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Abstract

The purpose of this study was to investigate the potential clinical relevance of
estimating the apparent clearance (CL/F) of atorvastatin through population
pharmacokinetic (PopPK) modeling with samples collected in a real-life setting
in a cohort of ambulatory patients at risk of cardiovascular disease by using an
opportunistic sampling strategy easily accessible in clinical routine. A total of 132
pharmacokinetic (PK) samples at a maximum of three visits were collected in the
70 included patients. The effects of demographic, genetic, and clinical covariates
were also considered. With the collected data, we developed a two-compartment
PopPK model that allowed estimating atorvastatin CL/F relatively precisely and
considering the genotype of the patient for SLCO1BI c.521T>C single-nucleotide
polymorphism (SNP). Our results indicate that the estimation of the CL/F of
atorvastatin through our PopPK model might help in identifying patients at
risk of myalgia. Indeed, we showed that a patient presenting a CL/F lower than
414.67 L h™" is at risk of suffering from muscle discomfort. We also observed
that the CL/F was correlated with the efficacy outcomes, suggesting that a higher
CL/F is associated with a better drug efficacy (i.e., a greater decrease in total and
LDL-cholesterol levels). In conclusion, our study demonstrates that PopPK mod-
eling can be useful in daily clinics to estimate a patient’ atorvastatin clearance.
Notifying the clinician with this information can help in identifying patients at
risk of myalgia and gives indication about the potential responsiveness to atorv-
astatin therapy.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Atorvastatin is the major statin used at present for reducing cholesterol cir-
culating levels. It is estimated that 10%-15% of statin users develop statin-
related muscle side effects. Interindividual variability also exists with regard to
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LDL-cholesterol lowering response. Statin-associated muscle-related side effects
and lipid-lowering responses are dose-dependent and related to the drug systemic
exposure, which supports the importance of studying factors affecting atorvasta-
tin pharmacokinetic (PK) behavior.

WHAT QUESTION DID THIS STUDY ADDRESS?

Our study aimed at constructing a population PK (PopPK) model with data pro-
spectively collected in a cohort of ambulatory patients sparsely sampled and
including relevant pharmacogenetic, clinical, and demographic information to
estimate individual PK parameters and to relate PKs with drug response.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Based on sparse ambulatory PK data, the final validated model is able to provide
an individual estimation of atorvastatin apparent clearance (CL/F) considering
the genotype of the patient for SLCO1BI ¢.521T>C single-nucleotide polymor-
phism (SNP). The estimation of the atorvastatin CL/F helps in identifying pa-
tients at risk of myalgia and is correlated with drug efficacy: a patient presenting
a CL/F lower than 414.67 L h™" is at risk of suffering from muscle discomfort and
a higher CL/F is associated with a better drug efficacy.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

PopPK modeling can be useful in daily clinics to estimates a patient’s atorvastatin
clearance. Notifying the clinician with this information can help in identifying
patients at risk of myalgia and gives indication about the potential responsiveness

INTRODUCTION

Hypercholesterolemia remains one of the most important
risk factors for cardiovascular disease (CVD), which is a
leading cause of death worldwide.! HMG-CoA reductase
inhibitors, commercialized under the name of statins, con-
stitute the first-line medication used for primary and sec-
ondary CVD prevention because of their proven efficacy
for lowering low-density lipoprotein (LDL) cholesterol and
triglyceride concentrations as well as reducing the risk of
CVD.*? Atorvastatin is one of the world’s bestselling drugs
of all time and the major statin used at present. Although it
is generally well-tolerated, observational studies estimate
that 10%-15% of statin users develop statin-related mus-
cle side effects ranging from mild myalgia (cramps, com-
plaints, discomfort ... ) to severe muscle symptoms (rare
rhabdomyolysis).* On the other hand, interindividual
variability also exists with regard to LDL-cholesterol low-
ering response, as well as efficacy in reducing major CVD
events. Statin-associated muscle-related side effects and
lipid-lowering responses are dose-dependent. However,
whereas atorvastatin systemic exposure has been con-
stantly related to the drug-related muscle toxicity,””’ cho-
lesterol lowering efficacy better correlates with the dose
than with systemic exposure markers, such as maximal
concentration (Cp,,) and area under the concentration
curve (AUC)>™® probably because the liver is the site of

to atorvastatin therapy in complement to cholesterol measurements.

HMG-CoA reductase activity and atorvastatin under-
goes extensive first-pass metabolism.® Nevertheless, these
dose-response and pharmacokinetic-pharmacodynamic
(PK-PD) relationships support the importance of studying
factors affecting atorvastatin PK behavior to explain dif-
ferential pharmacological responses.

Atorvastatin is administered orally as a calcium salt
of the active acid form with a clinical dosage ranging
commonly from 10 to 80 mg/day. It is rapidly and well-
absorbed but has a weak and variable oral bioavailability of
~ 14% due to substantial first-pass metabolism.” The phar-
macologically active atorvastatin is biotransformed to its
corresponding inactive lactone form and both are further
metabolized into OH-metabolites by CYP3A isoenzymes.’
The main metabolite, 2-OH-atorvastatin, is pharmacolog-
ically active and significantly contributes to the inhibi-
tory activity on HMG-CoA reductase. By contrast, little is
known about the role of these metabolites in the toxicity
related to atorvastatin but in vitro data suggested that the
myotoxic potency of atorvastatin lactone is higher than
that of its acid form.'” The lactone forms of atorvastatin
and its metabolites can also be hydrolyzed back into their
corresponding acid forms either nonenzymatically or by es-
terases and paraoxonases.11 Atorvastatin is more than 98%
bound to plasma proteins. Despite being highly protein-
bound, the mean volume of distribution of atorvastatin
is reported to be 381 L after intravenous infusion of 5 mg,
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which denotes extensive distribution in peripheral tissues.’
Atorvastatin is also substrate for transporter proteins, in-
cluding active efflux transporters (ABCB1,"” ABCC1,"
ABCC2,* and ABCC413) and influx carriers (OATP1B1
[SLCO1BI],'*'>'® OATP1B3 [SLCOI1B3],'® and OATP2B1
[SLCO2B1]"). Genetic polymorphisms in the genes cod-
ing for these proteins can affect each step of the PK path
covered by the absorption, distribution, metabolism, and
excretion (ADME) processes.’” Some of those transporters
are expressed not only in excretory and absorptive organs,
which might affect systemic exposure but also at the site
of therapeutic action (i.e., the liver, and/or in the skeletal
muscle tissue'® where the toxic action is exerted), therefore
impacting the active fraction of the drug reaching its tar-
get, which is more directly related to the clinical response.
Atorvastatin and its metabolites are eliminated in the bile
and less than 1% of the oral dose is excreted in urine.’

Earlier studies have identified genetic variants in PK
genes, such as ABCB1, ABCC2, ABCG2, CYP3A, POR,
and SLCO genes associated with differential atorvastatin
exposure, LDL-cholesterol response, and/or muscle re-
lated side-effects.'’ >’ With few exceptions, the PK stud-
ies reported to date consist mainly in classical association
studies using noncompartmental PK analysis sometimes
performed on healthy volunteers after single dose ad-
ministration®**3**>37 or physiologically-based PK mod-
els.*** Some population PK (PopPK) studies have been
published but with strict, rich sampling and/or in a lim-
ited number of (healthy) individuals without considering
genetic polymorphisms and, thus, are not likely to reflect
the constraints of real-life clinical settings.?*****® In this
context, with the support of rich datasets from former
studies,“g’50 our study aimed at constructing a PopPK
model with data prospectively collected in a cohort of
ambulatory patients sparsely sampled and including rel-
evant pharmacogenetic information. Next, we derived the
apparent clearance (CL/F) of the drug in each individual
and related it with indicators of statin-related muscle tox-
icity and cholesterol-lowering response.

MATERIALS AND METHODS
Datasets

Three datasets were used in the present study. The investi-
gation dataset comprised newly collected data from patients
with hypercholesterolemia who initiated atorvastatin-
based therapy or who were already treated with this drug
at the time of their enrollment. Patients were prospec-
tively recruited at the Cliniques Universitaires Saint-Luc
(Brussels, Belgium) from August 2017 until August 2019
and had a normal hepatic function, as evaluated with

ASCPT

common hepatic markers (liver transaminases, gamma
glutamyl transferase, and alkaline phosphatase). Patients
provided written informed consent before any study-
related procedure and the study was approved by the local
ethics committee (Comité d’Ethique Hospitalo-Facultaire,
approval number B403201732532, ClinicalTrials.gov reg-
istration number NCT03604471). Participants were sam-
pled once at each study visit, for a total of one to four visits
(depending on the individual), and the plasma obtained by
centrifugation. Because patients were asked not to modify
their drug-taking habits and were allowed to come into the
hospital at any time, the post-intake delay was random. At
the first study visit, an extra blood sample was also drawn
for DNA extraction and genotyping (see below). All sam-
ples were frozen at —20°C until the day of analysis. In ad-
dition to the investigation dataset, PK data was obtained
from two support datasets: a study in healthy volunteers™
and a study in patients suffering from atorvastatin-related
myopathy and healthy volunteers.*’

Atorvastatin quantification

Atorvastatin acid plasma concentrations in the in-
vestigation cohort were determined using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
method. Two hundred ul of plasma were spiked with d5-
atorvastatin (internal standard) and proteins were precipi-
tated with 600 ul ice-cold acetone. Samples were placed
at —20°C for 2 h, then the supernatant was recovered by
centrifugation and the solvents removed by evaporation
at 30°C under a stream of nitrogen. The dry residue was
reconstituted in methanol. For LC-MS/MS analysis, 2 ul
of each sample was injected on an Acquity UPLC class H
system (Waters) coupled to a Xevo TQ-S (Waters) mass
spectrometer. A gradient between MeOH-H,0O-acetic acid
(75:24.9:0.1; v/v/v) and MeOH-acetic acid (99.9:0.1; v/v)
was used for analyte separation on an Ascentis Express
C18 column (100 X 4.6 mm; 2.7 um). The flow rate was
set at 500 ul/min. For each compound, a quantification
(Q) and a qualification (q) m/z transition were used:
559.2>440.2 (Q) and 559.2>249.9 (q) for atorvastatin;
575.2>440.2 (Q) and 575.2>249.9 (q) for ortho- and para-
hydroxyatorvastatin; 541.2>448.2 (Q) and 541.2>249.9
(q) for atorvastatin lactone; and 564.3>440.3 (Q) and
564.3>250.0 (q) for ds-atorvastatin (internal standard).
Calibration curves were obtained in the same conditions.

Genotyping

For the investigation cohort, DNA was extracted from
whole blood using the QIAamp DNA mini-kit according
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to the manufacturer’s instructions. Allelic discrimina-
tion was performed on a Step One Plus Real Time PCR
system using Tagman genotyping assays for CYP3A4*22
(rs35599367); CYP3A5*3 (1s776746); ABCBI c.1199G>A
(rs2229109), and c¢.3435C>T (rs1045642); ABCCI
¢.2012G>T; SLCO1B1 ¢.388A>G, and SLCOIBI*5
(c.521T>C); SLCO2B1 ¢.935G>A; and SLCOIB3
€.334T>G. Haldane’s exact test was used to check for de-
viations from Hardy-Weinberg equilibrium.

Structural pharmacokinetic model and
goodness-of-fit

Because of the limited amount of PK data in the inves-
tigation cohort, it would have been difficult to develop a
model based solely on this data. Therefore, the datasets
from Lemahieu et al.”” and Hermann et al.*’ were used to
support the development of the structural model. All three
dataset were used to build a nonlinear mixed-effects model
in NONMEM (version 7.4.3). One- and two-compartment
disposition models were evaluated, whereas absorption
was modeled as a first-order process. Hierarchical struc-
tural and covariate models were compared with regard to
the objective function value (OFV) in addition to param-
eter plausibility, precision (in terms of relative standard
error [RSE]), and shrinkage. The final model was evalu-
ated using graphical goodness-of-fit methods and a dose-
stratified, prediction-corrected visual predictive check
(pcVPC). Additionally, we verified the normality of NPDE
computed from 1000 simulations.

Covariate analysis

The following covariates were investigated: race (Hispanic
or White/other), sex, atorvastatin dosage, genotypes, drug-
drug interactions (DDIs), age, and body mass index (BMI).
Genotypes were defined as wild-type homozygous, vari-
ant homozygous, or heterozygous (see section 0 for a list of
all single-nucleotide polymorphisms [SNPs]). DDIs were
defined by the presence of known inhibitors of CYP3A,
ABCBI1, OATP1B1, OATP1B3, or OATP2B1, or known in-
ducers of CYP3A. List of inhibitors and inducers of CYP3A
and ABCB1 were obtained from online sources,”" > whereas
for OATP inhibitors, compounds from Karlgren et al.>®
showing more than 50% inhibition were selected. DDIs
were ignored if the perpetrator drug was taken infrequently
by the patient. Time-varying covariates were summarized
over the entire observation period because it was not pos-
sible to characterize interoccasion PK variability in any
of the datasets. Missing covariate values in the investiga-
tion cohort were substituted by the most recent value, the

population median or the most frequent category, as appro-
priate, whereas covariates that were unavailable in the other
two cohorts were coded as missing. Stepwise covariate mod-
eling was performed: covariates were added to the model in
a univariate way (o = 0.05), all significant covariates were
included in a multivariate model, then backward elimina-
tion of covariates was performed (a = 0.01), followed by as-
sessment of the goodness-of-fit of the final model.

Pharmacodynamic outcomes

Toxicity outcomes were mean creatine kinase (CK) serum
levels over the study period and occurrence of myalgia,
which was defined as any patient-reported muscle pain or
cramps over the entire study period, regardless of serum
CK level at the time of the complaint. Efficacy outcomes
were evaluated through the changes in total and LDL cho-
lesterol levels measured at the last patient visit from base-
line expressed in percentages. Baseline was considered as
the cholesterol levels measured at the date of either therapy
initiation or switch to atorvastatin. For experienced pa-
tients, baseline cholesterol measurements were retrieved
in the medical file through retrospective datamining.

Statistical analysis

PD outcomes were tested for univariate association with
individual Bayesian estimates of atorvastatin apparent
oral clearance using linear (continuous outcomes; i.e., CK
levels or cholesterol lowering response) or logistic regres-
sion (binary outcome; i.e., occurrence of myalgia Yes/No)
to derive the odds of presenting myalgia when considering
the value of an explicative variable (CL/F). For the binary
outcome, a receiver operating characteristic (ROC) curve
plotting sensitivity (true positives) against 1-specificity
(false positives) for each level of the independent variable
(CL/F) was then built to identify a cutoff value to discrimi-
nate cases from non-cases. In all circumstances, a p value
of less than 0.05 was considered as statistically significant.

RESULTS
Datasets

Three datasets were included for model development:
the investigation dataset and the two support datasets
(Table S1). The study by Lemahieu et al.*® used a crossover
design to evaluate the effect of calcineurin inhibitors on
atorvastatin PK; only data from the control phase (atorv-
astatin alone) was used for modeling. Regarding the study
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by Hermann et al.,*” both the data from 13 patients with
statin-induced myopathy and data from the 15 healthy
controls were used. Summary characteristics of the in-
vestigation cohort are presented in Table 1 whereas geno-
typing results are reported in Table 2. The investigation

TABLE 1 Summary characteristics of the investigation cohort

n Yo
Atorvastatin dosage
5 mg q24h 4 5.7
10 mg q24h 14 20.0
20 mg q24h 22 31.4
30 mg q24h 1 1.4
40 mg q24h 19 27.1
80 mg q24h 10 143
Indication
Primary prevention 64 91.4
Secondary prevention 6 8.6
Type of patient
De novo therapy 19 27.1
Recently switched statin 12 17.1
Long-term treatment 39 55.7
Age (years)
Median (IQR) 53.8(21.6)
Sex
Female 35 50.0
Male 35 50.0
BMI
median (IQR) 26.0 (5.4)
Smoker
No 59 84.4
1-5 cigarettes/day 3 43
>5 cigarettes/day 8 11.4
Race
White 66 94.3
Hispanic 2 2.9
Other 2 2.9
Drug-drug interactions
CYP3A inhibitors 2 2.9
CYP3A inducers 0 0
ABCBI1 inhibitors 1 14
OATP1B1 inhibitors 20 28.6
OATP1B3 inhibitors 0 0
OATP2B1 inhibitors 7 10.0
Myalgia at any time during follow-up 6 8.6

ASCPT

dataset included 70 patients and a total of 132 PK samples.
The timing of the last dose was self-reported by the pa-
tients. Patients were also asked to confirm whether they
had followed a regular dosing schedule or if their schedule
over the past few days included irregular or missed doses.
Unless the timing of the last few doses was known, data
obtained from patients with irregular dosing schedules

TABLE 2 Genotypes frequencies in the investigation cohort

Gene SNP Genotype N (%) pvalue
ABCBI c.1199G>A GG 63(90.0%) 1
GA 2(2.9%)
AA 0(0%)
Missing 5(7.1%)
c.3435C>T CC 14 (20.0%)  0.619
CT 30 (42.9%)
TT 21 (30.0%)
Missing 5(7.1%)
ABCCI c.2012G>T GG 56 (80.0%) 0.312
GT 8 (11.4%)
TT 1(1.4%)
Missing 5(7.1%)
CYP3A5  g6986A>G  *1/*1 0(0%) 1
*1/*3 7 (10.0%)
*#3/%3 58 (82.9%)
Missing 5(7.1%)
CYP3A4  g15389C>T  *1/*1 61(87.1%) 1
*1/*22 4(5.7%)
#22/%22 0 (0%)
Missing 5(7.1%)
SLCOIB1 c¢.388A>G AA 25(35.7%)  0.799
AG 30 (42.9%)
GG 10 (14.3%)
Missing 5(7.1%)
c.521T>C TT 44 (62.9%) 0.109
TC 16 (22.9%)
cc 5(7.1%)
Missing 5(7.1%)
SLCOIB3 ¢.334T>G TT 46 (65.7%)  0.661
GT 17 (24.3%)
GG 2(2.9%)
Missing 5(7.1%)
SLCO2B1 ¢.935G>T GG 1(1.4%)  0.486
GT 11 (15.7%)
T 53 (75.7%)
Missing 5(7.1%)

Note: Data given at baseline, unless noted otherwise.
Abbreviations: BMI, body mass index; IQR, interquartile range.

Note: The p value is for Haldane’s exact test (*<0.05).
Abbreviation: SNP, single nucleotide polymorphism.
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were discarded. For patients who reported missed doses
over the past few days but who otherwise followed a strict
schedule, missed doses were coded as such in the data-
base. In this dataset, the post-intake delay ranged from 2.2
to 40 h (median: 14.6 h). 10 samples (7.6%) were excluded
from the analysis because the post-intake delay was un-
known and 1 sample (0.8%) was excluded due to improper
storage conditions. Two atorvastatin concentrations (1.5%)
were below the limit of quantification and were set to half
of that value. Six patients (8.6%) in the investigation cohort
presented with myalgia at any point during follow-up.

Structural model

A two-compartment model fit the data best (AOFV com-
pared to a one-compartment model = —167). Due to dif-
ficulties in estimating this parameter with our design, the
absorption rate constant k, was fixed to a literature value
of 2.5 h™" and its interindividual variability term was set
to zero. Sensitivity analysis for values of k, ranging from
0.5 to 4.5 showed this had little impact on the other pa-
rameter estimates (data not shown). Residual error was
modeled using an exponential function (a mixed additive/
exponential model was also tested, AOFV compared to
exponential model = —0.3). The use of a full omega ma-
trix between random effects improved the OFV as well
(AOFV = —47.5) but also caused numerical difficulties
and made no appreciable differences on goodness-of-fit
plots and thus was not used.

Covariate analysis
The effect of covariates was investigated on atorvastatin

CL/F only as the other PK parameters were estimated with
lower precision and higher shrinkage, which could have

@00, () 45,

600

400.. 400

200

CL/F (L.hY)

200

Female

No Yes
OATP2B1inhibitor

biased the results. Because only the investigation cohort
contained covariate information, clearance was defined
with two fixed and two random effects: one pair for the in-
vestigation cohort and one pair for the rest of the dataset, in
such a way that covariate relationships could be included
in the model without affecting parameter estimates for the
subjects from the studies by Lemahieu et al.*® and Hermann
et al.* Model parameters and empirical Bayesian estimates
of CL/F were not significantly affected by this split param-
eterization (data not shown). Covariates included in the
forward search were OATP2BI1 inhibitor (AOFV = —4.3),
sex (AOFV = —4), and SLCO1B1 521T>C (AOFV = —20.7)
(Figure 1a,b,c). Patients co-medicated with an inhibitor of
OATP2B1 (usually L-thyroxine) had lower CL/F than the
rest of the population, women had lower CL/F than men,
and CL/F was reduced in carriers of the SLCO1BI 521C
allele compared with carriers of the T allele, although
strangely, this effect was more pronounced in heterozygotes
(and the effect in CC homozygotes was estimated with very
poor precision). The addition of this covariate lowered the
unexplained interindividual variability of CL/F from 0.127
to 0.0677. Treating it in a binary manner (carrier of the C
allele vs. non-carrier) had a more moderate effect on the
OFV. Of these three covariates, only SLCO1BI 521T>C was
retained at the end of the backward elimination process.

Final model evaluation

Final PopPK model estimates are reported in Table 3.
Population predictions for the final model were biased
for concentration values above 10 ng ml~' (which mostly
originate from the dataset by Lemahieu et al.”®) whereas
individual predictions correlated well with observed con-
centrations (Figure 2; Spearman’s rho = 0.84 and 0.96
for population and individual predictions, respectively).
Further, there was no apparent trend in the residuals

(©) g0

CL/F (LhY)

i

T
!
200

Male cc cr ™
Sex SLCO1B1521C>T genotype

FIGURE 1 Box-and-whisker plots representing atorvastatin CL/F estimation according to (a) coadministration with OATP2B1
inhibitors, (b) sex, and (c) SLCO1BI 521C>T genotype. CL/F, apparent clearance
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TABLE 3 Final population . X
pharmacokinetic model estimates Parameter Estimate RSE (%) 95% CI Shrinkage (%)
Structural model

OcL investigation (L) 535 6.2 [470-600]

OcL support Lh™) 400 7.4 [342-458]

OcL investigation (SD) 0.068 16.5 [0.176-0.344] 44.3

®cr support (SD) 0.195 9.8 [0.357-0.527] 40.1

0o (Lh™) 1690 20.3 [1018-2362]

0g (SD) 0.715 19.3 [0.526-1.164] 52.4

By (L) 1960 21.7 [1125-2795]

oy, (SD) 1.18 16.1 [0.745-1.435] 40.3

Oy, (L) 3900 15.7 [2700-5100]

wy, (SD) 0.508 19.5 [0.441-0.985] 38.8

O, (B 2.5 (fixed)

6 (SD) 0.085 5.5 [0.067-0.103] 13.9

Covariate model
() P——— —0.402 15.2 [—0.522-—0.282]
O e —0.041 469.7 [—0.422-0.339]

Note: Clearances and volumes of distribution are apparent parameters.

Abbreviations: CI, confidence interval; CL, clearance; k,, absorption rate constant; Q, inter-
compartmental clearance; RSE, relative standard error; Vi, central volume of distribution; Vy, peripheral
volume of distribution; 6, fixed effect; 5, random effect (residual variability); o, random effect (between-

subject variability).

In the investigation cohort: CL/F = 0¢y X (1 + 65 co1p1), Where Og; coyp; is 0 for 521TT individuals.

(Figure 2). The pcVPC (Figure 3a), was satisfactory as
well, with most observed concentrations lying in the 95%
prediction interval. The pcVPC stratified by the dose are
presented in the Supplementary Data S2 (5 and 30 mg
g24h dose regimens are not shown on the plot due to the
low number of subjects). NPDE were normally distrib-
uted, with mean 0 and variance 1 (Figure 3b-e).

PK/PD relationships

In univariate analysis, the CL/F and CK levels were nega-
tively correlated (r = —0.26, p = 0.042; Figure 4a); for each
increment of 1 L h™! in the CL/F, CK levels decreased by
0.20 units. In line with this, the odds of myalgia, another
indicator of statin-related muscle toxicity, were corre-
lated with atorvastatin CL/F, with an odds ratio (OR) of
0.68 ICysy, (0.46-0.99) for each 50 L h™" increase in CL/F
(p = 0.031), indicating that a higher clearance protects
against the occurrence of myalgia with an averaged 1.5-
fold lower chance of developing myalgia for every ~10%
(i.e., 50 L/h) increase in CL/F. The ROC AUC, reflecting
the classification performance of the test, was 0.77, which
indicates a good discriminant power (Figure 4b). Optimal
sensitivity (83.3%) and specificity (73.0%) were obtained
with a CL/F threshold of 414.67 L h™. Only one patient

out of six patients presenting myalgia had a CL/F above
this threshold (528.82 L h™"). When comparing patients
with a so-defined low CL/F to patients with a high CL/F,
the OR of suffering from myalgia was 13.43 ICysy, (2.47-
124.31), confirming that low clearance patients are at
higher risk of developing myalgia.

Considering treatment efficacy outcomes, CL/F and
decreases in total and LDL cholesterol levels (%) were
positively correlated (Figure 4c); for any increment in
the CL/F, the decrease in total and LDL cholesterol from
baseline was even more important (r = —0.34 and —0.36;
p = 0.005 and 0.014, respectively). Adjusting the regres-
sion models for the administered dose, slightly increased
the relationships between changes in either total or LDL
cholesterol levels and atorvastatin CL/F (r = —0.44 and
—0.49 vs. —0.34 and —0.36).

DISCUSSION

We developed a two-compartment PopPK model for es-
timating atorvastatin CL/F in a cohort of ambulatory pa-
tients at risk of CVD by using an opportunistic sampling
strategy easily accessible in clinical practice. This model is
able to provide an estimation of atorvastatin CL/F consid-
ering the genotype of the patient for SLCO1BI ¢.521T>C
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SNP. In addition, our results indicate that the estimation
of the CL/F of atorvastatin through our PopPK model
might help in identifying patients at risk of myalgia.
Indeed, we show that a patient presenting a CL/F lower
than 414.67 L h™" is at risk of suffering from muscle dis-
comfort. We also observed that the CL/F was correlated
with the efficacy outcomes, suggesting that a higher CL/F
is associated with a better drug efficacy (i.e., a greater de-
crease in total and LDL cholesterol levels).

Few atorvastatin PopPK models have been re-
ported to date. The majority of existing PK studies used

noncompartmental methods for analyzing the data. Yet, as
in other PopPK studies, our final model consists of a two-
compartment model and the CL/F estimations obtained
are similar to those derived in other PopPK studies, even
if the populations were not comparable. In the study of
Knebel et al.,** the population consisted of 39 pediatric
patients treated with low dose-atorvastatin, whereas in
the population included in the study of Narwal et al.,* in-
tensive 24 h sampling was performed on a mix of healthy
volunteers (n = 10) and patients (n = 13) after receiving
a single similar atorvastatin dose (10 mg). Both studies
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reported that a two-compartment model fitted the data the
best and estimated a mean CL/F of 652 and 504 L h™}, re-
spectively. Here, we showed that, even with very sparsely
sampled data in an adult ambulatory setting, we can still
obtain a meaningful estimation of the atorvastatin CL/F
with our model (535 L h™). This is supported by the results
obtained by Schwartz et al.*’ who used a PopPK model
built based on PK samples collected in 143 patients in
nursing homes and in the community and reported a typi-
cal CL/F value of 596.4 L h™" (considering a bodyweight of
70 kg). However, whereas, like ours, this latter study inves-
tigated the effect of demographic and clinical covariates on
the CL/F of atorvastatin, the population study comprised
a majority of elderly patients and did not consider any
genetic covariates in the model. The patients included in
their study were, on average, 10 years older than the am-
bulatory patients of our clinical trial. Consequently, their
patients had more than nine co-medications recorded on
average. Furthermore, the authors only assessed the im-
pact of CYP3A inducers and inhibitors without consider-
ing perpetrator drugs having an impact on OATP or other
transporters activities. In the study of Dostalek et al.,** a
sparse sampling design with a total of 312 PK points fit-
ted to a two-compartment model was also conducted but
the population study consisted of 20 nondiabetic and 32
diabetic renal transplant recipients as it was specifically
designed for investigating the effect of diabetes on atorvas-
tatin conversion to its lactone form and no genetic or co-
medication covariates were considered. Their model was
simplified to derive a metabolic CL/F of atorvastatin to its
lactone form and no global CL/F was estimated.
Considering the PK-PD associations, in the above-
mentioned PopPK studies, generally, no toxicity out-
comes were assessed for correlation with PK parameters.
However, in the study of Narwal et al.,* which was based
on the same rich dataset of Herman et al.,* used to support

the development of our structural model, no significant
difference in the PK parameters of the acid and lactone
forms of atorvastatin was found between healthy subjects
and patients with myopathy. This can potentially be ex-
plained by the fact that, contrarily to our model, none of
the genetic covariates were retained in their final model,
including the SLCOIB1 c.521T>C, which was probably
due to the low number of subjects included in their study
(n = 26). Considering the cholesterol lowering effect of
atorvastatin, in the study of Shwartz et al.,47 the authors
did not detect any relationships between atorvastatin con-
centrations and either low-density lipoprotein cholesterol
or total cholesterol concentrations. By contrast, in our
study, we observed a correlation between changes in total
and LDL cholesterol levels from baseline and atorvasta-
tin CL/F, suggesting that a higher CL/F is associated with
a better efficacy. This observation is not surprising as the
liver is the main site of HMG-CoA reductase action, which
represents also the main place of drug elimination. Our re-
sults suggest that a higher clearance would be associated
with higher atorvastatin hepatic extraction from the blood
to the hepatocyte thereby promoting the interaction be-
tween atorvastatin and its target in the hepatic tissue. This
is supported by a preclinical study that linked the hepatic
uptake of statins to their cholesterol-lowering efficacy in
a mouse model of hyperlipidemia.>* A higher atorvastatin
CL/F can thus potentially lead to a stronger HMG-CoA
reductase inhibition and, consequently, a larger reduction
of cholesterol levels. This is in line with the fact that sev-
eral studies associated the SLCO1BI c.521T>C SNP with
lower atorvastatin efficacy.'®'** Furthermore, a higher
atorvastatin CL/F might be also associated with a higher
active metabolite formation, which accounts for about
70% of the circulating HMG-CoA reductase inhibitory
activity.® Accordingly, we observed a positive correla-
tion between the mean metabolite ratio of atorvastatin
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hydroxy-metabolites among patients with a higher ator-
vastatin clearance (r = 0.30, p = 0.015, data not shown).

The SLCO1B1 ¢521T>C SNP (154149056, p.V174A) con-
stitutes a functional SNP that decreases the intrinsic trans-
port activity of the encoded protein,56 OATP1BI, a hepatic
xenobiotic influx transporter participating in the extraction
of statins from the portal vein into the hepatocyte,” the
first step of statin hepatic elimination. In healthy volun-
teers and in patients, carrying one or two variant alleles has
been consistently associated with an increase in atorvasta-
tin AUC.***>*° The influence of this variant on atorvasta-
tin PKs has been ultimately confirmed in a comprehensive
genomewide association study.”’ Furthermore, despite con-
troverted, it has been linked with atorvastatin-related mus-
cle toxicity, with the variant allele predisposing to toxicity
in a meta-analysis.'® The fact that the SLCOIBI ¢.521T>C
SNP was retained in our final PopPK model and was asso-
ciated with lower CL/F that in turn correlates with toxicity
and efficacy outcomes is thus in line with data reported in
the literature. All in all, it suggests that carriers of the vari-
ant allele are characterized by a lower clearance, putting
them at risk of myalgia and lower cholesterol-lowering ef-
fect. The former association might potentially be explained
by a higher blood exposure in patients with lower CL/F and
thus a higher risk of muscle side effects while the latter ob-
servation might reflect a lower HMG-CoA reductase inhib-
itory effect in patients with low CL/F values due to a lower
drug hepatic extraction. Concerning myotoxicity, as men-
tioned in the introduction, it should be kept in mind that
atorvastatin lactone is suspected to be more muscle toxic
than the acid form.'>*® In the present data set, the collected
PK data were too sparse to allow modeling the metabolite
PKs. However, we did observe a relatively good correla-
tion between atorvastatin acid and lactone concentrations
(r = 0.56, p < 0.0001, data not shown) whatever the time
post-intake or the atorvastatin dose, indicating that the re-
lationship linking atorvastatin CL/F and toxicity outcomes
might be a reflect of this association. In line with this, pa-
tients with a low atorvastatin CL/F (i.e., <414.67 L h™")
had on average higher atorvastatin-lactone concentrations
(17.19 nM +3.00 vs. 6.82 + 2.05, p = 0.0058) considering
the whole follow-up period.

Evenifnotretainedin our final model, the clinician should
also consider the impact of co-administration of OATP2B1
inhibitors in atorvastatin-treated patients. OATP2B1 is an
uptake transporter located in the luminal membrane of en-
terocytes and in the liver and therefore, facilitates the absorp-
tion and the excretion of the drug. It is thus not surprising
that, in our analysis, patients co-medicated with an inhib-
itor of OATP2B1 had lower CL/F than the rest of the pop-
ulation, as atorvastatin has been identified as an OATP2B1
substrate.'® However, it has been also shown that OATP1B1
and OATP1B3 are the major atorvastatin uptake transporters
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of atorvastatin in the liver and that OATP2B1 probably plays
a more important role in other tissues where other OATP
transporters are underrepresented.'® Interestingly, Knauer
et al. have demonstrated that OATP2B1 is expressed on the
sarcolemmal membrane of human skeletal muscle fiber and
that its expression increases intracellular accumulation and
toxicity of statins.'® In that way, co-administration of inhibi-
tors might potentially counteract this influx activity and pro-
tect against drug myocyte accumulation. It is thus not clear
whether co-administration of OATP2B1 inhibitors would
be harmful (decreased CL/F) or beneficial (decreased mus-
cle accumulation) for the patient but this finding supports
recommendations that co-administration of commonly pre-
scribed OATP2B1 inhibitors, such as L-thyroxin, should be
considered in clinical decisions and warrants further studies.

Our study has several obvious limitations. Because the
available concentration-time data in the investigation cohort
were sparse and collected in an ambulatory environment, the
development of the structural model had to be supported by
previously collected rich datasets. This approach might have
biased the results as the cohorts are not homogenous and the
analytical techniques used were not the same. Furthermore,
because of the sparse nature of sampling and the limited
amount of data, the population values of the intercompart-
mental clearance, the central volume of distribution, and
the peripheral volume of distribution were characterized by
high shrinkage values that, because of the potential distribu-
tion bias, limits the assessment of the impact of covariates
on these parameters. Because the precision of the estimated
CL/F parameter in the investigation cohort was quite good
(RSE = 6.2%) and the estimation was comparable to previ-
ous PopPK studies, we decided thus to focus our covariates
analysis on CL/F even if because of the high shrinkage value
on this PK parameter, the analysis of the effect of selected co-
variates on CL/F must be interpreted with caution. Another
limitation of our study is that time-varying covariates were
summarized over the entire observation period as it was not
possible to characterize interoccasion PK variability in any
of the datasets. In addition, even if different atorvastatin dos-
ages were considered in the present study, due to the limited
amount of collected data per dosage scheme, it was not pos-
sible to evaluate the linearity of atorvastatin PKs. Finally, we
were not able to model metabolite PK data and to link it with
atorvastatin acid PopPK model. Our approach has thus the
limitation to not consider other active metabolites.

In conclusion, our study demonstrates that PopPK
modeling can be useful in daily clinics to estimates a
patient’s atorvastatin clearance. Even if not directly im-
plementable in clinical routine, our results suggest that
notifying the clinician with this information might help in
identifying patients at risk of myalgia and gives indication
about the potential responsiveness to atorvastatin therapy
in complement to cholesterol measurements.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.
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