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Abstract

Background Rosuvastatin is a lipid-lowering agent widely prescribed in people living with HIV, which is actively transported
into the liver, making it a potential victim of drug—drug interactions with antiretroviral agents.

Objectives The aims of this study were to characterise the pharmacokinetic profile of rosuvastatin and to describe the rela-
tionship between rosuvastatin concentrations and non-high-density lipoprotein (HDL)-cholesterol levels in people living
with HIV.

Methods A population pharmacokinetic model (NONMEM) was developed to quantify the influence of demographics,
clinical characteristics and comedications on rosuvastatin pharmacokinetics. This model was combined with an indirect
effect model to describe non-HDL-cholesterol measurements.

Results A two-compartment model with sequential zero- and first-order absorption best fitted the 154 rosuvastatin concen-
trations provided by 65 people living with HIV. None of the tested covariates significantly influenced rosuvastatin pharma-
cokinetics. A total of 403 non-HDL cholesterol values were available for pharmacokinetic-pharmacodynamic modelling.
Baseline non-HDL cholesterol decreased by 14% and increased by 12% with etravirine and antiretroviral drugs with a known
impact on the lipid profile (i.e. protease inhibitors, efavirenz, cobicistat), respectively. The baseline value was surprisingly
43% lower in people living with HIV aged 80 years compared with those aged 40 years. Simulations based on the covariate-
free model predicted that, under standard rosuvastatin dosages of 5 mg and 20 mg once daily, 31% and 64% of people living
with HIV would achieve non-HDL-cholesterol targets, respectively.

Conclusions The high between-subject variability that characterises both rosuvastatin pharmacokinetic and pharmacody-
namic profiles remained unexplained after the inclusion of usual covariates. Considering its limited potential for drug—drug
interactions with antiretroviral agents and its potent lipid-lowering effect, rosuvastatin prescription appears safe and effective
in people living with HIV with hypercholesterolaemia.

Clinical Trial Registration No. NCT03515772.

1 Introduction

The aging of people living with HIV (PLWH) and their
higher risk for cardiovascular disease results in an increased
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Rosuvastatin demonstrated a high between-subject vari-
ability in its pharmacokinetic and pharmacodynamic
profiles

Drug—drug interactions with boosted protease inhibitors
increased rosuvastatin maximum concentrations by 29%,
which is of limited clinical relevance

Model-based simulations revealed that 64% of patients
should achieve non-high-density lipoprotein-cholesterol
targets when rosuvastatin is administered at the standard
dose of 20 mg once daily

In line with its limited potential for interactions with
antiretroviral agents and its potent lipid-lowering effect,
our results support the convenient prescription of rosuv-
astatin in people living with HIV with hypercholesterol-
aemia

in organ functions with age may affect statin pharmacokinet-
ics and thereby the magnitude of DDIs.

Rosuvastatin is a widely prescribed lipid-lowering agent,
which undergoes minor metabolism. Nevertheless, it is
transported into the liver by the organic-anion-transporting
polypeptide OATP1B1/3. It is also a substrate of the breast
cancer resistance protein (BCRP), a transporter present in
the intestine and in the liver where it limits the absorption
and mediates the biliary elimination of substrate drugs [5].
Protease inhibitors (PIs) inhibit OATP1B1/3 and BCRP
and therefore are expected to increase plasma (inhibition
of OATP1B1/3 and intestinal BCRP) and hepatic (inhibi-
tion of hepatic BCRP) rosuvastatin concentrations [6].
Protease inhibitors have varying inhibitory effects result-
ing in different DDI magnitudes. Current recommendations
indicate initiating rosuvastatin at the lowest possible dose
in the presence of boosted darunavir and without exceed-
ing 20 mg once daily. Studies have been conducted mainly
in young HIV-negative individuals (median age of about
25-30 years), and no guidance is available on how to adjust
rosuvastatin dosage in elderly PLWH.

In addition to their potential for DDIs, ARV treatments
and notably PIs may cause metabolic complications such as
lipid disorders, thus complicating the management of dyslip-
idaemia in PLWH [7, 8]. A study reported a 10% increase in
total cholesterol and a 56% increase in triglycerides in indi-
viduals receiving rosuvastatin with ritonavir-boosted daru-
navir vs rosuvastatin alone, while high-density lipoprotein
(HDL)-cholesterol levels decreased by 13%, highlighting the
potential of PIs to trigger or worsen lipid disorders [9].
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The purposes of the present study were to characterise the
pharmacokinetic (PK) profile of rosuvastatin in PLWH in
real-life settings, and to quantify the effect of demographic
and clinical covariates including comedications on its dis-
position. Second, this work aimed at describing the relation-
ship between rosuvastatin plasma concentrations and non-
HDL-cholesterol levels.

2 Methods
2.1 Study Population and Design

Rosuvastatin PK data were collected in PLWH from the
Swiss HIV Cohort Study, enrolled in two studies conducted
in Lausanne and Basel. First, PK investigations with rich
sampling were conducted in aging PLWH, as described
elsewhere [10] [ClinicalTrials.gov, NCT03515772]. People
living with HIV were excluded if they had severe comorbidi-
ties, such as advanced renal impairment (Kidney Disease
Outcomes Quality Initiative 4-5), heart failure (New York
Heart Association 3-4) or cirrhosis (Child—Pugh score C).
The second study involved the collection of sparse plasma
samples during the patients’ biannual cohort visits at unse-
lected times after the last drug intake [11]. Each consenting
patient with at least one available rosuvastatin plasma con-
centration was included in the analysis. Exclusion criteria
from the analysis included undetectable rosuvastatin plasma
concentrations (interpreted as absolute non-adherence) and
non-reliable time information (i.e. date and hour about last
drug intake or blood sampling).

The following data were concurrently collected at the
time of blood drawing for PK measurements: age, sex, body
weight, total cholesterol, HDL-cholesterol, triglycerides,
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), serum creatinine concentration, presence of
diabetes mellitus and concomitant medications. Recorded
comedications included ARV treatment as well as medica-
tions for comorbidities. Although rosuvastatin is primarily
excreted in the faeces, severe renal insufficiency has been
reported to impact rosuvastatin disposition, while mild-to-
moderate renal impairment did not affect its elimination
[12]. Therefore, creatinine clearance was estimated by the
Cockcroft—Gault formula and was tested as a covariate [13].

Total and HDL-cholesterol levels before the initiation of
rosuvastatin treatment were retrieved from the Swiss HIV
Cohort Study database. As the time of blood drawing was
not recorded, it was arbitrarily fixed at 8 am, considering the
low circadian variation of cholesterol [14]. At the same date,
the following data were also collected for the pharmacody-
namic (PD) analysis: body weight, AST, ALT, presence of
diabetes, ARV treatment and comedications.
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2.2 Rosuvastatin and Non-High-Density
Lipoprotein-Cholesterol Quantifications

Blood samples for determination of rosuvastatin plasma
concentrations were collected on EDTA-containing tubes.
Plasma were aliquoted, shipped frozen (Basel samples) and
stored at — 80 °C until analysis. All rosuvastatin plasma con-
centration measurements were performed at the Laboratory
of Clinical Pharmacology at Lausanne University Hospital
by ultra-high performance liquid chromatography coupled
with tandem mass spectrometry [15].

For the PK study with rich sampling, total cholesterol and
HDL-cholesterol levels were analysed using enzymatic reac-
tions catalysed by cholesterol oxidase as routinely performed
at the Laboratory of Clinical Chemistry of the Lausanne
University Hospital. For plasma samples collected during
the sparse sampling study and plasma samples collected
before rosuvastatin initiation, cholesterol levels were meas-
ured enzymatically by each centre.

As PLWH have often elevated triglyceride values, low-
density lipoprotein values cannot be reliably derived using
the Friedewald formula [16]. Non-HDL-cholesterol levels
were thus simply calculated by subtracting HDL-cholesterol
from total cholesterol levels.

2.3 Pharmacokinetic/Pharmacodynamic Analysis

Population PK/PD analyses were conducted using non-linear
mixed-effect modelling NONMEM) [version 7.4.2; ICON
Development Solutions, Ellicott City, MD, USA], supple-
mented by the PsN-Toolkit (version 4.2.0) and Pirana ver-
sion 2.9.2 [17, 18]. Data management, statistical and graphi-
cal analyses were performed using R (version 3.6.1) [https
://[www.r-project.org].

2.3.1 Pharmacokinetic Structural Model

Log-transformed rosuvastatin plasma concentrations were
fitted using the first-order conditional estimation with
interaction (FOCEI), with the subroutines ADVAN4 and
TRANS4. Analyses were first performed using the full
PK profiles, and subsequently adding the sparse data. The
model that best fitted the data was identified using a stepwise
procedure, comparing one- and two-compartment models,
with first-, zero-order or mixed (sequential or simultane-
ous) absorption processes, potentially including a lag time.
When analysing the entire dataset, parameters describing the
absorption phase were fixed to the values estimated during
the analysis of rich pharmacokinetics to allow precise and
plausible estimation of the other PK parameters. Between-
subject variability was assumed to follow a log-normal dis-
tribution described by exponential errors. An additive error

model on the log scale was used to describe the residual
variability.

2.3.2 Pharmacokinetic/Pharmacodynamic Model

The final PK model was combined with an indirect effect
model to describe non-HDL-cholesterol data (Fig. 1). Con-
sidering that the decrease in non-HDL-cholesterol plasma
levels following rosuvastatin treatment is mediated via
trough 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibition, the variation of non-HDL-cholesterol over time
was described as follows:

d(nonHDLchol) e x <1 3 C,

——— | — k,,, X nonHDLchol,
dt IC5y + G,

where k;, and k,,, denote the production and elimination
rates of non-HDL-cholesterol, respectively, C, is the PK
model-predicted rosuvastatin plasma concentration at time
t, and ICsj is the rosuvastatin concentration that leads to a
50% inhibition of non-HDL-cholesterol production.

The non-HDL-cholesterol compartment was initialised
with a baseline level, and K, was defined as K /baseline.
Exponential errors following log-normal distributions were
assumed for the description of between-subject variability
of PD parameters. Additive, proportional and mixed-error
models were compared to capture the residual unexplained
variability.

2.3.3 Covariate Analysis

All potential and physiologically plausible associations
were first graphically explored and then tested in univari-
ate analyses in both PK and PD models. Patients’ charac-
teristics investigated for their impact on the PK parameters
were: sex, age, body weight, creatinine clearance, ALT, AST
and presence of boosted PlIs. The effect of boosted PIs was
tested on the absorption phase, as studies reported a more
pronounced effect of boosted PIs on rosuvastatin maximum
concentration (C,,,,) than area under the concentration—time
profile (AUC) [9, 19, 20]. However, as the absorption rate
constant and duration of zero-order absorption were fixed in
the model, the effect of boosted PIs was tested on the central
volume of distribution (V,), which also reflects the absorp-
tion phase. In the PD model, covariates have been tested
only on the baseline value, which was the unique parameter
with quantifiable between-subject variability explicable by
covariates [21]. The association between individual base-
line levels and age, sex, body weight, AST, ALT, diabetes,
ARV treatment and the presence of additional lipid-lowering
agents was explored. The influence of the HIV viral load
on baseline non-HDL-cholesterol values was not considered
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Fig. 1 Compartmental model used to describe rosuvastatin pharma-
cokinetic (PK) and pharmacodynamic (PD) data. CI apparent rosuv-
astatin clearance, C, rosuvastatin plasma concentration predicted by
the model, D, duration of zero-order absorption, HDL high-density
lipoprotein, /Cs, rosuvastatin concentration that produced a 50% inhi-

because of a high proportion of virologically suppressed
patients in this population.

For both PK and PD models, statistically significant
covariates were then selected in a stepwise forward inclusion
and backward deletion approach. Continuous variables were
centred on their median value and tested using linear and
allometric relationships, as appropriate. For the PD part of
the model, age was also tested as a time-varying covariate to
account for potential differences in the within- and between-
subject variation, as previously detailed [22]. Further explo-
ration of the effect of age on the baseline was carried out
by testing the effect of age at rosuvastatin treatment start,
and of the follow-up period (i.e. time between the first and
the last non-HDL-cholesterol value). Categorical covariates
were coded as indicator variables, as 0 or 1. Missing values
for weight, AST, ALT and creatinine clearance were imputed
to the median value in the study population (Table 1 and
Electronic Supplementary Material [ESM]). The effect of
ARVs on PK/PD parameters was evaluated either by inde-
pendently testing each ARV or grouping them considering
their potential for DDIs with rosuvastatin (PK part of the
model) or their impact on lipids according to the European
AIDS Clinical Society (PD part of the model) [23].

2.3.4 Parameter Estimation and Model Selection

Hierarchical models were discriminated using the log-like-
lihood ratio test, based on changes in the objective function
value (AOFV). Goodness-of-fit plots, precision and plausi-
bility of model parameters were also considered to evalu-
ate the reliability of the model. In univariate analyses and
forward inclusion of covariates, a decrease in OFV greater
than 3.84 (p < 0.05) was considered statistically significant.
During the backward deletion step, a covariate was retained

A\ Adis

bition of non-HDL-cholesterol production, k, absorption rate con-
stant, k;, production rate of non-HDL-cholesterol, k,, elimination
rate of non-HDL-cholesterol, O apparent inter-compartmental clear-
ance, V, apparent central volume of distribution, V), apparent periph-
eral volume of distribution

Table 1 Demographic and clinical characteristics of the study popu-
lation

Patient’s characteristics at baseline (n=65)  Median [IQR] or n (%)

Age, years 55 [49-64]
Women 8 (12)
Body weight, kg 75 [66-85]
Missing data 2(3)

ALT (UI/L) 29 [23-45]
Missing data 4(6)

AST (UI/L) 28 [23-36]
Missing data 4(6)
Creatinine clearance (mL.min"".1.73 m™2) 87 [79-119]
Missing data 4(6)
Comedications (n=154)* n (%)
Ritonavir-boosted darunavir® 70 (46)
Cobicistat-boosted darunavir” 4(3)
Ritonavir-boosted atazanavir® 1(1)
Cobicistat-boosted atazanavir® 2(1)
Cobicistat-boosted elvitegravir 14 (9)
Etravirine 38 (25)
Efavirenz 21 (14)
Nevirapine 9 (6)
Rilpivirine 2(D)
Dolutegravir 47 (31)
Raltegravir 38 (25)

ALT alanine aminotransferase, AST aspartate transaminase, /QR inter-
quartile range

*Values are reported according to the number of rosuvastatin plasma
concentrations

Considered as boosted protease inhibitors

in the final model if its deletion from the full model led to a
7.88-point increase in the OFV (p < 0.005).
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2.3.5 Model Evaluation

A sensitivity analysis was performed to evaluate the poten-
tial leverage effect of outliers’ concentration data (high
rosuvastatin plasma concentrations) on significant covari-
ates. The comparison between parameter estimates obtained
with the complete vs reduced (i.e. after exclusion of these
concentrations) dataset allowed a decision on the inclusion/
exclusion of the data into/from the dataset.

The stability of the final PK and PK/PD models was
assessed by the non-parametric bootstrap method using 2500
samplings with replacement to generate median parameters
along with their 95% confidence intervals (95% Cls), and to
compare them with the final model estimates. In addition,
prediction-corrected visual predictive checks of final PK and
PK/PD models were built using 1000 simulations [24].

2.3.6 Model-Based Simulations

Model-based simulations were performed to compare rosu-
vastatin C,,, minimum concentrations, and AUC from 0 to
24 h (AUC,,_,4) under different ARV regimens. Non-HDL-
cholesterol levels were also simulated and compared to a
target value of 2.8 mmol/L, calculated by adding 0.8 mmol/L
to the low-density lipoprotein target recommended by the

European AIDS Clinical Society (2.0 mmol/L) [16, 23].

3 Results
3.1 Study Population and Data

The six PLWH enrolled in the PK study with rich sampling
provided 65 rosuvastatin plasma concentrations. Addition-
ally, 89 rosuvastatin plasma concentrations were collected
in 62 PLWH in a sparse sampling design (Fig. 2). A median
of 11 samples (range 10-11) and 1 sample (range 1-3) per
patient was collected during the rich and sparse sampling
studies, respectively, from 0.2 to 38.5 h after the last drug
intake. Rosuvastatin daily dose varied between 5 and 20 mg,
with a median of 10 mg.

Characteristics of the study population are presented in
Table 1. The median age of participants at the time of blood
sampling for the PK analysis was 55 years (inter-quartile
range [IQR] 49-64) and ritonavir-boosted darunavir was the
most frequent coadministered ARV treatment.

A total of 403 non-HDL cholesterol values were avail-
able for the PK/PD modelling (253 and 150 values before
and after the start of rosuvastatin treatment, respectively).
Fifty-five PLWH had at least one baseline non-HDL-cho-
lesterol level, collected in a median time of 1.1 years (range
0-3.7) before starting rosuvastatin treatment. The number of
baseline non-HDL-cholesterol values per individual varied
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Fig.2 Standardized observed rosuvastatin plasma concentration—
time profiles. Rosuvastatin plasma concentrations were standardized
for a daily dose of 10 mg once daily and are presented in log-scale.
Concentrations in people living with HIV receiving boosted pro-
tease inhibitors are presented in pink triangles while concentrations
observed in people living with HIV receiving antiretroviral drugs
devoid of interaction potential are shown in white circles. Rosuv-
astatin plasma concentrations observed in people living with HIV
enrolled in the pharmacokinetic study with rich sampling are joined
with black lines

between 0 and 5, with a median of 5. After rosuvastatin
initiation, data were collected over a median duration of
3.7 years (range 0-20.4). Median age of participants was
55 years [50—64] before rosuvastatin treatment and 64 years
[60-70] after rosuvastatin initiation. Characteristics of the
study population before and after rosuvastatin initiation are
presented in the ESM.

3.2 Pharmacokinetic/Pharmacodynamic Analysis
3.2.1 Pharmacokinetic Analysis

A two-compartment model with sequential zero- and first-
order absorption adequately described the rosuvastatin
full PK profiles (Fig. 1). The addition of a lag time did
not improve the fit (AOFV = —-0.2, p>0.05), as well as
the modelling of a simultaneous mixed absorption process
(AOFV =23.9, p>0.05). The absorption rate constant and
duration of zero-order absorption were respectively esti-
mated at 0.306 h™! and 0.461 h, without variability. Fixing
these parameters to these values during subsequent model
development allowed a precise and plausible estimation of
the other PK parameters when analysing the full dataset.
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Between-subject variability was estimated on clearance (Cl)
and V.. An additive error model in the log-scale adequately
described the residual variability.

In univariate analyses, no covariate showed any influ-
ence on Cl (AOFV > —2.89; p>0.05). The standard error
of estimate around the effect of boosted PIs on rosuvastatin
disposition indicated that our study was sufficiently pow-
ered to rule out a Cl decrease of more than 22%. During
univariate testing, rosuvastatin V_ decreased by 65% when
coadministered with boosted PIs (AOFV = —3.88, p=0.05),
and increased by three-fold in women (AOFV = —-6.12,
p=0.01). However, none of these covariates reached the
statistical significance during the multivariate analysis. In
addition, the multivariate combination did not improve the
description of the data as among the 22 PLWH who received
boosted Pls, 20 were male.

Of note, the sensitivity analysis performed excluding
one individual (11 plasma samples) with high rosuvastatin
plasma concentrations justified the maintenance of this indi-
vidual in the dataset, as it produced no clinically significant
changes in parameter estimates or in covariate impact.

Parameter estimates of the final rosuvastatin PK-only
model along with bootstrap results are presented in the ESM.
Model reliability was supported by the bootstrap results
showing that median values differed less than 15% com-
pared with the population estimates. In addition, prediction-
corrected visual predictive checks (ESM) demonstrated an
adequate description of the data by the model.

3.2.2 Pharmacokinetic/Pharmacodynamic Analysis

In the PD part of the model, between-subject variability was
estimated with good precision on baseline and ICs, param-
eters. A proportional error model adequately captured the
residual variability. Univariate analyses revealed that etra-
virine, ARVs with a known negative impact on lipids (i.e.
PIs, efavirenz and cobicistat) and age had significant effects
on baseline non-HDL-cholesterol levels (AOFV < —11.9;
p<5.107). The effect of age was modelled using a linear
function and the addition of a time-varying covariate effect
did not improve the fit (AOFV = —2.69; p>0.05). The
decrease in the OFV was more pronounced when including
the effect of age compared to the inclusion of both the age
at the start of rosuvastatin treatment and of the follow-up
period (AOFV =3.4; p>0.05).

All the covariates were retained after multivariate analy-
ses. Coadministration of etravirine was associated with a
14% decrease in the baseline non-HDL-cholesterol value.
Conversely, coadministration of PIs, efavirenz or cobicistat
increased the baseline level by 12%. Finally, the baseline
value was surprisingly 43% lower between PLWH aged
80 years compared with those aged 40 years. Inclusion of
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covariates decreased residual variability by 7% compared
with the base model.

Parameter estimates from the final full PK/PD model are
presented in Table 2. All parameters were estimated with
good precision (relative standard error <39%), except for
the effect of ARVs with negative impact on lipid baseline
values (relative standard error=65%). The latter was how-
ever retained in the final model because of its known impact
on non-HDL-cholesterol values. The model was judged
reliable as all bootstrap median parameter estimate values
are contained within the bootstrap 95% confidence inter-
val (95% CI). Concerning the PK part of the model, 95%
CI of the between-subject variability on V_ was very large,
despite a good precision of its estimate (relative standard
error =30%). This parameter captured the high variability
in rosuvastatin absorption that could not be estimated in the
absorption parameters. Bootstrap results of the PD part of
the model revealed the lack of a significant effect of boosted
PIs, cobicistat and efavirenz on the baseline parameter, as
the 95% CI included the null value, which was not surpris-
ing owing to the poor precision of this parameter estimate.

Goodness-of-fit plots for the final PK/PD model are
shown in the ESM. Finally, the prediction-corrected visual
predictive check indicated an adequate description of the
observed data by the final model (Fig. 3).

3.2.3 Model-Based Simulations

The simulations performed to compare rosuvastatin expo-
sure when coadministered with boosted PIs or ARVs devoid
of any interaction potential showed no difference in rosuvas-
tatin AUC,,_,, and a modest increase in rosuvastatin C,,,, by
29% and decrease in minimum concentration by 6% when
coadministered with boosted PIs (Fig. 4, ESM).

Simulations based on the covariate-free PK/PD model
showed that non-HDL-cholesterol targets were achieved in
31% and 44% of PLWH receiving a rosuvastatin dosage of
5 mg (AUC,,_,,: median 41 ng.h/mL, IQR 30-56) and 10 mg
once daily (AUC,_,,: median 82 ng.h/mL, IQR 59-112),
respectively. This proportion reached 64% and 84% after
the administration of a rosuvastatin daily dose of 20 mg
(AUC,_,,: median 164 ng.h/mL, IQR 118-225) and 40 mg
(AUC,_,,: median 328 ng.h/mL, IQR 236-450), respectively
(Fig. 5).

4 Discussion

Our study presents rosuvastatin exposure in a real-life setting
of PLWH. To date, rosuvastatin population PK studies have
been performed either in healthy volunteers or in paediat-
ric patients [12, 25], but not in an HIV-infected population.
Pharmacokinetic parameters are in good accordance with
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Table 2 Parameter estimates
of the final pharmacokinetic/
pharmacodynamic model with
bootstrap results

Fig.3 Prediction-corrected
visual predictive check of the
final pharmacokinetic/pharma-
codynamic model. Open circles
represent log transformed rosu-
vastatin plasma concentrations
(left) and non-high-density lipo-
protein (HDL) cholesterol val-
ues (right). The continuous line
represents the median observed
concentration and the dashed
lines represent the observed
2.5% and 97.5% percentiles.
Shaded areas represent the
model-based 95% confidence
interval for the median and the
2.5% and 97.5% percentiles

Final model Bootstrap (n=2500 samples)

Parameter Estimate RSE (%) Median 95% CI
Pharmacokinetics
k, (h™) 0.306 FIX
D, (h) 0.461 FIX
Cl (L-h™" 122 9 123 105-144
oc (CV%) 51 13 49 35-64
V. (L) 144 47 147 45-267
vy, (CV%) 94 30 88 2-451
vV, L) 1610 33 1572 950-3703
QILh™h 69 19 71 48-99
Additive residual error® 0.30 14 0.29 0.21-0.37
Pharmacodynamics
k;, (mmol-L=1h71) 0.02 20 0.02 1.9%1073 t0 0.34
Baseline (mmol-L™) 3.6 7 3.6 3.2-42
Dpasetine (CV%) 20 9 20 16-24
O ARy 0.12 65 0.11 —0.04 t0 0.28
Oy —-0.14 39 —-0.14 —0.24t0 —0.03
Opge —0.81 24 —0.81 —1.18t0 —0.43
ICs, (ng/mL) 15.8 30 15.3 9.2-314
Orcs0 (CV%) 101 17 99 37-163
Proportional residual error (%) 42 5 42 39-44

CI confidence interval, CI rosuvastatin clearance, CV coefficient of variation, D; duration of zero-order
absorption, ICs, rosuvastatin concentration that led to a 50% inhibition of non-high-density lipoprotein-
cholesterol production, k, absorption rate constant, k;, production rate of non-high-density lipoprotein-cho-
lesterol, Q inter-compartmental clearance, RSE relative standard error, defined as standard error/estimate,
V. rosuvastatin central volume of distribution, V), rosuvastatin peripheral volume of distribution, 8, effect
of ARV with negative impact on lipids (i.e. boosted protease inhibitors, cobicistat and efavirenz) on base-

line, 0y effect of etravirine on baseline, Guge effect of age on baseline, @ between-subject variability
*Additive residual error in log scale, reported as standard deviation

Final model: baseline=3.6 (1 +0.12 X ARV) X (1 — 0.14 X ETV) x (I — 0.81 x %)

Log of rosuvastatin plasma concentrations (ng/mL) Non-HDL-cholesterol levels (mmol/L)

7.5

5.0

25

0.0

0 10 20 30 0 10 20 30
Time after dose (h)
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with boosted protease inhibitors [PIs] (pink). Continuous lines repre-
sent the population median prediction and shaded areas represent the
95% prediction interval for rosuvastatin alone (grey) or with boosted
PIs (pink)
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Fig.5 Distribution of non-high-density lipoprotein (non-HDL)-
cholesterol values, 24 h after administration of rosuvastatin dose at
steady state, simulated in 1000 individuals using the base pharma-
cokinetic/pharmacodynamic model. The dashed line represents the
non-HDL-cholesterol target according to European AIDS Clinical
Society guidelines [23]

previously published studies, while large fluctuations have
been observed in the literature for values of volume of distri-
butions (1255-4870 L) [12, 26, 27]. Our study reports a high
between-subject variability on rosuvastatin Cl and V. This
can be attributed in part to OATP1B1 and BCRP genetic

A\ Adis

polymorphisms, which have been shown to strongly affect
rosuvastatin pharmacokinetics, mainly during the absorp-
tion phase [28, 29]. Despite this high variability, none of
the tested covariates was retained in the final PK model.
Although creatinine clearance and ethnicity have been
shown to significantly influence rosuvastatin disposition in
a previously published paper [12], the low heterogeneity of
creatinine clearance and the low percentage of non-white
PLWH in our population prevented us to replicate these
results.

The effect of ARV on rosuvastatin pharmacokinetics has
already been described. Pharmacokinetic studies reported a
143% and 48% increase in rosuvastatin C_,, and AUC_,,
when coadministered with ritonavir-boosted darunavir [9]
and a 277% and 93% increase in rosuvastatin C,,,, and AUC
024 When coadministered with cobicistat-boosted daruna-
vir [20]. In addition, coadministration of ritonavir-boosted
atazanavir and ritonavir-boosted lopinavir has been shown
to increase rosuvastatin C,,, by 600% and 370% respec-
tively, while AUC,,_,, was increased by 213% and 110%,
respectively [19, 30]. The reported differences in the mag-
nitude of DDIs between rosuvastatin and several boosted
PIs have been attributed to their different potency to inhibit
OATPIBI1 [31]. In our study, the small sample size when
individually considering each boosted PI prevented us dif-
ferentiating each of their effects on rosuvastatin pharma-
cokinetics. Our results demonstrated that coadministration
of boosted Pls increased rosuvastatin C,,, by 29%, but
failed to identify any influence on rosuvastatin exposure.
The difference regarding the identification and the mag-
nitude of DDIs compared with the above results may be
related to the paucity of our data and to the high overall
between-subject variability, notably during the absorption
phase. Indeed, previously published studies were essentially
conducted in healthy volunteers [9, 19, 20, 30], which do
not reflect the complex situation in a real-life clinical setting
where multiple factors may impact drug pharmacokinetics.
In our non-selected population of PLWH, the 29% increase
in rosuvastatin C,,,, when coadministered with boosted PIs
was considered non-clinically significant. Our results are in
line with the European AIDS Clinical Society guidelines, in
which the maximum recommended daily dose of rosuvas-
tatin when coadministered with boosted PIs does not differ
from the maximal recommended dose in the general popula-
tion. Comparatively, atorvastatin exposure could increase by
200-300% in the presence of ritonavir-boosted darunavir,
justifying an atorvastatin dosage adjustment, and coadmin-
istration of simvastatin with PIs is contraindicated as it is
expected to markedly increase simvastatin concentrations
[32]. However, as some cases of rhabdomyolysis have been
reported in PLWH with organ dysfunctions receiving con-
comitantly rosuvastatin and boosted PIs, clinical signs of
adverse reactions should be cautiously monitored [3, 4].
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The PD analysis revealed a large between-subject vari-
ability on the ICy, parameter, which could be related among
others to the genetic polymorphism in transporters involved
in the entry of rosuvastatin in the liver, thus regulating its
concentration in the hepatocyte, its site of action. Between-
subject variability on the baseline was smaller and was
partly explained by the inclusion of covariates. The absence
of a significant effect of sex and body weight on the PD
parameters is in good agreement with a population PK/PD
model developed for atorvastatin, simvastatin and fluvastatin
[33]. Our study showed a negative impact of PIs, efavirenz
and cobicistat on the lipid profile, increasing the baseline
value by 12%. Although estimated with poor precision,
this parameter was maintained in the model because this
adverse event is largely described in the literature for each
of these drugs [7]. The magnitude of this effect was similar
to the improvement of non-HDL-cholesterol when switch-
ing from a PI-containing to a dolutegravir-based regimen
(neutral effect on lipids) [34]. Although relatively weak, this
effect might justify a switch to ARVs with neutral effects on
lipids in PLWH with a high cardiovascular risk, in addition
to lifestyle interventions and prescription of lipid-lowering
agents [35].

On the other hand, coadministration of etravirine was
significantly associated with a decrease in non-HDL-cho-
lesterol baseline values. This effect may result either from
a positive impact of etravirine per se on the lipid profile,
or from an improvement of lipid parameters after switch-
ing from ARVs with a negative impact on blood lipids to
etravirine treatment. Indeed, a previous study demonstrated
that switching to an etravirine-containing regimen in PLWH
on stable ARV treatment (mainly efavirenz and PIs) was
associated with a significant improvement on lipid param-
eters [36]. Although etravirine treatment was not necessarily
preceded by an efavirenz- or PI-containing ARV regimen in
the present study, this may have occurred before the inclu-
sion of some patients. Nevertheless, the clinical relevance
of the effect of etravirine on the lipid profile remains to be
explored and a switch to etravirine is not recommended in
current guidelines for patients with dyslipidaemia [23].

Finally, our study showed a significant decrease in non-
HDL-cholesterol levels with aging with the baseline value
43% lower in PLWH aged 80 years compared with those
aged 40 years. However, older age was usually associated
with higher total cholesterol levels in previously published
studies [37, 38]. This effect could result from a close and
frequent monitoring of PLWH included in the Swiss HIV
Cohort Study, and therefore from a better management of
cardiovascular risk factors throughout their follow-up. HIV
clinicians insist on lifestyle and dietary measures by promot-
ing physical activity and a balanced diet that could improve
the lipid profile of PLWH. Similar conclusions were drawn
when observing a higher life expectancy of PLWH compared

with the general population. Such results were attributed to
the better management of chronic disease risk factors and
earlier diagnosis of other diseases compared with the gen-
eral population [39]. In addition, lifestyle and dietary meas-
ures to reduce cholesterol could be followed more closely
by PLWH accessing to an advanced age, who have already
experienced a cardiovascular event and in whom a statin is
introduced as a secondary prevention, compared with the
youngest population who receive a statin as primary pre-
vention. Finally, we cannot exclude a selective attrition bias
favouring the access of the PLWH with milder hypercholes-
terolaemia to an advanced age.

Given the PK/PD model parameters, non-HDL-choles-
terol values after different doses of rosuvastatin could be
simulated. Simulations based on the base PK/PD model
revealed that the majority (64%) of PLWH receiving a rosu-
vastatin dose of 20 mg once daily would achieve non-HDL-
cholesterol targets [23]. This result highlights the effective
lipid-lowering effect of rosuvastatin in PLWH and is in line
with previously published studies reporting a better efficacy
of rosuvastatin in lowering low-density lipoprotein-choles-
terol and raising HDL-cholesterol levels in PLWH compared
with other statins [40, 41].

Some limitations may reduce the impact of the outcomes
presented here. First, the paucity of data precluded the
estimation of separate effects for each ARV on rosuvasta-
tin exposure and on non-HDL-cholesterol levels. In addi-
tion, the absence of genotyping data from the transporters
involved in both rosuvastatin PK and PD profiles prevented
us explaining some part of the variability.

Nevertheless, this model is the first to describe the rela-
tionship between rosuvastatin pharmacokinetics and its
lipid-lowering effect in PLWH. It could serve as a rational
tool to support clinical decisions concerning the choice of
initial rosuvastatin dosage and its potential effect on lipid
profile.

5 Conclusions

The limited potential of rosuvastatin for DDIs with
ARV agents and its potent lipid-lowering effect make it a
convenient agent for the safe and effective management of
hypercholesterolaemia in PLWH.
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