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Abstract
Background A combination of the antipsychotic olanzapine and opioid receptor antagonist samidorphan (OLZ/SAM) is in 
development for the treatment of patients with schizophrenia or bipolar I disorder. The effect of severe renal impairment on 
the pharmacokinetics of olanzapine and samidorphan after a single oral dose of OLZ/SAM was evaluated in a clinical study. 
Complementary to the clinical findings, physiologically based pharmacokinetic modeling was used to assess the effects of 
varying degrees of renal impairment on the pharmacokinetics of olanzapine and samidorphan.
Methods A physiologically based pharmacokinetic model for OLZ/SAM was developed and validated by comparing model-
simulated data with observed clinical data. The model was applied to predict changes in olanzapine and samidorphan phar-
macokinetics after administration of OLZ/SAM in subjects with mild, moderate, and severe renal impairment relative to 
age-matched controls with normal renal function.
Results The model predicted 1.5- and 2.2-fold increases in olanzapine and samidorphan area under the plasma concentra-
tion–time curve (AUC), respectively, after a single dose of OLZ/SAM in subjects with severe renal impairment vs controls, 
which was consistent with results from the clinical study. Application of the model prediction indicated increases in steady-
state olanzapine AUC of 1.2-, 1.5-, and 1.6-fold, and samidorphan AUC of 1.4-, 1.8-, and 2.2-fold, in subjects with mild, 
moderate, and severe renal impairment, respectively, relative to healthy controls.
Conclusions Physiologically based pharmacokinetic modeling extended the findings from a clinical study in severe renal 
impairment to other untested clinical scenarios; these data could be of interest to clinicians treating patients with renal 
impairment.
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1 Introduction

A combination of olanzapine and samidorphan, an opioid 
receptor antagonist [1–3], is in development for the treatment 
of patients with schizophrenia or bipolar I disorder. The addi-
tion of samidorphan to olanzapine (OLZ/SAM) is intended to 
provide the established antipsychotic efficacy of olanzapine 
[4–9] while mitigating olanzapine-associated weight gain [10].

The pharmacokinetics of olanzapine and samidorphan 
has been characterized after oral administration of either 
compound alone or in combination [11–14]. Olanzapine is 

mainly eliminated via direct glucuronidation and cytochrome 
P450 (CYP)-mediated hepatic metabolism; only 7% of the 
administered dose is excreted renally as unchanged olanzap-
ine [15]. Samidorphan is eliminated primarily via CYP3A4-
mediated hepatic metabolism, with approximately 20% of 
the administered dose being excreted renally as unchanged 
samidorphan [16]. It was of interest to investigate the effect 
of renal impairment (RI) on the pharmacokinetics of olan-
zapine and samidorphan because schizophrenia and bipolar 
disorder have been associated with increased risks of chronic 
kidney disease (CKD) [17, 18], and RI can affect the clear-
ance of both renally and non-renally cleared drugs [19, 20].

Physiologically based pharmacokinetic (PBPK) modeling 
was initially applied to predict the effect of varying degrees 
of RI on the pharmacokinetics of olanzapine and samidor-
phan after OLZ/SAM administration. However, given that 
the concept of using PBPK modeling to prospectively pre-
dict drug pharmacokinetics in subjects with RI has not been 

http://orcid.org/0000-0001-8772-3217
http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-020-00969-w&domain=pdf


638 L. Sun et al.

Key Points 

Physiologically based pharmacokinetic (PBPK) mod-
eling was used to assess the impact of renal impairment 
on the pharmacokinetics of olanzapine and samidorphan 
given in combination (OLZ/SAM).

Model-predicted changes in pharmacokinetic param-
eters aligned with those observed in a clinical study that 
evaluated the effect of severe renal impairment on the 
pharmacokinetics of olanzapine and samidorphan.

Use of PBPK modeling allowed for the prediction of the 
effects of mild, moderate, and severe renal impairment 
on the steady-state pharmacokinetics of olanzapine and 
samidorphan after multiple-dose administration of OLZ/
SAM in lieu of additional clinical studies.

NJ, USA) as described previously [22]. Briefly, a minimal 
PBPK model was used for olanzapine that included a sin-
gle adjusting compartment combining all tissues except 
the intestine, liver, and portal vein (Fig. 2a). A full PBPK 
model, which included additional tissues such as adipose, 
brain, bone, heart, lung, muscle, and skin, was used for 
samidorphan (Fig. 2b). These models were selected because 
they described the disposition of each component of OLZ/
SAM with reasonable accuracy when compared with exist-
ing clinical data. A minimal PBPK model was adequate 
for describing the disposition of olanzapine, while a full 
PBPK model led to improved recovery of the observed half-
life of samidorphan. The input parameters for each model 
have been previously described [22] and are presented 
in Table 1. These parameters take into account available 
in vitro metabolism and in vivo clinical data, such as plasma 
protein binding, Caco-2 cell permeability, interaction with 
P-glycoprotein, absorption rate kinetics, enzyme effects, 
and other pharmacokinetic data [23–26]. Both olanzapine 
and samidorphan were assumed to have first-order absorp-
tion kinetics, as first-order models were able to capture the 
absorption profiles of both olanzapine and samidorphan 
adequately.

Elevated serum creatinine levels indicate varying levels 
of RI [27]. Within the Simcyp Simulator, a serum creatinine 
value (µmol/L) was generated for each individual from a log-
normal distribution defined by a mean and coefficient of var-
iation (depending on the RI category). This value was then 
used in the Cockcroft–Gault equation to estimate creatinine 
clearance (mL/min). The creatinine clearance was divided 
by a value of 120 or 130 for female and male patients, 
respectively, to determine a scalar of renal function, which 
was then applied directly to the renal plasma clearance input. 
A mean serum creatinine level of 105 µmol/L (with a corre-
sponding coefficient of variation of 9%) was applied to gen-
erate appropriate levels in a population with mild RI [27]. 
The corresponding parameters for moderate and severe RI 
were the default values of the Sim-RenalGFR_30–60 and 
RenalGFR_less_30 populations, respectively (Table 2).

Anemia develops as a consequence of CKD, and 
decreased hemoglobin and/or hematocrits have been 
reported for male and female patients with CKD [28, 29]. 
For mild RI, moderate RI, and severe RI, hematocrit values 
of 39.7%, 39.7%, and 33.2% were applied to male patients, 
respectively, and hematocrit values of 36.5%, 36.5%, and 
31.3% were applied to female patients, respectively (Table 2) 
[28, 29].

Changes in drug plasma protein binding are often 
observed in mild, moderate, and severe RI owing to 
decreased levels of albumin (a direct consequence of hyper-
albuminuria in subjects with CKD) or an increase in plasma 
levels of alpha acid glycoprotein [30]. Within the Simula-
tor, depending on the main binding protein, the generated 

systematically established [21], a clinical study was con-
ducted to evaluate the effect of RI and to verify the PBPK 
modeling predictions. Because neither olanzapine nor sami-
dorphan is predominantly renally eliminated, only severe RI 
was evaluated in the clinical study [16], where any change 
in clearance would be most pronounced.

In that study, severe RI resulted in decreases of olanzap-
ine and samidorphan clearance of 33% and 56%, respec-
tively, after a single dose of OLZ/SAM 5 mg/10 mg (5/10) 
[16]. Consistent with the decrease in clearance, area under 
the plasma drug concentration-time (C–T) curve from time 
0 to infinity (AUC 0-∞) was increased 1.51- and 2.31-fold, 
while maximum concentration (Cmax) was increased 1.32- 
and 1.37-fold for olanzapine and samidorphan, respectively, 
in subjects with severe RI relative to healthy control sub-
jects. To expand upon the single-dose pharmacokinetic find-
ings from the OLZ/SAM clinical study in severe RI to other 
untested clinical scenarios, PBPK modeling was verified 
against existing clinical data and used to predict the effect 
of mild, moderate, and severe RI on the steady-state phar-
macokinetics of olanzapine and samidorphan after multiple-
dose administration of OLZ/SAM.

2  Methods

The PBPK modeling reported here consisted of three reitera-
tive steps, as outlined in Fig. 1 and described in detail below.

2.1  Model Development

Separate PBPK models for olanzapine and samidorphan 
were developed in the Simcyp Simulator (Certara, Princeton, 
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albumin or alpha acid glycoprotein levels ([P]) for a disease 
population may be used against a reference value for healthy 
subjects ([P]pop) to calibrate the fraction unbound (fu) for the 
latter  (fupop) to a disease population value (fu), according to 
the following equation:

The default values of the healthy volunteer library were 
used for the generation of albumin levels in virtual subjects 
with mild RI. The corresponding parameters for moderate 
and severe RI were the default values of the Sim-Renal-
GFR_30–60 and RenalGFR_less_30 populations, respec-
tively. For both samidorphan and olanzapine, it was assumed 
that the main binding protein was albumin [11]. Albumin 
levels for subjects with normal RF and with mild, moderate, 
and severe RI are shown in Table 2.

Non-renal clearance of drugs consists largely of hepatic 
metabolism mediated by CYP and UGT enzymes. Although 
hepatic enzyme expression data in subjects with RI are not 
available, abundance values have been extrapolated using 
clinical data from patients with mild, moderate, or severe RI 
(Table 2) [19, 31]. The default values in the Simcyp Simu-
lator for CYP1A2, CYP2C8, and CYP3A4 in the moder-
ate and severe RI populations were applied in all simula-
tions. Sayama and colleagues analyzed data for 151 drugs 
in subjects with moderate and severe RI to derive scalars for 

fu =
1

1 +
[

[P]

[P]pop
×
(1−fupop)

fupop

]
.

changes in non-renal clearance via CYP and UGT-mediated 
metabolism and via other undisclosed mechanisms [31]. 
Median scalars of 0.68 and 0.65 were reported for changes 
in CYP-mediated hepatic metabolism for patients with mod-
erate and severe RI relative to healthy subjects, respectively. 
Corresponding values of 0.67 and 0.59 were reported for 
median changes in UGT metabolism. These latter values 
were applied to hepatic UGT1A4 abundance values of 52 
pmol/mg protein in healthy subjects to obtain estimates of 
34.8 and 30.7 pmol/mg protein in moderate and severe RI, 
respectively. The CYP3A4 abundances for a population with 
mild RI based on extrapolation from clinical data (nifedi-
pine, rivaroxaban, reboxetine, tolvaptan, tadalafil, and eple-
nerone) were estimated to be 120.9 pmol/mg protein (0.88 
of the baseline value in healthy subjects). Thus, this scalar 
was applied to obtain estimates of CYP1A2, CYP2C8, and 
UGT1A4 abundances in subjects with mild RI. The changes 
in enzyme abundance levels and in other parameters that 
were used in the simulations of subjects with RI are shown 
in Table 2.

2.2  Model Validation

The PBPK model for OLZ/SAM was previously validated 
by comparing simulated plasma C–T profiles and pharma-
cokinetic parameters of olanzapine and samidorphan with 
observed clinical data following a single dose of OLZ/
SAM 10 mg/10 mg (10/10) in healthy subjects [14, 32], and 

• Verify PBPK models for
each compound and in
combination (OLZ/SAM)
using observed single-
and multiple-dose PK
data in healthy subjects
and patients with
schizophrenia given each
compound alone or in
combination 

Compare model-predicted
effect of severe RI on PK
of OLZ/SAM with observed
single-dose PK data

•

Model
Validation

Model
Development

• Develop separate
PBPK models for
olanzapine and
samidorphan with
physiochemical
properties, in vitro and
in vivo ADME, and
clinical PK data

Optimize the models as
needed with additional
in vitro and clinical PK
data

•

Model
Application

• Apply the validated
PBPK model for
OLZ/SAM to
prospectively predict
the change in steady-
state systemic 
exposures of each
compound in subjects
with mild, moderate,
and severe RI relative
to healthy controls

Fig. 1  Schematic workflow for predicting the effect of renal impair-
ment (RI) on the pharmacokinetics (PK) of olanzapine and samidor-
phan given in combination as OLZ/SAM, using physiologically based 

pharmacokinetic (PBPK) modeling. ADME absorption, distribution, 
metabolism and excretion



640 L. Sun et al.

Fig. 2  Physiologically based 
pharmacokinetic (PBPK) mod-
els for olanzapine (a) and sami-
dorphan (b) [22]. The PBPK 
models selected for olanzapine 
and samidorphan described 
the disposition of each drug 
with reasonable accuracy when 
compared with clinical data. 
The minimal PBPK model for 
olanzapine considers both liver 
and intestinal metabolism, while 
other tissues are considered as 
a single adjusting compartment. 
The model for samidorphan 
includes discrete compartments 
for additional tissues such as 
adipose, brain, bone, heart, 
lung, muscle, and skin
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Table 1  Input parameter values [22]

Parameters in bold were used as direct inputs to Simcyp
B:P blood-to-plasma partition ratio, CLint,u unbound intrinsic metabolic clearance, CLPO oral clearance, CLR renal plasma clearance, CYP 
cytochrome P450 enzyme, fa fraction absorbed from the gut, FMO3 flavin-containing monooxygenase 3, fu fraction unbound in plasma, fumic 
fraction of unbound substrate or inhibitor in a microsomal incubation, ka first-order absorption rate constant, Ki,u enzyme competitive inhibition 
constant corrected for the fraction of unbound drug, PappAB apparent absorption permeability, Peff,man in vivo permeability, pKa negative base-10 
logarithm of the acid dissociation constant (Ka) of a solution (i.e., pKa = −log10Ka), QGut nominal blood flow in the gut, UGT  uridine diphos-
phoglucuronosyltransferase, Vss volume of distribution at steady state
a Based on Rodgers and Rowland (2006) [25] and Poulin and Thiel (2002) [26]

Parameter Source/references

Olanzapine
 Molecular weight 312.43 www.drugb ank.ca/drugs /DB003 34#admet 
 log P 2.89 El Ela et al. [23]
 Compound type Monoprotic base Callaghan et al. [11]
 pKa1 7.24 Callaghan et al. [11]
 B:P 0.62 Callaghan et al. [11]
 fu 0.07 Kassahun et al. [15]
 Vss (L/kg) 5.0 Optimizeda

 Caco-2  PappA-B 7.4:7.4  (10-6 cm/s) 17.37 Unpublished data (Alkermes, Inc.)
 Calibrator: atenolol 0.146
 Peff,man  (10-4 cm/s) 3.84 Predicted from Caco-2 data
 QGut (L/h) 13.8 Predicted from Caco-2 data
 fa 1.0 Predicted from Caco-2 data
 ka  (h-1) 0.6 Optimized
 CLint,u (μL/min/mg) 57.93 Retrograde approach using  CLPO from Callaghan et al. [11]
 CYP1A2 23.67 Enzyme contribution based on recombinant data and chemical 

inhibition data in human liver microsomes; Korprasertthaworn 
et al. [24]

 CYP2C8 4.98
 CYP3A4 4.42
 UGT1A4 20.58
 FM03 4.28
 CLR (L/h) 0.81 Kassahun et al. [15]

Samidorphan
 Molecular weight 370.44 Unpublished data (Alkermes, Inc.)
 log P 2.4 Unpublished data (Alkermes, Inc.)
 Compound type Ampholyte Unpublished data (Alkermes, Inc.)
 pKa1 (acid), pKa2 (base) 7.5; 8.2 Unpublished data (Alkermes, Inc.)
 B:P 1 Unpublished data (Alkermes, Inc.)
 fu 0.69 Unpublished data (Alkermes, Inc.)
 Vss (L/kg) 3.43 Predicted (Rodgers and Rowland, 2006) [25]
 Caco-2  PappA-B 6.5:7.4  (10-6 cm/s) 18.77 Unpublished data (Alkermes, Inc.)
 Calibrator: atenolol 0.121
 Peff,man  (10-4 cm/s) 4.60 Predicted from Caco-2 data
 QGut (L/h) 14.8 Predicted from Caco-2 data
 fa 1.0 Predicted from Caco-2 data
 ka  (h-1) 2.01 Predicted from Caco-2 data

0.7 Optimized
 CLint,u (μL/min/mg protein) 11.15 Unpublished data (Alkermes, Inc.)
 CYP3A4 5.93 Unpublished data (Alkermes, Inc.)
 Non-CYP3A4 5.22
 CLR (L/h) 11 Unpublished data (Alkermes, Inc.)
 Ki,u (μM): CYP2D6 41.5 Unpublished data (Alkermes, Inc.)
 fumic at 0.5 mg/mL 0.86

http://www.drugbank.ca/drugs/DB00334#admet
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following multiple once-daily doses of OLZ/SAM 10/10 
for 14 days in patients with schizophrenia [13]. Additional 
model validation was conducted by comparing model-
simulated C–T profiles and pharmacokinetic parameters of 
olanzapine and samidorphan, including the Cmax, AUC, and 
apparent clearance, with observed data from the clinical 
study evaluating the impact of severe RI on the pharma-
cokinetics of olanzapine and samidorphan [16]. Virtual trials 
were generated to match subject demographics (i.e., age and 
sex) and treatment characteristics of the clinical study [16]: 
ten trials of ten subjects with severe RI (30% female; aged 
38–72 years) receiving a single dose of OLZ/SAM 5/10, 
and ten trials of ten healthy controls with normal renal func-
tion (30% female; aged 59–73 years) receiving a single dose 
of OLZ/SAM 5/10. Simulated values for healthy subjects, 
with the exception of demographic data, were derived from 
a Caucasian population using default Simcyp parameter 
values.

2.3  Model Application

The validated model was applied to predict changes in 
steady-state systemic exposures of olanzapine and samidor-
phan after multiple once-daily administration of OLZ/SAM 
10/10. Each simulation consisted of ten virtual trials of ten 
subjects each (30% female; aged 38–72 years) in the fol-
lowing groups: (1) subjects with mild RI; (2) subjects with 
moderate RI; (3) subjects with severe RI; and (4) healthy 
control subjects with normal renal function, based on the 
following definitions of renal function: normal (estimated 
glomerular filtration rate [eGFR] of ≥ 90 mL/min/1.73  m2), 
mild RI (eGFR of ≥ 60 to < 90 mL/min/1.73  m2), moderate 
RI (eGFR of ≥ 30 to < 60 mL/min/1.73  m2), and severe RI 
(eGFR of ≥ 15 to < 30 mL/min/1.73  m2).

3  Results

3.1  Model Validation

Model-simulated mean plasma C–T profiles and pharma-
cokinetic parameters of olanzapine and samidorphan in 
subjects with severe RI and healthy controls after a single 
dose of OLZ/SAM 5/10 were consistent with observed data 
[16] (Fig. 3; Table 3). A high intersubject variability in the 
pharmacokinetic profiles of olanzapine and samidorphan 
was noted in subjects with RI (Fig. 3a, c) compared with 
the healthy controls (Fig. 3b, d). This is likely caused by 
alterations in drug bioavailability and clearance owing to 
chronic renal disease and/or potential pharmacokinetic inter-
actions with concomitant medications received by subjects 
with renal impairment [16]. The effects of severe RI on the 
pharmacokinetics of olanzapine and samidorphan observed 
in the clinical study [16] were well predicted (Table 4). 
Based on geometric mean data, the model predicted a 1.5-
fold increase in the total exposure (AUC 0–∞) of olanzapine 
in subjects with severe RI compared with healthy controls, 
which was consistent with the 1.5-fold increase observed in 
the clinical study [16]. Similarly, the model predicted a 2.2-
fold increase in the AUC 0–∞ of samidorphan in subjects with 
severe RI, consistent with the 2.3-fold increase observed in 
the clinical study [16]. Model-predicted reductions of 38% 
and 54% in olanzapine and samidorphan total clearance, 
respectively, in subjects with severe RI, were also consistent 
with the reductions of 33% and 56%, respectively, observed 
in the clinical study [16].

3.2  Model Application

Simulated steady-state plasma C–T profiles of olanzapine 
and samidorphan in subjects with mild, moderate, or severe 

Table 2  System parameters 
for subjects with normal renal 
function, mild RI, moderate RI, 
and severe RI

CYP cytochrome P450 enzyme, RI renal impairment, UGT  uridine diphosphoglucuronosyltransferase

Parameter Healthy Mild RI Moderate RI Severe RI

Abundance (pmol/mg protein)
 CYP3A4 137 120.9 95.2 87.3
 CYP1A2 54.0 47.7 28.4 27.4
 CYP2C8 24.0 21.2 13.1 11.3
 UGT1A4 52.0 45.9 34.8 30.7

Albumin (g/L)
 Male 45.2 45.2 41.0 37.0
 Female 43.1 43.1 39.8 31.2

Hematocrit (%)
 Male 43.0 39.7 39.7 33.2
 Female 38.0 36.5 36.5 31.3

Creatinine clearance (mL/min) 94.7 67.8 42.0 20.6
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RI compared with healthy, age-matched control subjects 
after once-daily administration of OLZ/SAM 10/10 for 14 
days are depicted in Fig. 4a, b. Model-predicted steady-
state maximum plasma concentration (Cmax,ss) and area 
under the C–T curve over the 24-hour dosing interval (AUC 
τ,ss) of olanzapine and samidorphan in subjects with mild, 
moderate, or severe RI compared with healthy controls are 
presented in Table 5. Physiologically based pharmacokinetic 
predictions indicated that Cmax,ss and AUC τ,ss of olanzapine 
and samidorphan increased consistently as the severity of RI 

increased. Compared with subjects with normal renal func-
tion, an increase in AUC τ,ss was predicted to be < 1.5-fold 
for both olanzapine and samidorphan in subjects with mild 
RI, 1.5-fold for olanzapine, and 1.8-fold for samidorphan 
in subjects with moderate RI, and 1.6-fold for olanzapine 
and 2.2-fold for samidorphan in subjects with severe RI. 
The increase in Cmax,ss was predicted to be up to 1.5-fold 
higher for both olanzapine and samidorphan in subjects with 
severe RI.
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Fig. 3  Observed and simulated concentrations of olanzapine and 
samidorphan after a single dose of the combination of olanzapine and 
samidorphan (OLZ/SAM) 5 mg/10 mg in subjects with severe renal 
impairment (RI) and in healthy controls (model validation). Observed 
and simulated concentrations of olanzapine in a subjects with severe 
renal impairment and b healthy controls, and of samidorphan in c 
subjects with severe renal impairment and d healthy controls. Insets 

in a and b depict olanzapine concentrations from 0 to 24 h, as data 
points are densely clustered during that time period. The solid line 
represents the mean for the simulated population (n = 100), and the 
dashed lines are the 5th and 95th percentiles of the population. The 
round symbols represent observed individual data from the clinical 
study [16]; each patient (n = 10) is indicated by a distinct color
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4  Discussion

A PBPK model for OLZ/SAM was developed and validated 
using observed data obtained from multiple clinical studies 
with OLZ/SAM [13, 14, 32]. The model-simulated expo-
sures for both olanzapine and samidorphan were within 25% 
of observed data in healthy subjects following a single dose 
of OLZ/SAM 10/10 [14, 32]. The model also well predicted 
the observed plasma exposure (Cmax and AUC) of olanzap-
ine (within 10%) and samidorphan (within 50%) following 
multiple-dose administration of OLZ/SAM 10/10 or 20/10 
in patients with schizophrenia [13].

The PBPK model for OLZ/SAM was further validated 
using observed data obtained from the clinical study evalu-
ating the impact of severe RI on the pharmacokinetics of 
olanzapine and samidorphan [16]. The predicted increases 
in olanzapine and samidorphan AUC 0–∞ (1.5- and 2.2-fold, 

respectively) in subjects with severe RI relative to healthy 
age-matched subjects with normal renal function corre-
sponded with decreases in their respective total clearance 
(38% and 54%). These predictions are in alignment with the 
1.5- and 2.3-fold increases in AUC 0–∞ and 33% and 56% 
decreases in total clearance of olanzapine and samidorphan, 
respectively, observed in the clinical study [16]. The greater 
effect of severe RI on samidorphan exposure and clearance 
than on that of olanzapine is likely because the extent of 
renal excretion is greater for samidorphan than for olanzap-
ine (20% vs 7%, respectively [15, 16]).

Application of the validated PBPK model for the pre-
diction of the effect of mild, moderate, and severe RI on 
the steady-state exposures of olanzapine and samidorphan 
following multiple doses of OLZ/SAM indicated that the 
impact of RI on the pharmacokinetics of olanzapine and 
samidorphan increased with increasing severity of RI. Mild 
RI was predicted to have a minimal impact on olanzapine 

Table 3  Comparison of model-predicted and observed arithmetic mean Cmax, AUC, and t½ values for olanzapine or samidorphan after a single 
dose of OLZ/SAM in subjects with severe RI and healthy control subjects with normal renal function (model validation)

AUC  area under the concentration-time curve, Cmax maximum concentration, OLZ/SAM combination of olanzapine and samidorphan, RI renal 
impairment, t½ half-life

Olanzapine Samidorphan

Cmax (ng/mL) AUC (ng·h/mL) t½ (h) Cmax (ng/mL) AUC (ng·h/mL) t½ (h)

Single dose of OLZ/SAM 5 mg/10 mg in subjects with severe RI
 Simulated (trial range) [n = 100] 5.96 (4.35–7.37) 400 (319–515) 45.0 (34.2–53.3) 38.8 (35.0–43.3) 619 (527–751) 20.8 (18.9–23.0)
 Observed [16] (range) [n = 10] 7.36 (3.5–16.0) 404 (170–729) 57.8 (39.1–92.4) 34.6 (24.6–54.2) 530 (353–691) 17.1 (9.9–23.8)
 Ratio of simulated/observed 0.8 1.0 0.8 1.1 1.2 1.2

Single dose of OLZ/SAM 5 mg/10 mg in healthy controls with normal renal function
 Simulated (trial range) (n = 100) 5.35 (4.27–6.44) 252 (193–312) 30.0 (27.6–36.4) 31.2 (27.3–34.7) 285 (239–344) 13.2 (12.4–13.7)
 Observed [16] (range) (n = 10) 5.25 (3.5–8.9) 256 (177–391) 45.6 (31.7–68.3) 26.1 (14.4–33.5) 233 (143–298) 11.4 (7.8–18.2)
 Ratio of simulated/observed 1.0 1.0 0.7 1.2 1.2 1.2

Table 4  Comparison of model-predicted and observed  Cmax, AUC, and clearance values for olanzapine and samidorphan after a single dose of 
OLZ/SAM in subjects with severe RI relative to healthy control subjects with normal renal function (model validation)

AUC  area under the plasma drug concentration-time curve, CL/F apparent total clearance, Cmax maximum plasma concentration, OLZ/SAM com-
bination of olanzapine and samidorphan, RI renal impairment
a Geometric mean
b Arithmetic mean
c Severe RI relative to age-matched controls with normal renal function

Parameter Cmax
a (ng/mL) AUC a (ng·h/mL) CL/Fb (L/h)

Age-
matched 
control

Severe RI Ratioc Age-
matched 
control

Severe RI Ratioc Age-
matched 
control

Severe RI Ratioc

Olanzapine, observed (n = 10) [16] 5.07 6.71 1.3 268 403 1.5 20.7 13.9 0.67
Olanzapine, simulated (n = 100) 4.99 5.62 1.1 221 327 1.5 23.5 14.6 0.62
Samidorphan, observed (n = 10) [16] 25.2 34.5 1.4 234 540 2.3 44.6 19.7 0.44
Samidorphan, simulated (n = 100) 30.2 37.9 1.3 267 576 2.2 40.2 18.4 0.46
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and samidorphan exposures, with < 1.5-fold increases in 
Cmax,ss and AUC τ,ss, whereas moderate-to-severe RI resulted 
in up to 1.5-fold increases in Cmax,ss and up to a 2.2-fold 
increase in AUC τ,ss of olanzapine and samidorphan relative 
to subjects with normal renal function.

Although increases in fu with increasing severity of RI 
were initially predicted for olanzapine (0.071–0.088) and 
samidorphan (0.69–0.74), data from the clinical study 

indicated that the fu value for olanzapine was similar in 
subjects with severe RI and in healthy controls with nor-
mal renal function [16]. Therefore, in the current modeling 
predictions, the fu value was fixed for both olanzapine and 
samidorphan and was assumed to be the same in healthy 
subjects and across all categories of RI, which allowed 
improved recovery of the observed change in exposure for 
both olanzapine and samidorphan in subjects with severe RI.

Fig. 4  Simulated mean plasma 
concentrations of olanzapine (a) 
and samidorphan (b) after once-
daily doses of the combination 
of olanzapine and samidorphan 
(OLZ/SAM) 10 mg/10 mg for 
14 days (model application). 
The lines represent the mean 
for the simulated populations 
(n = 100) of healthy controls 
with normal renal function 
(black) and subjects with mild 
renal impairment [RI[ (green), 
moderate RI (blue), and severe 
RI (red)
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Table 5  Model-predicted steady-state Cmax and AUC values for olanzapine and samidorphan after once-daily doses of OLZ/SAM 10 mg/10 mg 
for 14 days in subjects with RI compared with age-matched healthy controls (model application)

AUC  area under the plasma drug concentration-time curve, Cmax maximum plasma concentration, OLZ/SAM combination of olanzapine and 
samidorphan, RI renal impairment
a Geometric mean
b Relative to age-matched controls with normal renal function

Parameter Cmax
a (ng/mL) AUC a (ng·h/mL)

Age-matched 
control

Mild RI Moderate RI Severe RI Age-matched 
control

Mild RI Moderate RI Severe RI

Olanzapine 37.0 42.8 52.7 55.4 738 868 1104 1166
  Ratiob – 1.2 1.4 1.5 – 1.2 1.5 1.6
Samidorphan 33.8 40.8 45.3 50.8 267 367 467 582
  Ratiob – 1.2 1.3 1.5 – 1.4 1.8 2.2
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Whereas model simulations provided predictions of the 
impact of varying degrees of RI on the pharmacokinetics 
of olanzapine and samidorphan after OLZ/SAM adminis-
tration, model validation was based on comparison with 
observed clinical data in subjects without psychiatric illness 
who had severe RI or normal renal function. Patients with 
schizophrenia or bipolar I disorder (indications for which 
OLZ/SAM is in development) were not specifically assessed. 
However, the OLZ/SAM PBPK model was able to predict 
the observed clinical pharmacokinetic data well in patients 
with schizophrenia who were administered multiple doses 
of OLZ/SAM [13]. A majority of the patients with schizo-
phrenia were smokers, and smoking is associated with an 
increase in CYP1A2 abundance [22]. Because olanzapine 
exposure is known to be lower in smokers compared with 
nonsmokers, and samidorphan exposure is not affected by 
smoking [22], the effect of RI evaluated based on nonsmok-
ers is a more conservative estimate of the higher drug expo-
sure levels due to RI. Although many people with CKD also 
have other comorbidities, such as diabetes mellitus or high 
blood pressure, the impact of comorbidities associated with 
RI on the pharmacokinetics of olanzapine and samidorphan 
was not assessed. Use of controls without psychiatric disease 
avoids confounding that may occur because of those disease 
states (e.g., physical comorbidities such as diabetes, which 
may involve kidney damage, could obscure meaningful con-
clusions) [17, 18, 33].

In a previous thorough QT study, multiple-dose adminis-
tration of a high dose of OLZ/SAM (30 mg/30 mg; 1.5 and 
three times the maximum recommended daily dose of olan-
zapine and samidorphan, respectively) was well tolerated in 
patients with schizophrenia [34]. As such, the anticipated 
therapeutic doses of OLZ/SAM (10/10 to 20/10) would be 
expected to be well tolerated should the systemic exposures 
of olanzapine and samidorphan be elevated in patients with 
severe RI [16]. However, to minimize the potential risk of 
modest increases in olanzapine and samidorphan exposures 
in patients with moderate or severe RI, the lowest dose 
of OLZ/SAM that achieves an adequate clinical response 
should be used.

In conclusion, PBPK modeling predictions indicated a 
minimal effect of mild RI on the pharmacokinetics of olan-
zapine and samidorphan, whereas moderate-to-severe RI 
was predicted to result in moderate increases in steady-state 
exposures of olanzapine (up to 1.6-fold) and samidorphan 
(up to 2.2-fold). In lieu of dedicated clinical studies, PBPK 
modeling allows for extending available clinical data to 
additional subgroups, especially in populations where con-
ducting trials can be challenging (e.g., subjects with RI). 
Ultimately, this may reduce the number of patients needed to 
characterize new pharmacologic entities, and may be associ-
ated with investigational time and cost savings.
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