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changed by telmisartan to cause such an interaction. We used data from drug-drug interaction
Keywords (DDI) studies of 74 healthy volunteers performed in three different institutions. Rosuvastatin
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first-order elimination model with simultaneous Erlang and zero-order absorption when given

pISSN: 2289-0882 rosuvastatin alone. When telmisartan was coadministered, the zero-order absorption fraction of ro-

eISSN: 2383-5427 suvastatin had to be omitted from the model because the absorption was dramatically accelerated.
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Notwithstanding the accelerated absorption, the relative bioavailability (BA) parameter estimate in

the model demonstrated that the telmisartan-induced increase in BA was only about 20% and the
clearance was not influenced by telmisartan at all in the final PK model. Thus, our model implies
that telmisartan may influence the absorption process of rosuvastatin rather than its metabolic

elimination. This may be used as a clue for further physiologically based PK (PBPK) approaches to

investigate the mechanism of rosuvastatin-telmisartan DDI.

Introduction

The 3-hydroxy-3-methylglutaryl coenzyme A reductase in-
hibitor rosuvastatin (Crestor) effectively reduces low-density
lipoprotein cholesterol levels in dyslipidemic patients.[1] Fol-
lowing intravenous administration of rosuvastatin, clearance is
predominantly nonrenal, with hepatic and renal routes of elimi-
nation accounting for 72% and 28% of total systemic clearance,
respectively.[2] Rosuvastatin is mainly excreted unchanged into
bile,[2,3] and less than 10% is metabolized to N-desmethyl rosu-
vastatin by CYP2C9.[4] Rosuvastatin is extensively distributed
into the liver, presumably because of active uptake by organic-
anion transporting polypeptides (OATPs)1B1, OATP1B3,
and OATP2B1, and by the sodium-dependent taurocholated
cotransporting polypeptide (NTCP) transporters,[5-7] despite
its low passive diffusion into hepatocytes.[3,8,9] It is also a
substrate of efflux transporters such as the liver canalicular and
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intestinal breast cancer resistance protein (BCRP).[10]

Among patients with cardiovascular disease in a three-year
retrospective study, 30.7% were found to have both hyperten-
sion and dyslipidemia, and 66.3% of patients with diabetes had
concomitant hypertension and dyslipidemia.[11] Thus, multiple
drug therapy has been widely practiced to treat problems in-
cluding hypertension and dyslipidemia. Rosuvastatin is com-
monly used in combination with telmisartan, an angiotensin
IT type-I receptor antagonist (ARB). Recently, Son et al.[12]
reported increased pharmacokinetic (PK) exposure of rosuv-
astatin when coadministered with telmisartan. The absorption
of rosuvastatin was accelerated (C,,,, was doubled, with T,
change from 5 h to 0.75 h), whereas its AUC increased by only
1.18-fold when coadministered with telmisartan, although the
cause of this phenomenon was not identified by the authors. In
Korea, several PK studies of rosuvastatin and telmisartan inter-
action with similar designs have been conducted that showed
the same trend of increased exposure of rosuvastatin. However,
one peculiar finding in the studies performed at different insti-
tutions was that the level of rosuvastatin PK exposure was sig-
nificantly different by the contact research organizations (CROs)
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that measured the rosuvastatin plasma concentrations.

The aim of this study was to use mixed effect modeling to ex-
plore which of the PK parameters of rosuvastatin are changed
by telmisartan. Although the interinstitutional differences dis-
cussed in this report may be a sensitive issue for the CROs or
regulatory authority, they should not be overlooked, because
the reliability and comparability of concentration measurement
data is one of fundamentals in research and development. Thus,
we did not reveal the identity of institutions, sponsors, or CROs
that were involved in the production of the PK data after discus-
sion with the editors of Translational and Clinical Pharmacol-

ogy.

Methods

Study design and data

The rosuvastatin pharmacokinetics data following oral admin-
istration of rosuvastatin alone or rosuvastatin with coadminis-
tration of telmisartan to healthy volunteers were available from
three different clinical trial centers. These data came from 74
participants enrolled in three clinical drug interaction studies
to evaluate the effect of telmisartan on the PK of rosuvastatin.
Studies conducted in institutions A (Inst_A) and C (Inst_
C) employed a one-sequence crossover design, while that in
institution B (Inst_B) employed a two-way crossover design.

Institution A& C
1d-4d 5d 6d-13d 14d
\ R R+T
e o o o o
Institution B
\ 19-7d 8d | 9d-15d 16-22d | 23 |
Sequence 1 ‘ R R+T
o e 0o 000009 washout
Sequence 2‘ R+T R ‘

® o0 000000

= PK sampling
L4 Dosing rosuvastatin 20 mg (R)

Dosing rosuvastatin 20 mg + telmisartan 80 mg (R+T)

Figure 1. Overall study schedules and dosage regimens.

Table 1. Summary of demographics and sampling schemes

Institution | Subjects Samples

Sampling points (h)

1CP
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All participants were randomly allocated to the two treatment
groups (rosuvastatin with/without telmisartan) and received
multiple doses of 20 mg rosuvastatin or 80 mg telmisartan to
reach a steady state. PK sampling schemes, dosage regimen, and
study designs in the three different institutions are illustrated
in Figure 1. The detailed sampling time points, number of par-
ticipants, number of samples used for data analysis and demo-
graphic characteristics of the volunteers at each institution are
summarized in Table 1.

Each study protocol was approved by the ethics committees
at participating study centers and all studies were conducted in
accordance with the principles of the Declaration of Helsinki
and Korean good clinical practice. Samples were analyzed using
a high-performance liquid chromatography mass spectrometry
method (HPLC-MS/MS) at different CROs. The range of the
lower limits of quantitation were 0.1-1 ng/mL.

Noncompartmental Analysis

Noncompartmental analysis (NCA, Phoenix WinNonlin, ver-
sion 6.3, Pharsight Corporation, CA, USA) was performed to
determine the PK parameters of rosuvastatin. PK parameters
including terminal half-life (t,,), area under the concentration-
time curve over the dosing interval at steady state (AUC_,),
maximum concentration at steady state (C,,,, ) and time at
which occurs C ) were calculated. AUC_, was calcu-
lated using a linear trapezoidal with linear interpolation method
and t,, was calculated as 0.693/\,, where A, is the terminal elimi-
nation rate constant. C,,, and T, were determined directly
from the observed data. All analyses were made using the actual
sampling times rather than the scheduled times.

macss (Doarss

Population PK Model Development

The population PK modeling was conducted using NONMEM
(version 7.3, Icon Development Solutions, Ellicott City, MD,
USA) with Pirana (version 2.9.2). RStudio (version 0.99) using
R (version 3.2.2) and Xpose4 (version 4.5.3) were used for data
preparation, graphical analysis, model diagnostics, and statisti-
cal summaries. A first-order conditional estimation method
with interaction (FOCEI) was used for parameter estimation.

Age (years) Height (cm) Weight (kg)

Predose, 0.5, 1, 2, 3,4, 5, 6, 8, 10, 12,

A 31 754 24.1(2033)  175(161.0-183.0)  69.8 (59.1-85.6)
Predose, 0.33, 0.66, 1, 1.5, 2, 3, 4, 5, 6,

B 20 570 o 12, 24 24.7(19-33)  176.6 (167.2-187.3)  70.1 (60.0-84.0)

c 23 598 ':;ezzse’ 0.33,066,1,2,3,4.56,810. 37 1934  171.3(1603-1824)  67.2 (54.2-79.0)

Total 74 1922 - 242 (19-34) 1743 (160.3-187.3)  69.1 (54.2-85.6)
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ith individual’s deviation from the typical value.
The #; was assumed to have a normal distribu-
tion with a mean of zero and variance of w’,
When the correlation between the random vari-
ables was significant, the relationship was re-
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flected in the model using the OMEGA BLOCK

option. The coefficient of variation (%CV) is
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Figure 2. Mean plasma concentration-time profiles of rosuvastatin following oral admin-

20 24 reported as:

Time after dose (h)

%CV (IIV) =V ¢“~1 - 100

istration of rosuvastatin 20 mg alone (R) or rosuvastatin 20 mg with telmisartan 80 mg

(R+T) per institution (A, B, C). Linear and semilogarithmic scales shown on left and right

panels, respectively.

Dose*INST*F,q,

/1 &T, D2

Ka1 or Kgp Vc/F l—{Vp/F
Depot — - — Central QIF
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Figure 3. Rosuvastatin PK models. INST, institutional difference (fixed
as 1 for institutiona A); F,, relative bioavailability of rosuvastatin with
telmisartan (fixed as 1 for without telmisartan group); Fr1, fraction of
the dose absorbed through the Erlang absorption (fixed as 1 for with
telmisartan group); D2, duration of zero-order absorption (fixed as 0
for with telmisartan); K,,, absorption rate constant without telmisartan;
K.., absorption rate constant with telmisartan; CL/F, apparent clear-
ance; Vc/F, apparent volume of central compartment; Q/F, apparent
intercompartmental clearance; Vp/F, apparent volume of peripheral
compartment.

Peripheral

Appropriate model structures for rosuvastatin were guided by
previous report[13] and the objective function value (OFV),
goodness-of-fit plots, precision in parameter estimates, and
model stability (i.e., condition number, successful convergence,
and matrix singularity). The results for likelihood ratio tests
(LRT) were considered to be significant if decreases in the OFV
were greater than the cut-off points equivalent to the p value
0.05 (i.e., 3.84 for df = 1; 5.99 for df = 2, etc.). Reported popula-
tion PK model for rosuvastatin was a two-compartment, with
a simultaneous first- and zero-order absorption model. Thus, a
two-compartment model with first-order absorption was used
as an initial model, and then various absorption models were
evaluated. Interindividual variability (IIV) was described using
alog-normal distribution of structural model parameters:

P, = Pry - exp(11;)
where P, is the individual value of the parameter (e.g., CL/F or

VJ/F) for individual i, P, is the typical value model parameter,
and 7, is the inter-individual random effect accounting for the

Vol. 24, No.1, Mar 15, 2016

The residual error model was tested using pro-
portional and combined error models:

Yi=Citw;-g

_ , 2 2 2
wij = Cl-j¢71+0"2

where Y denotes the observed concentration for the ith individ-
ual at time ¢; C; denotes the corresponding predicted concen-
tration based on the PK model, ¢; denotes the intra-individual
(residual) random effect (zero mean and unit variance), and w;
denotes the residual standard deviation (SD) with correspond-
ing proportional and additive variance components, 0, and ’,
respectively.

Model evaluation

The stability of the final model was evaluated by non-para-
metric bootstrap analysis using Wings for NONMEM (version
741, win.sourceforge.net/). The median values and 95% confi-
dence intervals for the parameter estimates from 200 bootstrap
replicates of the original dataset were compared with the final
parameters. Visual predictive checks (VPC) were performed
by using simulated concentrations of 1000 virtual datasets
simulated using the final model. The median, 5th, and 95th per-
centiles of the simulated concentrations were calculated at each
time point and were overlaid on the observed concentrations
grouped by the institutions and telmisartan coadministration.

Results

Noncompartmental analysis

The mean plasma rosuvastatin concentration-time profiles
of each institution are shown in Figure 2 and the mean PK pa-
rameters determined by NCA are summarized in Table 2. The
geometric mean ratios (GMRs) for treatment (rosuvastatin with
telmisartan/rosuvastatin alone) observed in the three institu-
tions were 2.3-2.9 for C,,,,, and 1.3-1.4 for AUC_,. GMRs of
PK parameters (C,,, and AUC_,) between institutions (Inst_
B/Inst_A or Inst_C/Inst_A) were 1.5-2.1 for C_,, ,, and 1.5-2.0
for AUC_ . Median T, value changed from 3-4 h for the rosu-
vastatin alone group to 1 h for the telmisartan coadministration

group.
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Table 2. Noncompartmental analysis results of rosuvastatin
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Transl Clin Pharmacol

Rosuvastatin alone (TRT1) Rosuvastatin with Telmisartan (TRT2) Ratio (TRT2 / TRT1)
institution Cmax,ss AUCT.ss Tmax.ss t1/2 Cmax.ss AUC'r.ss AUC'r.ss t1/2 Cmax.ss AUC'r.ss
(ng/mL) (ng-h/mL) (h) (h) (ng/mL) (ng-h/mL) (h) (h)
233 194.6 55.3 260.1
(10.5) (74.1) 4 (1-5) 7.5(2.7) (29.2) (99.8) 1(0.5-3) 10.4 (8.9) 2.3 14
414 381.4 116.5 522.0
B (25.2) (197.6) 3(1-5) 9.9 (2.4) (53.3) (209.2) 1(0.33-2) 11.3(2.9) 29 14
36.1 302.1 88.5 385.0
C (20.0) (137.7) 4(0.66-5) 8.8 (2.6) 48.7) (154.9) 1(0.66-2) 12.6(4.2) 24 1.3
Ratio (B/A) 1.6 1.8 21 2
Ratio (C/A) 1.5 1.5 1.6 1.5
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Figure 4. Basic goodness-of-fit plots of the final model. The grey solid y = x or y = 0 lines are included for reference. The bold blue lines are the

loess (local regression smoother) trend lines.
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Table 3. Summary of final population PK parameter estimates

Parameter

Description

Wan-Su Park, et al.

Bootstrap median

o, a
CEE (95% CI)°

Estimate

Structural model

CL/F (L/h) Apparent clearance 106 11.5 103 (88.2-111)
VclF (L) Apparent volume of central compartment 426 14.8 404 (339-449)
Q/F (L/h) Apparent intercompartmental clearance 48.2 13.0 47.8 (38.8-54.8)
Vp/F (L) Apparent volume of peripheral compartment 829 16.6 778 (634-969)
Without Telmisartan

Ko (W) Absorption rate constant of Erlang absorption without telmisartan 0.910 11.8 0.912 (0.815-0.974)
Fr1 Fraction absorbed by Erlang absorption 0.197 20.7 0.200 (0.160-0.238)
D2 (h) Duration of dosing for zero-order absorption 3.56 4.8 3.56 (3.41-3.75)
With Telmisartan

K., (h™) Absorption rate constant of Erlang absorption with telmisartan 9.77 8.0 9.82 (8.61-11.2)
F, VRV;:gil:/tet;:?S\;aritlaa:i:tsysﬁl;rzzli\;as;a:in with telmisartan when that 130 43 129 (1.23-1.37)
Inter-study difference (INST)

Inst_A Fixed study difference of Inst_A 1.0 (Fixed) - -

Inst_B Fixed study difference of Inst_B compared to Inst_A 1.58 9.1 1.54 (1.19-1.96)
Inst_ C Fixed study difference of Inst_C compared to Inst_A 1.48 9.6 1.44 (1.15-1.87)
Inter-individual variability

Weyr (%) Interindividual variability of CL/F 43.3 131 40.9 (34.6-46.7)
Wygr (%) Interindividual variability of Vc/F 64.8 1.7 58.7 (49.3-66.3)
Wypr (%) Interindividual variability of Vp/F 67.1 16.0 61.1 (49.0-73.3)
Wor (%) Interindividual variability of Q/F 60.6 11.9 54.0 (41.7-68.3)
Wiear (%) Interindividual variability of K, 19.7 38.6 19.8 (0.40-40.6)
Wieaz (%) Interindividual variability of K, 49.0 14.5 45.8 (37.7-53.9)
Wrre (%) Interindividual variability of F 22.0 131 21.7 (16.7-25.0)
PeLF-ver Correlation coefficient between CL/F and V/F 0.920 12.9 0.919 (0.874-0.952)
PeUF-vpF Correlation coefficient between CL/F and V,/F 0.941 14.2 0.945 (0.880-0.999)
PyeF-vplF Correlation coefficient between Vc/F and V,/F 0.971 12.7 0.973 (0.900-1.000)
Residual error

040 (NG/ML) Additive error 0.292 19.6 0.289 (0.103-0.406)
e Proportional error 0.202 1.8 0.201 (0.190-0.217)

*Relative standard error, "95% confidence interval (Cl) was estimated by applying the final population PK model to 200 re-sampled datasets.

Population PK Model Development

Exploratory analysis and the NCA results indicated that the
plasma concentration-time profiles and the change of systemic
exposures were similar among the institutions, thus model de-
velopment started with a subset (Inst_A and rosuvastatin only

Vol. 24, No.1, Mar 15, 2016

group). Because the first-order absorption model showed a clear
trend at early time points in the conditional weighted residual
(CWRES) versus time plot, different absorption models were
explored: the simultaneous first-order and zero-order absorp-
tion model clearly improved the goodness-of-fit. However, Er-
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lang absorption combined with a zero-order absorption model
was best because many participants showed delayed absorption
profiles. Thus, a two-compartment, first-order elimination
model with simultaneous Erlang (fraction: Fr1) and zero-order
(fraction: Fr2=1-Fr1) absorption described the PK profiles of
rosuvastatin (without telmisartan) better than any other model
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(Fig. 3). After base model development with the subset, “rosuv-
astatin alone” PK data from all of the three institutions (Inst_A,
Inst_B, and Inst_C) were analyzed simultaneously. Based on the
difference of systemic exposure between institutions in NCA
result (Table 2), the relative bioavailability (BA) between institu-
tions was estimated by assuming the BA of the Inst_A equals 1
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Figure 5. Visual predictive check for the final model by each institution (Institution A, B and C) and treatment group (R; rosuvastatin alone, R+T; ro-
suvastatin with telmisartan). The circles show the observed rosuvastatin concentrations. The solid and dashed lines show median and 90% predic-

tion intervals of simulation, respectively.
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as in the following equations:

Frl =Pp,; - Py
Fr2 = (1- Py,) - Pigr

where Py, is the fraction of Erlang absorption and P, is the ra-
tio of Inst_B or C compared to Inst_A (The P,y of Inst_A was
fixed to 1).

When telmisartan was coadministered, the absorption of ro-
suvastatin was too fast to estimate both of the Erlang and zero-
order absorption fractions: thus, the Erlang absorption model
without a zero-order absorption term was chosen. Another
relative bioavailability parameter for telmisartan treatment (F,,)
was also estimated to reflect the AUC changes by telmisartan.
Because GMRs of AUC, , (with/without telmisartan) were
similar among the institutions in the NCA results (Table 2), the
interinstitutional difference of F,, was not estimated. However,
telmisartan treatment did not have an impact on CL/F (data not
shown). Interindividual variability of CL/E V/E Q/E V,/E k,,
k,,, and F_, with a covariance structure (3 x 3 matrix of CL/F,
V./E and V,/F) was incorporated into the structural model. The
residual error was estimated using the combined additive and
proportional error model. Goodness-of-fit plots suggest that the
final model adequately described the observed concentration
data (Fig. 4). The final parameter estimates are summarized in
Table 3.

Median values of the parameter estimates and their 95% ClIs
from bootstrapping were very similar to the mean population
estimates from the final model (Table 3). VPC results for both
treatments (rosuvastatin with/without telmisartan) are shown
in Figure 5.

Discussion

This analysis aimed to develop the population PK model of
rosuvastatin using data from three PK drug interaction studies
to evaluate the effect of telmisartan on rosuvastatin in Korean
healthy volunteers. A two-compartment, first-order elimination
with a simultaneous Erlang and zero-order absorption model
was found best to fit the rosuvastatin data alone, which was con-
sistent with a previously reported PK model except that a Erlang
absorption component was used instead of first-order absorp-
tion.[13] The fraction and duration of zero-order absorption
were 80.3% and 3.56 h, respectively, consistent with a previous
report (86% and 4.48 h).[13] Two separate absorption rate con-
stants (K, and K,,) were also used to fit the altered absorption
profile in telmisartan coadministration group.

There are mechanistic approaches such as physiologically
based PK (PBPK) modeling using specialized software (Simcyp,
Gatroplus, and PKsim)[14-16] and reduced (or simplified)
PBPK modeling using NONMEM.[17,18] Rosuvastatin is a
substrate of hepatic uptake transporters (OATP1B1, OATP1B3,
OATP2B1, and NTCP) and efflux transporters such as BCRP,
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and there are many clinically meaningful DDI data.[15,19,20]
Telmisartan is an inhibitor of MRP, BCRP in in vitro,[21] but,
as yet, there is no reported case of clinical transporter-mediated
DDI of telmisartan as a perpetrator. In our final model, telmis-
artan affects the absorption process of rosuvastatin rather than
its metabolic elimination. Our model may be used as a starting
point of mechanistic modeling to investigate the mechanism of
rosuvastatin-telmisartan DDI.

In this study, we assumed that the difference of the mean
PK exposure parameters (C,.,, AUC,) among the institutions
comes from the assay accuracy difference among the drug
concentration assays (all of the three institutions used different
CRO:s to assay rosuvastatin concentration). Laporte-Simitsidis
et al.[22] showed that omitting the interstudy variability (ISV)
does not introduce any bias into the estimation of the fixed ef-
fects or the residual variance terms, but does inflate the estimate
of ITV. They recommended that it is probably not worth estimat-
ing ISV when the number of studies being pooled is less than
20. ISV estimated as relative BA in our model were 1.58 and 1.48
when that of Inst_A was fixed to 1. Although its implication
may not be concluded in this report, we find it meaningful that
the magnitude of ISV for PK assay in clinical trials, which has
been discussed rarely in Korea, is reported herein.

In conclusion, the population PK model adequately described
rosuvastatin and telmisartan DDI data. Increased exposure of
rosuvastatin by telmisartan coadministration was mainly caused
by the accelerated absorption rather than decreased clearance.
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