84

CYP2C8 assuming fm = 1 N/A N/A 0.90 0.96

AUC0-t, area under the concentration–time curve from time zero to the time of the last quantifiable concentration; AUCR, the ratio of area under the 
plasma concentration–time curve due to perpetrators; Cmax, maximum plasma concentration; DDI, drug–drug interaction; Fg, fraction available after 
intestinal metabolism; Fm, fraction of metabolism by the specific CYP; N/A, not available.
†Based on AUC0-t concentration.
‡The observed values are from BGB-3111-108 (NCT03561298).38
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