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Aims: This study aimed to investigate the potential interaction between Schisandra
sphenanthera, imatinib and bosutinib combining in vitro and in silico methods.
Methods: In vitro metabolism of imatinib and bosutinib using recombinant enzymes
and human liver microsomes were investigated in the presence and absence of
Schisandra lignans. Physiologically-based pharmacokinetic (PBPK) models for the
lignans accounting for reversible and mechanism-based inhibitions and induction of
CYP3A enzymes were built in the Simcyp Simulator (version 17) and evaluated for
their capability to predict interactions with midazolam and tacrolimus. Their potential
effect on systemic exposures of imatinib and bosutinib were predicted using PBPK in
silico simulations.

Results: Schisantherin A and schisandrol B, but not schisandrin A, potently inhibited
CYP3A4-mediated metabolism of imatinib and bosutinib. All three compounds
showed a strong reversible inhibition on CYP2C8 enzyme with k; of less than
0.5 pmol L=%. The verified PBPK models were able to describe the increase in
systemic exposure of midazolam and tacrolimus due to co-administration of S.
sphenanthera, consistent with the reported changes in the corresponding clinical
interaction study (AUC ratio of 2.0 vs 2.1 and 2.4 vs 2.1, respectively). The PBPK
simulation predicted that at recommended dosing regimens of S. sphenanthera, co-
administration would result in an increase in bosutinib exposure (AUC ratio 3.0) but
not in imatinib exposure.

Conclusion: PBPK models for Schisandra lignans were successfully developed.
Interaction between imatinib and Schisandra lignans was unlikely to be of clinical
importance. Conversely, S. sphenanthera at a clinically-relevant dose results in a

predicted three-fold increase in bosutinib systemic exposure.
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1 | INTRODUCTION

Schisandra sphenanthera has long been an integral part of traditional
Chinese medicine, while other closely-related species, Schisandra
chinensis can be found in many Western countries.® These natural
products (typically administered as dried ethanol extracts) are used

t>* and have been

mainly for their putative hepatoprotective effec
explored for anti-cancer properties.>¢ Interestingly, S. sphenanthera
alleviated tacrolimus-induced diarrhoea in liver transplant
recipients, although the underlying mechanism is not clear yet.* Sev-
eral biologically-active dibenzocyclooctadiene lignans, namely
schisantherin A, schisandrin A and schisandrol B (Table 1) have been
identified in S. sphenanthera extract with evidence for cytochrome
P450 (CYP)3A modulations.*3*>

Clinically-important herb-drug interactions with Schisandra
lignans as the perpetrators have been reported for midazolam,'®
sirolimus?’ and tacrolimus.**&1? Administration of S. sphenanthera
extract (equivalent to 14, 19 and 1 mg day™! of schisandrin A,
schisantherin A and schisandrol B, respectively) in Chinese transplant
recipients expressing CYP3A5 enzyme reduced by 40% the tacrolimus
dose required to achieve the predefined target of trough blood con-
centrations? and thus was more cost-effective.2° This has led to the
investigation of S. sphenanthera as a promising pharmacokinetic
enhancer (booster) to increase the bioavailability of CYP3A sub-
strates.!” Conversely, there is also a potential for unwanted herb-
drug interactions with S. sphenanthera, e.g. a higher risk for exposure-
related adverse events of the victim drugs. However, it is not possible
to cover all the various permutations of combinations between natu-
ral products and conventional medicines by conducting dedicated
clinical interaction studies.?* Clearly, a reliable and systematic
approach to predict these herb-drug interactions is needed.

As for drug-drug interactions, physiologically-based pharmacoki-
netic (PBPK) modelling and simulation has been advocated for quanti-
tative prediction of drug interactions with natural products.??
Nevertheless, PBPK prediction of herb-drug interactions is more
challenging than that with conventional perpetrator drugs.?® Prior
knowledge of perpetrator compounds in a complex mixture (extract)
and their typical maintenance dosing regimens are necessary for an
accurate in vitro to in vivo extrapolation of herb-drug interactions or
lack thereof. There is also a possibility for interactions among com-
pounds in the extract which may alter their systemic exposure. Hence,
well-characterised natural products are essential for implementing this
quantitative framework. PBPK modelling has been successfully
implemented in describing a number of potential herb-drug interac-
tions, including grapefruit juice with midazolam and simvastatin,?*
milk thistle with midazolam, warfarin?® and raloxifene,?> and St John's
wort with a range of CYP substrates.?®

Imatinib and bosutinib are both approved as the first-line treat-
ments for Philadelphia chromosome-positive (Ph+) chronic myeloid
leukaemia (CML).2”~%? People with CML and receiving treatment with
tyrosine kinase inhibitors are known to concomitantly use comple-
mentary medicines,® including S. sphenanthera, with a purported aim

to help manage adverse effects. The common side effects for patients
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What is already known about this subject

e Physiologically-based pharmacokinetic (PBPK) modelling
approaches combined with in vitro to in vivo extrapola-
tion techniques have been extensively used for predicting
clinically meaningful pharmacokinetic drug interactions.

e Schisandrin A, schisantherin A and schisandrol B, the
major bioactive lignans in Schisandra sphenanthera are
potent CYP3A modulators with evidence for clinically-
significant drug interactions.

What this study adds

e PBPK models for the perpetrator compounds in
S. sphenanthera were developed with a capability to pre-
dict the interactions of Schisandra constituents with
midazolam and tacrolimus.

e Schisandra lignans at clinically-relevant concentrations
were predicted to have little to no effect on imatinib
pharmacokinetics but were expected to lead to a three-

fold increase in the systemic exposure of bosutinib.

being treated with these kinase inhibitors are gastrointestinal distur-

2831 while elevation of alanine transaminase is

bances, e.g. diarrhoea,
more frequent for bosutinib.2® S. sphenanthera may be beneficial for
ameliorating these adverse events,>* in addition to its potential anti-
cancer activity.>® Imatinib and bosutinib have distinct pharmacoki-
netic characteristics. Imatinib is a substrate for both CYP3A4 and
CYP2C8 enzymes and has a low hepatic extraction ratio (Ey),>2 while
bosutinib is a high E, drug almost exclusively metabolised by
CYP3A4.32 Therefore, both medicines are prone to CYP3A modulation
by S. sphenanthera. The development and evaluation of PBPK models
for the Schisandra lignans will provide a greater understanding and
allow the prediction of interactions with both drugs. The aim of this
study was to build, evaluate and implement PBPK models of key per-
petrator compounds found in S. sphenanthera extract for investigating
the potential herb-drug interactions with imatinib and bosutinib.

2 | METHODS

2.1 | Inhibition of in vitro metabolism of imatinib
and bosutinib by Schisandra lignans
2.1.1 | Materials

Imatinib (mesylate salt), bosutinib, schisandrin A, schisantherin A,

schisandrol B, p-nicotinamide adenine dinucleotide 2’-phosphate


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2769
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3342
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6784
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5687
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5710
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1337
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1325
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TABLE 1 Input parameters for PBPK models of the perpetrator compounds in S. sphenanthera

Parameter

Physicochemical and blood-binding properties

Chemical structure®

Molecular weight®
Log Po.w”
lonisation pattern®
B/pP?

fu,?

Absorption phase
Model

ka (h™1¢
tiag (h)
Pes (10™* cm 571y
fug'
Qout (LY
Distribution phase
Prediction method
Vss (Lkg™)
Elimination phase
CLint.cypsaa (pL min~! mg protein~?)
Vmax.cypaaa (pmol min~* pmol CYP™)
Kmncypaaa (pmol L)
Vimax.cypaas (pmol min~ pmol CYP™?)
Kin.cvpsas (pmol L™%)
CLint.others (L min~* mg protein™™)
Drug interactions
Reversible inhibition
ki cypsa for midazolam (pmol LY
ki cypza for tacrolimus (pmol LY
ki u,cypaa for imatinib (umol LY
fulinc®
Kiu.cvpacs for imatinib (umol L2
fUlinc”
kiucvpsa for bosutinib (umol L%
fUlin
kiagcs1 (pmol L)
Mechanism-based inhibition®
Kinact,cvpaa (h™1)
K; (umol L7Y)

Schisantherin A

536.6
1.7¢
Neutral
0.63
0.08

First-order
1
1.8

4.0
1
14.1

Poulin and Theil”

0.4

2.58

21.58

0.05!
0.25¢
0.07
0.50
0.22
0.37
0.03
093
12.8™

14.28
7.30

Schisandrin A

416.5
4.8
Neutral
0.69
0.03

CAT

3.1

7.1

16.9

Poulin and Theil
11.6

170"

52h

1.51°
1.51°
40.10
0.66
0.10
041
2.72
0.25
12.2"

1.44
1.37

Schisandrol B

416.5
34
Neutral
0.55
0.08

First-order
1

6.0°

0.15

4.5

1

14.7

Rodgers and Rowland®

4.7

12.31
5.6/
1.3
7.8

0.93%
0.93%
437
091
0.48
0.78
0.51
0.64
> 100



ADIWIDJAJA ET AL.

BRITISH
PHARMACOLOGICAL 2083
] SOCIETY
oA

TABLE 1 (Continued)
Parameter Schisantherin A Schisandrin A Schisandrol B
Induction®
’ndmux’cypgA 11.50 11.50
IndCsq (pmol L™2) 0.08 0.08

ABCB1, multidrug resistance protein 1 or p-glycoprotein; B/P, blood to plasma ratio; CAT, compartmental absorption and transit model; CL;,;, hepatic
intrinsic clearance; CYP, cytochrome P450; f,, fraction absorbed from the intestinal tract; fug, unbound fraction in the enterocytes; fu;,., unbound fraction
in incubation medium; fu,, unbound fraction in plasma; IndCsp, the concentration of inducer at half of Indmay; Indmax, mMaximum fold of induction; kg,
first-order absorption rate constant; k;, inhibitory constant; K;, the concentration that provides half of Kinact; Kinact» Maximum inactivation rate of CYP
enzyme; Ky, substrate concentration giving half of Vp; log Po.., the partition coefficient in oil and water; P, the effective intestinal permeability; Qgus,

the gut blood flow rate; ti,g, lag time; Vimqx, maximum rate of reaction; V,,, volume of distribution at steady-state based on total tissue volumes.

?Retrieved from ChemSpider (www.chemspider.com).

bAccessed from PubChem (pubchem.ncbi.nlm.gov) and ChREMBL (ebi.ac.uk/chembl).

°Experimental data from Zhang et al.’
dpredicted in the Simcyp Simulator.
*Optimised through a sensitivity analysis.
fAssumed equal to 1.%°

8Total CL;, value was extracted from Zhang et al.” and f.n,cypaaq Was estimated based on the extent of inhibition by ketoconazole.*
"Total CL;,s was determined from substrate depletion in human liver microsomes and f,cypsas Was based on percent of inhibition by ketoconazole.*

iIn vitro metabolism data in recombinant CYP3A4 and CYP3A5.12

JReversible inhibition towards CYP3A enzymes using erythromycin as a probe substrate.'®
kK; was derived from ICsq towards metabolism of midazolam in recombinant CYP3A4, assuming a competitive inhibition.*?

In vitro inhibition data obtained from this study.
MInhibition of transport of rhodamine 123 in Caco-2 cell line.**
"Inhibition of digoxin transport in Caco-2 cells.!*

°Parameters related to CYP3A induction were estimated from the increase of CYP3A4 mRNA in hepatocytes as a result of exposure to S. sphenanthera

extract (see Section 2 for more details).*®

reduced (NADPH) tetrasodium salt, azamulin, dipotassium hydrogen
phosphate trihydrate, potassium dihydrogen phosphate, dimethyl sulf-
oxide (DMSO) and pooled human liver microsomes (M0317) were
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). N-
desmethyl imatinib was obtained from Toronto Research Chemicals
(North York, ON, Canada). Recombinant CYP3A4 enzyme were pro-
cured from Corning (Woburn, MA; distributed by In Vitro Technolo-
gies, Noble Park, VIC, Australia).

2.1.2 | Invitro inhibition study on metabolism of
imatinib and bosutinib

The rate of formation of N-desmethyl imatinib (NDMI) from imatinib
was evaluated in recombinant CYP3A4 (rCYP3A4) and human liver
microsomes (HLM) at a concentration of 12.5 pmol CYP mL™! and
0.25 mg microsomal protein mL™?, respectively. Azamulin (5 pmol L)
was added to the latter to specifically inactivate CYP3A4 enzyme
(mechanism-based inhibition, MBI).3* This system was assumed to
represent a CYP2C8 pathway since CYP enzymes other than CYP3A4
and CYP2C8 had a very minor contribution (3%) to imatinib metabo-
lism.®® Incubation medium consisted of potassium phosphate buffer
(0.1 mol L™, pH 7.4), either HLM with azamulin or rCYP3A4, DMSO
(2%), NADPH (2 mmol L™%) and milli Q water in a final volume of
200 pL. DMSO was used at a concentration that has a minimum
impact on imatinib N-demethylation (data not shown).

An extensive in vitro study showed that recombinant CYP2C8

enzyme (supersomes) was less sensitive than human liver microsomes

(HLM) to identify potential mechanism-based inhibitors and was
characterised by a high lot-to-lot variability. Conversely, HLM are
more reliable sources of CYP2C8 enzyme to evaluate mechanism-
based inhibition of the enzyme.3¢ This is also likely to be the case for
CYP2C8
CYP3A4-inactivated HLM was chosen to evaluate potential reversible
inhibitions of CYP2C8-mediated metabolism of imatinib by Schisandra
lignans. Meanwhile, recombinant CYP3A4 enzyme was used to evalu-
ate in vitro inhibitions of CYP3A4-mediated N-demethylation of
imatinib. This was due to the lack of inhibitors capable of completely
inhibiting CYP2C8 enzyme in HLM (gemfibrozil glucuronide inhibited
the enzyme by up to 85%).>” An overlap between CYP3A4 and

CYP3AS5 substrates has been recognised. However, the contribution

reversible inhibition of enzyme. Therefore,

of CYP3ADS5 for imatinib metabolism has been ruled out from thorough
in vitro work®® and clinical studies, including in a large number of
patients genotyped for the CYP3A5 gene.®8%?

Although bosutinib has a high in vivo extraction ratio (E.), its
intrinsic clearance in HLM was low (<20% reduction after a 60-min
incubation). Thus, the CYP3A4-mediated formation of its main metab-
olite, N-desmethyl bosutinib, also known as M5,3% was followed
instead. Incubation medium for this reaction was as described for
NDMI formation, except that HLM (0.5 mg protein mL™Y) in a final
volume of 100 pL was used.

The formation rates of NDMI and M5 were determined over the
concentration range of 5-100 pmol L™? for the respective parent
compounds in the absence and presence of schisantherin A (0.1-
25 pmol L™Y), schisandrin A and schisandrol B (0.5-25 pmol L™2) with-
out pre-incubation to evaluate their potential for reversible inhibition.


http://www.chemspider.com
http://pubchem.ncbi.nlm.gov
http://ebi.ac.uk
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All incubations were performed in triplicate in 1.5 mL tubes in a shak-
ing water bath at 37°C for 60 min. The temperature of incubation
mixtures was equilibrated by placing the tubes in the water bath for
5 min. The reaction was initiated by the addition of NADPH and ter-
minated by placing the tubes on a cooling block (Selleckchem, Hous-
ton, TX, USA). Sample preparation and analytical methods for NDMI
and M5 are described in the supplementary materials.

The inhibitory constants (k;) for a selective inhibitor of CYP
enzymes are expected to be similar across different substrates of
the enzyme only for purely competitive inhibitions.*® This is, how-
ever, not generally the case due to the possibility of non-
competitive and mixed inhibition** Thus, specific k; values for
Schisandra lignans on CYP-mediated metabolism of imatinib and
bosutinib were determined in the current study. The k; values were
estimated using a nonlinear regression implemented in GraphPad
Prism version 7.02 (GraphPad Software, La Jolla, CA, USA). The
competitive, noncompetitive and  mixed-inhibition = models
(Equations 1-3, respectively) were considered. The best-fit equa-
tions for each of the k; estimations were selected based on visual
inspections of model predictions versus experimental data and

Akaike information criterion (AIC).

Vimax-[S]

=Km(1+%)+[5] W
e fs]
1+kl!
<K)[s] @
- Vinax-[S]
V_Km(1+%>+[5]<1+%) (3)

where v and V. are the rate of metabolite formation and maximum
value of v, respectively; K,,, denotes the Michaelis-Menten constant
or substrate concentration ([S]) at half of V,,.,; [I] represents the con-
centration of inhibitor; and a is a number equal to or larger than 1 that
indicates the ‘mix’ of competitive and noncompetitive mechanisms. It
is noteworthy that the reversible enzyme inactivation in the Simcyp
Simulator is modelled solely by competitive inhibition. Theoretically,
the discrimination between competitive and noncompetitive inhibi-
tions is not critical when concentrations of substrates are much lower
than their K,, values, which is often the case in the clinical setting.*4?
Nevertheless, assigning the best-fit model is necessary for an accurate
estimation of k;.

Nonspecific binding to microsomal membrane and CYP proteins
may lead to an overestimation of k; values.*® Thus, the k; values for
Schisandra lignans were corrected for nonspecific binding during incu-
bation (fu;,.) based on their partition coefficients (log P) and protein
concentrations ([P]) in incubation mixtures (Equation 4).*4

1

fUine = W

Stability of Schisandra lignans in incubation medium was determined
by measuring the remaining concentrations after 60-min incubation
(supplementary materials). Evaluations with a more intensive sampling
time were performed for those showing significant depletion com-
pared to control (one-way analysis of variance with Tukey post-hoc
test, GraphPad Prism version 7.02). Potential depletion of the inhibi-
tors was modelled by first-order kinetics as reported previously.*
Corrections for k; values accounting for the concentrations of inhibitor

d45,46

at the en and mid-time of incubation*® have been proposed, the

latter of which was adopted for this study.

2.2 | PBPK models for Schisandra lignans

All population-based PBPK modelling and simulations were con-
ducted using the Simcyp Simulator (version 17 release 1, Certara
UK Limited, Simcyp Division, Sheffield, UK) using the ‘healthy Chi-
nese’ and ‘general North European Caucasian’ population library
data, which represent typical healthy adult people from the respec-
tive ancestry. The description of Simcyp Simulator workflow, basic
algorithm and ordinary differential equations have been detailed
previously.4748

The drug-related input parameters for Schisandra lignans are
in Table 1. The first-order
parameterised by the fraction of oral dose that enters the gut wall

summarised absorption model
(fo), and the first-order absorption rate constant (k,) was used for
schisantherin A and schisandrol B, while a more sophisticated
model, that is the compartmental absorption and transit (CAT)
model was employed for schisandrin A. A whole-body PBPK model
was used to describe the distribution of the three lignans. Drug
partitioning to each of the tissue compartments was predicted in
silico using the algorithms by Poulin and Theil (for schisandrin A
and schisantherin A)’ or Rodgers and Rowland (schisandrol B).2
Partition coefficients (log P) of neutral compounds are generally
the most influential parameter dictating the extent of distribution
to different tissues.24’ A global sensitivity analysis suggested that
uncertainties in tissue composition (that is concentrations of neu-
tral lipids, neutral phospholipids, albumin and intracellular and
extracellular water), but not tissue volumes may affect the in silico
predictions of Vi of neutral compounds. Inter-correlation between
tissue composition and log P also had a significant impact on the
estimation of K, (tissue-to-plasma partition coefficients).*” For neu-
tral compounds with a relatively small log P, e.g. schisantherin A,
both prediction methods by Rodgers and Rowland® and Poulin and
Theil” performed similarly. Therefore, the latter was selected for
schisantherin A due to its simplicity. Interestingly, the Rodgers and
Rowland algorithm provided a better estimate of K, of schisandrol
B to different tissues, reflected by a better predictive performance
of its pharmacokinetic profile compared to that of Poulin and Theil
despite similar overall extent of distributions (V). However, the
Rodgers and Rowland method tends to overestimate V,; and K, for
highly lipophilic neutral compound, e.g. schisandrin A and thus the
algorithm by Poulin and Theil is preferable for this lignan.
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The intrinsic clearance (CL;,;) of schisandrin A was obtained
from re-analysis of its depletion in HLM, while contribution of
CYP3A enzymes (fm cypsa = 0.76) was estimated from the percent of
inhibition by ketoconazole.!* CL,,; of schisantherin A’ and
schisandrol B2 were also specified based on their metabolic path-
ways.!! The mechanism-based inhibition and induction of CYP3A4
following the chronic exposure to S. sphenanthera extract were mod-
elled by an enzyme turnover model, depicted by an increase in deg-
radation and synthesis of the active enzyme, respectively.*®>° The
maximum fold of induction (Ind,.,) of schisandrin A was based on
the fold-increase of CYP3A4 mRNA in hepatocytes after exposure
to S. sphenanthera extract (contains 2.7% of schisandrin A)'® and
was normalised to the difference of fold-induction by rifampicin in
this study compared to its standard value.>° The associated IndCs,
was around 3 pg mL™1 of S. sphenanthera extract, which was equiva-
lent to 0.2 pmol L™t of schisandrin A. This was further corrected for
the nonspecific binding during incubation (estimated fu;,. of 0.4,
Equation 4) assuming that 0.32 mg protein was present per million
of hepatocytes (according to the hepatocellularity and content of
microsomal protein per gram of liver®?).

Since schisantherin A is also a major constituent of

S. sphenanthera extract,’?

its induction parameters towards CYP3A
enzymes were assumed to be the same as those for schisandrin

A. Induction of CYP3A4 enzyme is not analogous to a reversible

TABLE 2

lignans
Dosing Pharmacokinetic
regimens® Population parameter

Schisandrin A
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inhibition due to a possibility for different binding sites on the
enzyme (that is competitive, noncompetitive and mixed-inhibition)
in the latter. This results in a high variability of inhibitory constants
(k) across different substrates, even for a selective CYP inhibitor,
as has been observed with ketoconazole.*® Conversely, induction
of CYP3A4 enzyme involves binding and stimulation of pregnane X
receptor (PXR), a nuclear receptor that regulates the expression of
CYP3A genes.>® This receptor binds to a variety of compounds
(ligands) in a relatively nonspecific manner®* and thus, the variabil-
ity of in vitro induction parameters of CYP3A4 enzyme between
structurally similar compounds is expected to be lower than that of
reversible enzyme inhibition.

PBPK simulations for Schisandra lignans were performed (10 vir-
tual trials each) with trial designs (number of people, ethnicity, age
range, proportion of male to female and dosing regimens) matched
to the corresponding clinical studies (Table 2). Clinically-observed
concentrations were superimposed to simulated profiles to allow
visual inspection of the predictive performance. Prediction differ-
ences of pharmacokinetic parameters for the three lignans,
expressed as the ratio of PBPK model prediction to clinically-
reported parameter values were also evaluated. PBPK simulations
were also carried out to evaluate the capability of PBPK models of
Schisandra lignans in predicting the extent of interactions with
midazolam and tacrolimus with trial designs as detailed in Table 3.

Comparison of PBPK model prediction and clinically-observed values for pharmacokinetic parameters of the three Schisandra

14.50 mg, single
dose

Schisantherin A

14.65 mg, single
dose

Schisandrol B

0.36 mg, single
dose

Healthy males from
Chinese ancestry
(n =8, aged
23-24 years)

Healthy males from
Chinese ancestry
(n =8, aged
23-24 years)

Healthy males from
Korean ancestry
(n =10, aged
24-31 years)©

Crnax (ng mL™?)
tmax (h)

AUCo 241
(hgh™*mL™)

Crnax (ng mL™?)

tmax (h)

AUCo_24n
(hgh™*mL™)

Crnax (ng mL™?)
tmax (h)

AUCo_24n
(hgh™*mL™Y)

CL/F (Lh™Y)

Clinically-
PBPK model observed Prediction
prediction® value fold-difference Reference
56.5 632+299  0.89 53
0.7 1.3+0.3 0.54
286.9 295.0 0.97
+157.7
348.2 400.3 0.87 55
+105.3
0.8 1.2+0.5 0.67
2324.7 2589.4 0.90
+885.4
7.9 90+0.8 0.88 56
0.3 0.3+0.1 1.00
23.2 23.5+4.8 0.99
16.8 19.8 £ 2.6 0.85

AUCq_,4p, area under the plasma concentration-time curve during 24 h after dose; CL/F, apparent clearance; Cqx, peak plasma concentration; t,., time to

reach Cpax.
2Given as Schisandra sphenanthera extract.
PReported as geometric mean values of PBPK model prediction.

“Population data for people from Chinese ancestry within the Simcyp Simulator were used for the PBPK simulation.


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=606
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=606
http://ng.h.mL
http://ng.h.mL
http://ng.h.mL
http://ng.h.mL
http://ng.h.mL
http://ng.h.mL
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PBPK models for perpetrator and victim compounds were linked
through competitive inhibition, MBI and induction of hepatic and
intestinal CYP3A enzymes as described previously.*® The PBPK
model of tacrolimus based on clinical pharmacokinetic data in peo-
ple from European ancestry®” was utilised (Table S1). The default
PBPK model of midazolam within the Simcyp Simulator was initially
used for PBPK prediction of the interaction with S. sphenanthera.'®
However, the apparent clearance (CL/F) of midazolam in the associ-
ated clinical study was around two- to three-fold lower than
clinically-reported values in Chinese people.’® The reason for a far
lower clearance in this cohort is not yet clear. Therefore, input
parameters related to elimination of midazolam in the model were
adjusted with f, for CYP3A4, and CYP3A5-mediated pathways
were fixed at the same values as those defined in the default
model (Table S1).

2.3 | PBPK prediction of interactions with imatinib
and bosutinib

Input parameters for the PBPK model of imatinib and bosutinib®® are
summarised in Table S1. Development and verification of the PBPK
model of imatinib in adults from European ancestry at both single-
dose administration and steady-state have been detailed elsewhere.®°
The PBPK model was also verified against clinical pharmacokinetic
data in people from Chinese ancestry (unpublished). Verification of
the PBPK model of bosutinib in healthy people receiving the drug
alone and with rifampicin, a strong CYP3A inducer is summarised in
Figure S1 and Table S3.

PBPK simulations were carried out with n = 100 (40% female,
aged 35-65 years) in European and Chinese populations. Imatinib
was given at hypothetical single- and multiple-dose of 400 mg,
while bosutinib was administered at a single oral dose of 400 mg.
The typical maintenance dosing regimens were assigned for each
Schisandra lignan based on their contents in commercial product®?
and recommended dose of S. sphenanthera extract. Schisantherin A
(9.4 mg), schisandrin A (6.8 mg) and schisandrol B (0.5 mg) were
administered every 8 h for 14 days (steady-state concentrations
were assumed to be achieved within this timeframe). The simulated
ratios of area under the plasma concentration-time curve (AUC) of
imatinib and bosutinib and ratio of trough concentrations (Ciinss)
of imatinib with and without the lignans were used to predict the

magnitude of interactions.

2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY,®? and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18.6%¢4
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3 | RESULTS

3.1 | Inhibition of in vitro metabolism of imatinib
and bosutinib by Schisandra lignans

Inhibitions of metabolite formation from imatinib and bosutinib by
Schisandra lignans mainly followed a competitive inhibition model as
depicted in Figure 1. For model selection, the proposed models (com-
petitive, noncompetitive and mixed-inhibitions) were fitted to the
experimental data, and their goodness-of-fit based on AIC is
summarised in Table S2. The Dixon plot was used to estimate k; of
schisandrol B towards CYP3A4 metabolism pathway of imatinib owing
to a better fit to experimental data compared to the models detailed
in Equations 1-3 (Figure 1C). Schisantherin A exhibited the strongest
inhibitory activity towards CYP3A4-mediated metabolisms of imatinib
and bosutinib (k;,, of 0.07 and 0.03 pmol L%, respectively). Accord-
ingly, the ratios of unbound therapeutic plasma concentration of
schisantherin A (0.05-0.06 umol L%, Figure 2) to its ki, values far
exceeds 0.02, the cut-off for screening of potential reversible drug
interactions.> Unlike bosutinib, the CYP3A4-mediated metabolism of
imatinib was not reversibly inhibited by schisandrin A to a significant
extent (k;,, of 2.7 vs 40.1 pmol L~%, respectively). Overall, ki, values for
bosutinib were substantially lower than those for imatinib. All the
lignans exerted potent inhibitory activities towards the CYP2C8
enzyme, with k;,, of less than 0.5 pmol L~ (Figure 1D-F). In vitro inhi-
bition of the CYP2C8 metabolism pathway of imatinib were not
enhanced by pre-incubation with the lignans, implying a non-time-
dependent mechanism. Schisandrin A is a substrate for CYP3A
enzymes'? and both schisantherin A and schisandrol B*? are also
metabolised by these isoenzymes, albeit to a lesser extent than
schisandrin A. As expected, concentration of schisandrin A, but
neither that of schisantherin A nor schisandrol B was reduced
during the incubations with HLM and rCYP3A4 (Figure 3). The associ-
ated k;, values were corrected for this depletion over the course of

incubation (Figure 1).

3.2 | PBPK models for Schisandra lignans

PBPK predictions of pharmacokinetics of schisandrin A, schisantherin
A and schisandrol B following a single-dose administration of
S. sphenanthera extract were similar to the clinically-observed values
(Figure 2, Table 2). However, substantial deviations from the 1.25-fold
criterion were observed for prediction of t,,, of schisandrin A and
schisantherin A. There was good agreement between PBPK model
predictions and clinical pharmacokinetic data of midazolam and
tacrolimus with and without concomitant administration of
S. sphenanthera extract. The clinically-observed concentrations of
both victim drugs all lay within the 5th to 95th percentiles of PBPK
prediction (Figure 2). In line with that, the prediction differences for
pharmacokinetic parameters of midazolam and tacrolimus and more

importantly, ratios of Cp,qx and AUCq_o41, in the presence and absence
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Determination of inhibitory constants (k;,,) of Schisandra lignans on CYP3A4- (A-C) and CYP2C8-mediated N-demethylation of

imatinib (D-F) and CYP3A4-mediated formation of N-desmethyl bosutinib (G-1). Formation rates of N-desmethyl bosutinib were expressed as
peak ratios to the internal standard due to the absence of an authentic standard. Inhibition models that fitted best to each set of experimental
data and their associated k; , values are summarised. Experimental data are depicted as the mean values and standard deviations (n = 3)

of interactions with Schisandra lignans were within 1.25-fold (range:
0.94-1.15), except for Cpnax of midazolam (Table 3).

3.3 | PBPK prediction of interactions with imatinib
and bosutinib

Schisandra lignans at their recommended dose were predicted to
increase systemic exposure (AUC) of a single dose of imatinib in peo-
ple from Chinese or European ancestry by 40% and 33%, respectively
(Figure 4A, D). Conversely, interactions with imatinib at steady-state
were predicted to be of no clinical importance in either population
(less than 5% increase in AUCo_24nss and Cpyinss Of imatinib). Systemic
exposure of bosutinib on day 1 (AUCq_.,) represents the values at
steady-state (AUCp_o4nss) since it lacks auto-inhibitory activity
towards CYP3A4 and thus the extent of interactions with Schisandra
lignans were predicted to be similar between single- and multiple-
dose administrations of bosutinib. PBPK simulations enable prediction
and interpretation of clinical consequences from different mechanism
of interactions in isolation. PBPK model prediction of AUC ratios of

bosutinib in European people assuming reversible and MBI (with

induction) alone were 2.2 and 1.6, respectively (Figure 4F) which
suggested a larger contribution of the former to overall interaction

between Schisandra lignans and bosutinib.

4 | DISCUSSION

PBPK models of the three lignans in S. sphenanthera responsible for
interactions with CYP3A substrates were successfully developed in
this study. The PBPK models have an excellent performance in
predicting the interactions with midazolam® and tacrolimus® with
Schisandra lignans as observed in the corresponding clinical studies.
The verified models were then implemented to predict (a priori) the
extent of interactions with imatinib and bosutinib. It is noteworthy
that S. sphenanthera is less commonly used in Western countries com-
pared to Schisandra chinensis.! However, there is a paucity of clinical
pharmacokinetic data for the latter. Despite a substantial difference in
the trend and

extent of interactions with midazolam, a probe drug for CYP3A

major constituents for both Schisandra species,>?

enzymes at an equivalent dose of the respective extracts, are likely to

be similar.*
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FIGURE 2 Comparison of PBPK simulations and clinically-observed concentrations of schisantherin A (A), schisandrin A (B) and schisandrol B
(C). PBPK model prediction of interactions between Schisandra lignans and midazolam (D) and tacrolimus (E). Clinically-observed data (mean
concentrations with associated standard deviations) are overlaid on simulated pharmacokinetic profiles shown in linear scales with the
corresponding semi-logarithmic plots as insets. All clinical pharmacokinetic data were from studies in healthy Chinese people, except for

schisandrol B which were from people of Korean ancestry

Although the PBPK models for schisandrin A and schisantherin

A have been described before,”%®

the evaluation of their capabilities
in describing the clinically-observed interactions with victim drugs is
lacking. And, more importantly, PBPK predictions from these models
were strictly limited to interactions with single isolated compounds
and not as a combination of Schisandra lignans, the latter of which
is more relevant in the clinical setting. Inhibition of tacrolimus
metabolism by the combination of schisandrin A and schisantherin A
was considerably overestimated using the previously reported
models.? This limitation was inherently circumvented by the incorpo-
ration of CYP3A induction®® to the models as described in this
study (Table 1). Upregulation of pregnane X receptor (PXR), which
underlies the induction of CYP3A enzymes by constituents in the
S. sphenanthera extract, has been highlighted in sandwich-cultured

human hepatocytes and animal models,%*>¢”

although the predomi-
nant net outcome following a chronic exposure to the extract in
clinical pharmacokinetic studies was CYP3A inhibition.2¢"1? In this
complex interaction scenario (simultaneous reversible and
mechanism-based inhibitions and induction of CYP3A enzymes by
multiple modulators), a PBPK modelling approach is best positioned
to provide a more mechanistic prediction of the extent of interac-
tion.*® A comprehensive characterisation of metabolic pathways for
each of the perpetrator compounds in S. sphenanthera extract''*?
also enables auto-inhibition and potential interactions among
Schisandra lignans to be accounted for in the PBPK models.
However, a lack of clinical pharmacokinetic data following multiple-
dosing regimens of S. sphenanthera extract limited further verifica-

tion of the models at steady state.

It is noteworthy that while clinical pharmacokinetic data for
schisandrin A and schisantherin A were extracted from a study by
Wei et al.>® clinical data of schisandrol B were taken from another
study.>® This was necessary because concentration of schisandrol B
in S. sphenanthera extract used in the former was questionably far
lower than that normally found in commercially available extracts
(0.01%° vs 0.05-0.07%°%%%). This resulted in unrealistically high and
low values of AUC and the corresponding apparent clearance
(CL/F) of schisandrol B, respectively® and thus, clinical pharmacoki-

1.5¢ was used instead to ver-

netic data from the study by Kim et a
ify the PBPK model of schisandrol B. Unfortunately, clinical data of
both schisandrin A and schisantherin A were not reported in this
study.

The interactions between Schisandra lignans and both midazolam
and tacrolimus in Chinese people were predicted with excellent accu-
racy (Figure 2, Table 3). The simulation results implied that the PBPK
model for tacrolimus, which was originally developed in European
people,®” could seamlessly be extrapolated to a Chinese population
relying on the differences in body size, amount of CYP3A enzymes
and frequency of CYP3AS5 expression in the populations.®® Con-
versely, the elimination components for the default PBPK model of
midazolam in the Simcyp Simulator had to be adjusted due to a far
lower CL/F of midazolam in the associated clinical interaction study,
compared to previously reported values.’® Despite this modification,
the overall trend of interaction between Schisandra lignans and
midazolam was well captured by the PBPK simulation, shown by simi-
lar ratios of AUC and C,,,.x compared to the clinically-reported param-

eter values (Table 3). S. sphenanthera was predicted to affect
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azamulin) and recombinant CYP3A4 (rCYP3A4) compared to control (A). Concentrations of schisandrin A declined mono-exponentially over
60-min incubations with HLM (B) and rCYP3A4 (D). Conversely, schisandrin A was relatively stable in HLM in the presence of azamulin (C). *
means significantly different to control (P < .01; one-way analysis of variance)

midazolam given intravenously to a lesser extent than that by oral
administration (AUC ratios of 1.4 vs 2.0, respectively; simulations not
shown), suggesting a more extensive inhibition of intestinal CYP3A
compared to the corresponding enzymes in hepatocytes.

PBPK simulations highlighted that the recommended oral dosing
regimen of schisantherin A, schisandrin A and schisandrol B increased
the systemic exposure of imatinib by 30 to 40% after a single dose of
the drug. Conversely, it was predicted to have no effect on imatinib
concentrations at steady state (Figure 4). This disparity was attributed
to the mechanism-based inactivation of CYP3A4%° by a reactive
metabolite of imatinib.”® This leads to a lower sensitivity towards
CYP3A inhibition at steady-state, as demonstrated by a lack of
clinically-significant interaction between imatinib and ritonavir.”*
Although steady-state CL/F of imatinib is relatively susceptible to
CYP3A induction, e.g. by carbamazepine and phenytoin,”? the pre-
dominant outcome from a chronic exposure to Schisandra lignans is a
CYP3A inhibition and not induction.”>*? Inhibition of CYP2C8
enzyme by Schisandra lignans was evaluated given the importance of

this enzyme on imatinib metabolism.”® This, however, was predicted

to have a minimum impact on steady-state concentrations of imatinib,
possibly due to a low Ey of imatinib.

To our knowledge, this is the first study to highlight a reversible
CYP2C8 inhibition by Schisandra lignans which may have clinical impli-
cations for other CYP2C8 substrates. The extent of interactions
between imatinib and S. sphenanthera extract in Chinese and
European people were predicted to be similar. It is worth mentioning
that the PBPK models of Schisandra lignans have not been verified in
European people due to the lack of clinical pharmacokinetic data in
this population.

Bosutinib is primarily metabolised by CYP3A4 enzyme with a
contribution of this pathway (fy cypsas) Of approximately 0.9, esti-
mated from a clinical interaction study with ketoconazole’* based on
the ratio of systemic exposure of bosutinib in the presence and
absence of the CYP3A inhibitor.”> This was in concordance with
in vitro metabolic phenotyping which hinted at a significant role of
CYP3A4 enzyme (but not CYP3AS5) in bosutinib metabolism with
minor contribution from flavin-containing monooxygenase (FMO) and

uridine 5'-diphospho-glucuronosyltransferase (UGT) enzymes.®®7¢
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FIGURE 4 PBPK model prediction of the interactions between Schisandra sphenanthera extract and imatinib (400 mg) at single- (A, D) and

multiple-dosing regimens (B, E) and single 400 mg of bosutinib (C, F). PBPK simulations were performed in both European and Chinese
populations and depicted as mean predicted concentrations in the presence and absence of co-administration with S. sphenanthera. Schisantherin
A (9.4 mg), schisandrin A (6.8 mg) and schisandrol B (0.5 mg) were given every 8 h as recommended in the product information. MBI, mechanism-

based inhibition

Renal clearance accounts for up to 4% of total clearance of
bosutinib.”” N-desmethyl bosutinib (M5) and oxydechlorinated
bosutinib (M2) are the main circulating metabolites in plasma with sys-
temic exposures (AUC) of approximately 25 and 20% of the parent
drug, respectively.”®”” Bosutinib did not
CYP3A4-mediated metabolism,”®  thus
expected to interact with bosutinib at single- (Figure 4) and multiple-

inhibit its own
Schisandra lignans was
dosing regimens (results not shown) to a similar extent. Unlike
imatinib, bosutinib has a high hepatic extraction ratio and its metabo-
lism relies heavily on CYP3A4 enzyme.®® Therefore, it was unsurpris-
ing that bosutinib was predicted to be more affected by Schisandra
lignans compared to imatinib (Figure 4). PBPK simulation indicated a
more important role of reversible compared to mechanism-based
inactivation of CYP3A enzymes to the overall interaction between
Schisandra lignans and bosutinib. However, given a long turnover half-
life for CYP3A4 (approximately 1.5 days’?), the effect of MBI towards
this enzyme may persist beyond cessation of S. sphenanthera
consumption.

There appears to be a relationship between systemic exposure of
bosutinib, represented by an AUC metric, and the occurrence of non-
haematologic adverse events. The target AUCq_ 54, for bosutinib is
likely to be around 2.5-3 pg h™* mL™, above which the probability of
developing diarrhoea and rash reaches a maximum without significant

improvement in clinical responses.®° Based on this apparent threshold

for target AUC, the PBPK simulations suggested that daily dose of
bosutinib should be reduced from 400 to 150-200 mg in the presence
of interaction with Schisandra lignans at clinically-relevant
concentrations.

One of the limitations of the current work is that the MBI®! and
induction of CYP3A enzymes by schisandrol B2 were not included in
the PBPK model. The available data for a key related parameter, that
is the ratio of Kinaet to K; of schisandrol B8 is unrealistically higher
than that of schisandrin A and schisantherin A’ (336 vs 1 and
2L pmolf1 h-1, respectively). Nevertheless, this exclusion was likely
to have a minimum impact on the accuracy of PBPK predictions due
to a substantially lower plasma concentration of schisandrol B com-
pared to the other two lignans. Another limitation of the current study
is the reliance on the assumption that Schisandra lignans are solely
responsible for the interactions with CYP substrates. However, this is
reasonable as other constituents of S. sphenanthera extract are either
unlikely to interact with CYP3A4 and CYP2C8 enzymes (e.g. lipids or
triacylglycerols and essential oils) or are present at very low concen-
trations, e.g. p-sitosterol (0.5%).8° Although B-sitosterol has been
reported as a CYP3A inhibitor (ICso = 421 pmol L™1),84 the steady-
state concentrations that may be attained from a standard clinical
dose of S. sphenanthera extract is lower than its ICsq by five orders of
magnitude.> A further limitation to this study is a lack of consider-

ation for pharmacodynamic-based interactions with both imatinib and
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bosutinib. A clinical study in Chinese liver transplant recipients
suggested that S. sphenanthera extract may alleviate diarrhoea associ-
ated with treatment with tacrolimus.* Given diarrhoea is also common
in patients receiving imatinib or bosutinib,22318° Schisandra lignans
may help ameliorate this adverse event. Constituents of
S. sphenanthera extract also exhibited anti-cancer activity, although
with evidence strictly limited to in vitro data in different cancer cell
lines.>® Potential clinical benefits for patients with CML remain to be

investigated.

5 | CONCLUSIONS

PBPK models for the constituents of S. sphenanthera extract responsi-
ble for interactions were successfully developed and verified using
existing clinical pharmacokinetic and herb-drug interaction data with
midazolam and tacrolimus. S. sphenanthera extract at a clinically-
relevant dosing regimen was predicted to have little to no effect on
imatinib concentrations, but to increase bosutinib systemic exposure
by up to three-fold. Further clinical studies to confirm the extent of
interaction with bosutinib and implications for the clinical outcomes

are warranted.
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