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Article

Simulation of Plasma Level Changes of Cerivastatin
and Its Metabolites, Particularly Cerivastatin Lactone,
Induced by Coadministration with CYP2C8 Inhibitor
Gemfibrozil, CYP3A4 Inhibitor Itraconazole, or Both,
Using the Metabolite-Linked Model

Katsumi Iga

Pre-formulation Department, Pharmaceutical Research and Technology Unit, R & D Division, Towa
Pharmaceutical Co., Ltd, 32-8 Kusazai Shinmachi, Kadoma-shi, Osaka-fu, Japan; kiga2020@outlook.jp

Abstract: Background/Objective: This study investigates how drug-drug interactions (DDIs) with
gemfibrozil (Gem), a potent CYP2C8 inhibitor, and itraconazole (Itr), a strong CYP3A4 inhibitor,
affect the plasma levels of Cerivastatin (Cer) and its metabolites (M23, M1, and Cerivastatin lactone,
Cer-L). The primary goal is to assess the risk of abnormal Cer-L elevation when Cer is co-
administered with both Gem and Itr. Methods: We employed a newly developed Metabolite-Linked
Model, which analyzes plasma metabolite levels by integrating the extent of formation (fv) and
elimination rate (Kem) of both the parent drug and its metabolites. This model provides simultaneous
analysis of Cer and its metabolites while determining the values for fu and Kem. Results: Simulated
plasma concentrations of Cer and its metabolites in Cer + Gem and Cer + Itr DDIs matched observed
data. The predicted area under the concentration-time curve ratios (AUCR) for Cer-L were 4.2 (Cer
+Gem) and 2.1 (Cer + Itr), with Kem(+)/Kem ratios of 0.56 (Cer + Gem) and 0.53 (Cer + Itr), indicating
elimination via CYP2C8 and CYP3A4, without involvement of other enzymes. In the Cer + Gem +
Itr combination, the predicted AUCR for Cer-L was about 70, nearly seven times higher than the
parent drug. Conclusions: These findings underscore the toxic risk associated with Cer, particularly
due to fatal rhabdomyolysis when co-administered with both Gem and Itr, as a result of limited
alternative pathways for Cer-L elimination. This pharmacokinetic model proves to be a valuable
tool for assessing DDI risks and enhancing clinical drug development.

Keywords: cerivastatin; cytochrome P450 2C8; CYP3A4; drug-drug interaction; gemfibrozil;
itraconazole; UDP-glucuronosyltransferase

1. Introduction

To avoid severe side effects caused by unfavorable combinations of medical drugs, it is crucial
to predict drug-drug interactions (DDIs) from the early stages of drug development. To this end, we
have been developing a systematic method for predicting enzyme inhibition-based DDIs [1-6]. The
method was developed based on fundamental concepts: the impact of DDIs depends on the specific
characteristics of both the victim drug and the perpetrator; and changes in plasma concentrations —
both for the unchanged drug and its metabolites—can be effectively simulated using a simplified
compartment model-assisted pharmacokinetic (PK) modeling that incorporates a “metabolite-linked
to unchanged drug’ system (Metabolite-Linked Model).

In the present study, we focused on the abnormal PKs of the cholesterol-lowering drug
cerivastatin (Cer), which was withdrawn from the market shortly after its release due to numerous
cases of fatal rhabdomyolysis (particularly notable among statin drugs) in the early 2000s
[Supplementary Material (SM1)][7,8]. The primary suspected cause of these adverse events was the
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abnormal elevation of Cer plasma concentrations, potentially due to the concurrent use of inhibitors
of metabolic enzymes and hepatic uptake transporters [9,10]. However, a comprehensive explanation
for these occurrences remains elusive. For instance, Cer is a substrate of the oxidative enzyme
cytochrome P450 2C8 (CYP2C8), and its plasma concentration has been reported to increase
significantly (a five-fold increase in the area under the plasma concentration curve, AUCR = 5) when
co-administered with the CYP2C8 inhibitor gemfibrozil (Gem; 600 mg BID)[11]. In this combination,
Cer is considered the victim drug, while Gem is identified as the perpetrator. This DDI was thought
to contribute to the adverse effects. However, the increase in unchanged Cer plasma concentration
with this combination appears insufficient to cause severe side effects, based on the results of the Cer-
Gem hyperlipidemia treatment study [12], which showed no abnormal effects, as well as typical dose-
escalation clinical studies [13,14].

It has been suggested that Gem’s inhibition of the hepatic uptake transporter OATP1B1 could
worsen the interaction [15,16]. However, the reported in vitro inhibitory activity of Gem is not strong
enough to exacerbate the interaction (R =1 + [Iu]/Kiu < 1.1) [17-19]. Moreover, our previous research
suggests that OATP1B1 inhibition does not significantly contribute to the interaction [6].

Cer is a weak substrate of CYP3A4, but co-administration with the CYP3A4 inhibitor
itraconazole (Itr; 200 mg QD) results in a minimal increase in plasma concentration (AUCR = 1.1)]20].
Thus, the likelihood of rhabdomyolysis due to increased Cer plasma concentration from CYP2C8 or
CYP3A4 inhibition is also extremely low.

Although no interaction studies have been conducted on the co-administration of Cer with Gem
and Itr, it is hypothesized that complete inhibition of oxidative metabolism (a severe scenario) by
these inhibitors would result in a significant increase in plasma Cer levels. Plasma levels of one of
Cer’s metabolites, the lactone form (Cer-L), would also rise dramatically, unlike other metabolites.
This possibility is illustrated in Figure 1.
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Figure 1. Potential for abnormal increases in plasma levels of Cer and its metabolites in the Cer + Gem + Itr
DDL

Here, Cer is metabolized by CYP2C8, CYP3A4, and UGT into its primary metabolites, M23, M1,
and Cer-G2 (the acyl glucuronide of Cer) [21](SM2). Cer-G2 is quickly converted to Cer-L [22,23].
Although Cer-L is prone to hydrolysis at lower pH levels in vitro [24], it remains relatively stable in
the bloodstream. As a result, Cer-L is primarily metabolized through oxidation by CYP2C8 and
CYP3A4. Notably, Cer-L has been identified as a potential causative agent in the rhabdomyolysis
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events observed in previous studies [10,25]. In this hypothesis, the co-administration of Cer with Gem
and Itr could potentially block the elimination of Cer-L, leading to serious consequences.

In this context, this study aims to predict changes in plasma levels of Cer and its metabolites,
including M23, M1, and particularly Cer-L, which may contribute to Cer-induced rhabdomyolysis
when co-administered with Gem and Itr. Additionally, this report seeks to demonstrate the
usefulness of the Metabolite-Linked Model for DDI analysis.

Based on our previous studies, the changes in plasma levels of unchanged victim drugs in all
types of CYP-mediated DDIs can be effectively simulated and predicted using our simplified static
method. Specifically, for CYP2C8-mediated DDIs, the prediction of unchanged drug levels can be
made using the UGT-CYP2CS8 interlay model [6]. However, predicting changes in plasma metabolite
levels is more complex, as these levels are influenced by both the generation and elimination rates of
the metabolites, which are closely tied to the parent drug levels. Therefore, accurately predicting
metabolite levels requires determining these rates and the PK parameters of the metabolites. To
address this challenge, we extended the previously developed Metabolite-Linked model to apply to
the current study. Details of the theoretical framework and methodology relevant to this study are
provided in the following sections.

2. Theory

2.1. Magnitude of DDI (AUCR or Aioveran)

According to the tube-based hepatic extraction kinetics [1,2], the AUCR value is determined by
the hepatic availability (Fx) of the victim drug and the overall inhibitory activity (Aioverar).
AUCR =[1/Fn — 1]/ [LIFa(+) — 1] = [1/Fn — 11/[exp{-Ln(Fn)/Aioveran}-1]
Or L/Ai overal = [LN(AUCR)-LN(AUCR — 1 + 1/F)J/Ln(Fn) (1)

Here, the (+) symbol indicates the test group in the DDI.

The overall inhibitory activity is mechanistically determined by the interactions between the
perpetrator and the victim, as explained in the following sections.

2.2. UGT-CYP2CS8 Interplay Model [6]

When a CYP2C8 substrate drug (Cer) undergoes oxidation by CYP2CS, it first binds to UGT,
with part of it undergoing conjugation. Gem inhibits UGT through competitive binding and inhibits
CYP2C8 via non-competitive inhibition. The non-competitive inhibition of CYP2C8 is attributed to
Gem’s acyl glucuronide (Gem-O-glu). In contrast, Itr only inhibits CYP3A4, outside of the UGT-
CYP2C8 pathway [17,26-33]

2.3. Mechanistic Term for Aioveran in the UGT-CYP2C8 Interplay Model

The mechanistic expression for Aioverall in Cer-DDIs is given by the following equation:

1/Ai overall = fm,cyraaa/pAicyrsas + [fmucT + fm,cypacs/pAicyracs]/pAiucT) (2)

In this equation, fmcyr represents the fractional contribution of a specific CYP isoform to the
clearance of the victim drug. The terms pAicvrsas, pAicyracs, and pAiucr@ (where ‘d” denotes
distribution) refer to the inhibitory activities of the perpetrator on CYP3A4, CYP2C8, and UGT,
respectively. Each pAi is defined as R= 1+ [Iu]/Kiu where detailed information on their in vitro values
can be found in Supplementary Materials (SM3 and SM4). Additionally, Aioveran represents the total
inhibition resulting from the combined effects on various CYP isoforms.

2.4. Perpetrator’s Specifc Inhibitory Activity (pAi)[6]

The pAi values used in this study, are the same as those previously determined. For Itr (200 mg
QD), pAicyrsas = 10 and pAicyrzcs = pAiucr@) = 1. For Gem (600mg, BID), pAicyesas = 1, pAicyracs = 16
and pAiucra = 2.
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2.5. Static 2-Compartment Model for Time-Dependent Plasma Unchanged Drug Levels

The present DDI simulations assume that Aiocvera remains constant, even though the plasma
concentration of the perpetrator is time dependent. This assumption enables the simulation of
changes in the plasma concentration of the victim drug using a simplified static 2-compartment
model [3-5]. Further details can be found in Supplementary Material (SM5).

2.6. Metabolite-Linked Model for Time-Dependent Plasma Metabolite Levels [6]

The plasma metabolite concentration at time (t) [Cpm(t)] (Where “M” denotes metabolite) is
determined by the convolution of the metabolite’s generation and elimination rates. This relationship
is illustrated in Supplementary Material (SM6). More specifically, Cpm(t) is is calculated as the sum
of metabolite levels generated during the first-pass (Cpma(t)) and those generated in systemic
circulation (Cpm)(t)). These are calculated using the following convolution equations:

Cpmy(t) = fmx[ D x (Fa x Fg - F) x (dInput(T)/dT) x Famern x Gm(t-T)dT (3)
Cpm(t) = fmxf CLoral x F x Cp(T) x Gum(t-T)dT (4)

Here, fm represents the ratio (or extent) of the metabolite’s dose generated from the parent drug
to the dose of the parent drug itself, dInput(T)/dT represents the absorption rate per unit dose of the
parent drug, Fnmet) represents effective hepatic availability of the metabolite (1 - Enm x a; o0 =0.6), and
GuMm(t) represents the function describing the plasma metabolite level after intravenous bolus
administration of a unit dose of the metabolite. Cpm(t) and Cpm(+)(t) are calculated using these
equations, assuming the same 2-compartment model as Cp(t) (SM7). The key condition is that the
distribution parameters for the metabolite must be identical to those of the parent drug.

The integration of Cpm(t) with respect to time (t) from 0 to infinity yields the AUC for Cpm, given
by:

AUCM) = tmxFaxFgxD/Vom/Kem [= fmxFaxFgxD/CLtwotm] (5)
As a result, the AUC(M) ratio resulting from DDI, AUCR(M), is determined as:
AUCRM) = [fm(+)/fm] x[Kem/Kem(+)] (6)

2.7. The Values of fu and fu(+) for the Metabolites

The primary metabolites of Cer (M23, M1 and Cer-L) are formed through its metabolic processes,
as shown in Figure 1.
Specifically, M23 is produced by CYP2CS8, and its formation extent from Cer is given by:
ftM(M23) = r x fmcyrocs (“r” ranges from 0.3 to 0.4). (7)
M1 is formed through the remaining activity of CYP2C8 as well as the full activity of CYP3A4,
with its formation extent from Cer is expressed as:

tmM(M1) = (1 - r) x fm,cyracs + fmcyrsas. (8)
Cer-L is exclusively formed by UGT, and its formation extent from Cer is given by:
fm(Cer-L) = fmucr. (9)
In this contex, the DDI-induced formation extents, fm(+)/fm for M23, M1 and Cer-L are given as:
fm(+)/tm (for M23) = Aioveral / pAiuct@ / pAicyracs (10)
fm(+)/tm (for M1) = Aioveran X[ fm,cypsas/pAicypsas + (1 - 1) x fm,cyracs/pAiuct@/pAicyracs]/[(1 - r) x fmcypacs
+ fm,cyraas] (11)
fm(+)/fm (for Cer-L) = Aioveran /pAiucr@) (12)
These relationships clarify the relationships between the metabolites, the enzymes involved, and
how the DDIs affect the formation extents.

2.8. The Values of Kem and Kem(+) for the Metabolites

The elimination rate of each metabolite, Key, is expressed as:
Kem = CLtotm / Vom= Rb x Qn x (1 — Fam) / Vom
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Then, the ratio, Kem/Kem(+) is calculated as:
Kem/Kem(+) = CLtotm/CLtotm(+)
= [1 - Fnm] /[1 - Fam(+)] = [1 — Frv] / [1 — {Fra}/AioverallM)] (13)

Here, CLwiv and Finm represent the total body clearance and the hepatic availability of each
metabolite, respectively. Aioveraiw) represents the overall inhibitory activity in the elimination of the
metabolite in the resence of the perpetrator.

Accordingly, Aioveraliv is given by:

Aioveranvy = Ln [1 — {Kevy/Kem(+)}x(1 -Frm)] / Ln(Frm) (14)

2.9. Relationship between Aioveraiiv) and fmows to Elimination of M23, M1 and Cer-L

In the Cer + Gem DD], the following relationships hold:

1/ Aioveratiyein) = fm,cyracspnn/pAiuct@)/pAicypacs + 1 — fm2cspmmy)
=1-31/32 X fmcyracspmycer-1) (15)

1/ AioveraliMy(Cer-L) = fm,cyp2csmyCer-L)/ PAiUGT@)/pAicypacs + 1 - fmcypacsyCer-L)
=1 —31/32 X fm,cyracsomy(cer-L) (16)

In the Cer + Itr DD, the following relationships hold:
1/Aioveraliyv23) = fm,cYpsasyzs)/pAicyrsas + 1 - fm,cypsasoes)
=1 -9/10 X fm,cyraasmymzs) (17)
1/ Aioverally(Cer-L) = fm,cypsasvyCer-L)/ pAi,cyrsas + 1 - fm,cypsasmy(Cer-L)
=1-9/10 X fm,cyraascer1) (18)

In the Cer + Gem + Itr DD], the following relationships hold:
1/ AioverallMy(Cer-L) = fm,cyp2csvyCer-L)/ PAi uGT@/pAicypacs

+ fm,cypsasvyCer-L)/pAicyrsas + 1 — fmcypacsmyCer-L) - fm,CYP3A4M)(Cer-L)

=1 -31/32 X fm,cyracspvycer) — 9/10 X fm,cypacsmycer-1) (19)
3. Results

3.1. Simulated Cp(t) and Cy(t)(+) in the Cer + Gem and Cer + Itr DDIs, PK Parameters for Cer, and Aioveran
Values

The simulated plasma levels of Cer in the Cer + Gem and Cer + Itr DDIs are shown in Figure 2.

A Cer + Gem DDI Unchanged B Cer + Itr DDI Unchanged
---SM(-)  —SM(+) ---SM(-) —SM(+)
8 2> Obs () e Obs (+) 8 ©Obs(-) e Obs(+)
26 AUCR = 5.00 2 6 AUCR =1.13
=) Ai.ovo?17= 4.76 'a‘, Ai.ovcﬁalb= 1.13
£ 4 F,=0.70,F,=0.88 £ 4, F,=0.62, F,=0.90
a a ’p\!
o 2 o 2 RNt
0 + T T y 4 0D + - — T »
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Figure 2. Simultaneous simulations of the changes in plasma Cer levels in the Cer + Gem and Cer + Itr DDIs.

The doses of Cer, Gem and Itr were 0.3 mg SD, 600 mg BIDx3 days and 100 mg QDx=3days,
respectively.(-) control, (+) co-administration, SM simulation, Obs observed.
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The PK parameters for Cer, both with and without perpetrators (Gem or Itr), were determined
(as outlined in Step 1) and are shown in Table 1.

Table 1. The PK parameters for Cer, both with and without perpetrators, including the magnitudes of the DDIs
and the specific DDI-relevant parameters.

Cer + Gem DDI Cer + Itr DDI
-) (+) (-) (+)
CLoral (1/h) 15.0 3.0 13.0 11.5
CLtotal (1/h) 9.24 2.04 7.32 6.55
Fa X Fg 0.7 0.7 0.62 0.62
Ka (1/h) 04 1.0 0.7 0.5
Fne 0.88 0.97 0.90 0.91
F 0.61 0.68 0.56 0.56
Vo (L) 20 20 20 20
Vass (L) 45 45 45 45
K (1/h) 0.15 0.15 0.15 0.15
AUCR 1 5.00 1 1.13
Aioveral 1 4.76 1 1.12
fm,cyp2cs 0.75 0.75
fm,uGT 0.13 0.13
fm,cyP3ag 0.12 0.12
pAicyracs 1 16 1 1
pAiuct@ 1 2 1 1
pAicypsas 1 1 1 10

The values for Vo, Vass and Ka of Cer were 20 (L), 45 (L) and 0.15 (1/h), respectively. The Aioveran
values for Cer in the Cer + Gem and Cer + Itr DDIs were 4.75 and 1.12, respectively (as shown in Step
2). The Fn value (~0.9) had minimal impact on the determination of the Aioverail. The optimal values for
fmcypsas, fmcyrocs and fmucr were determined (as shown in Step 3) to be 0.12, 0.75, and 0.13,
respectively.

3.2. PK Parameters for M23 and M1, and Cer-L

The values of Voum, Vassawy and Kaayy for M23, M1 and Cer-L were assumed to be the same as those
Cer-L. The fum values for M23 and M1 were calculated to be 0.225 and 0.645, using Equation 7 and
Equation 8, resepctively assuming “r” = 0.3, while that for Cer-L were calculated to be 0.13, using
from Eq. 9. The elimination rates (Kem) for M23, M1 and Cer-L were calculated to be 0.31, 4.0 and 0.75,

respectively, using Equation 5. These values were shown along with CLtw and Fnow in Table 2.

Table 2. The PK parameters, including the extent of metabolite formation for M23, M1 and Cer-L.

M23 M1 Cer-L
; 0.225 0.654 0.13
M [= 0.32 X fin cypacs] [= fm.cyraas + 0.72 X fim cvpocs] [= fmuet]
Ken (L/h) 0.31 4.0 0.75
Vou (L) 20 20 20
Vssm (L) 45 45 45
Kaw (L/h) 0.15 0.15 0.15
CLtotm [= Kem X Vom] (L/h) 6.1 80 15
Fhm 0.93 0 0.80

2 Assuming “r” = 0.3.
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3.3. Simulated Cpm(t) and Cpm(t)(+), fu(+)/fm, and Kem(+)/Kem for each Metabolite in the Cer + Gem and Cer +
Itr DDIs

The simulated plasma levels of M1, M23, and Cer-L in the Cer + Gem and Cer + Itr DDIs are
shown in Figure 3.

A Cer+Gem DDl M23 B Cer+ltr DDI M23
==SM(-)  —SM(+) -=-SM()  —SM(+)
1.0 o Obs () e Obs (+) 1.0 o Obs () eObs(+)
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E 08 o 1+ = 0,036 E 08 M) <0252
S 0.6 7 Koy = 0. S 0.6 o = 0
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Time (h) Time (h)
C Cer+GemDDI M1 D Cer+Itr DDI M1
---SM(-)  —SM(+) -=-SM(-)  —SM(+)
0.6 o Obs(-) e Obs(+) 0.6 0 0Obs () e Obs(+)
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B 04 (+) = 0.655 5 04 T+ = 0,602
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3 0z KE(+) = 1.4/ 3 02 Kon(+) = 4.0/h
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0 6 12 18 24 0 6 12 18 24
Time (h) Time (h)
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go2 . ¥ g 02
Ob'}“
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Figure 3. Simultaneous simulations of the changes in plasma M1, M23 and Cer-L levels in the Cer + Gem and
Cer + Itr DDIs, using the Metabolite-Linked Model.

The simulated plasma levels closely matched the observed ones. In the Cer + Gem DDI, the
formation of M23 was significantly reduced (fm(+)/fm = 0.16), with no change in the elimination rate
(Kem(+)/Kem = 1). The formation of M1 remained unchanged, but a reduced elimination rate
(Kem(+)/Kem = 0.35) led to a value of Aioverain) = pAiuct@) x pAicyrcs= 32. Conversely, the formation of
Cer-L increased (fm(+)/fm = 2.38), with a reduced elimination rate (Kem(+)/Kem = 0.56), resulting in
Aioveraiomy = 1.97.

In the Cer + Itr DDI, the formation of M23 slightly increased (fm(+)/fv = 1.12) with a minor
reduction in the elimination rate (Kem(+)/Kem = 0.64), leading to an Aioverairy = 1.58. The formation of
M1 slightly decreased (fm(+)/fm = 0.93) with no change in the elimination rate (Kem(+)/Kem = 1). The
formation of Cer-L slightly increased (fm(+)/fm = 1.12), with a reduction in the elimination rate
(Kem(+)/Kem = 0.53), resulting in Aioveranv = 2.11.

The fm(+)/fm, Kem(+)/Kem, and Aioveraivy values are summarized in Table 3.

Table 3. The estimation of fm(+)/fm and Kem(+)/Kem, and Aioveralim) for each metabolite in the Cer + Gem and Cer +
Itr DDIs.

Metabolite Cer + Gem DDI Cer + Itr DDI
M23 fy(+)/fm 0.16 1.12
Kem(+)/Kem 1.00 0.64
Frm(+) 0.93 0.95
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A overall(M) 1.00 1.58
M1 fm(+)/fm 1.01 0.93
Kem(+)/Kem 0.35 1.00
Frm(+) 0.35 02
A overali(v) 32 1.00
Cer-L fm(+)/fm 2.38 1.12
Kem(+)/Kem 0.56 0.53
Frm(+) 0.89 0.89
A overali(v) 1.97 2.11

thM(+)Ai,overall = 0.3532g 0

3.4. Contribution of each Enzyme to the Metabolism of M23, M1 and Cer-L

The relative contribution of each enzyme to the metabolism of M23, M1, and Cer-L was
estimated, as shown in Table 4.

Table 4. The estimated relative contribution of each enzyme to the metabolism of M23, M1 and Cer-L and

meatbolic products.

Enzyme M23 M1 Cer-L
fm,cYP3a4v) 0.33 0 0.58 (from 0.5 to 0.6)
fm,cYP2csM) 0 1 0.50 (from 0.5 to 0.4)
fm,ucTG2)(M) 0 0 0
fm,uGTG1)M) 0.67 0 0
Products M24 (by CYP3A4) M24 [by CYP2C8] M1-L (by CYP3A4)

M23-G1 [by UGT(G1)] M23-L (by CYP2C8)

M23 was found to be metabolized approximately 33% by CYP3A4 (fmcyrsasonizs) = 0.33), which
is inhibited by Itr, while the remaining 67% of M23 was metabolized by UGT, an enzyme that is not
inhibited by Gem. M1 was shown to be metabolized 100% by CYP2CS8, to M24 which is inhibited by
Gem. Cer-L was found to be metabolized 50% to 60% to M1-L by CYP3A4 (fm,cypsasmycer1) = 0.5 to 0.6),
an enzyme inhibited by Itr. The remaining 40% to 50% of Cer-L (fmcyr2csmycern) = 0.5 to 0.4) was
converted to M23-L by CYP2CS8, an enzyme inhibited by Gem.

3.5. Sensitivity Tests for fncypsas, “v” and pAiucra

The sensitivities of fmcyrsas to the optimal simulations (fmcyrsas = 0.12) were tested. The results
are presented in the following examples.

Example 1: Adjusting fmcyesas to 0.15 (from 0.12) and fmcyrecs to 0.72 (from 0.75) led to an
underestimation of the Aioveral (4.39 instead of 4.76) and the AUCR (4.39 instead of 5.00) for the Cer +
Gem DDI. As a result, this adjustment caused slightly lower-than-expected plasma levels of
unchanged Cer.

Example 2: Assuming fmcyrsas = 0.15 (from 0.12) and fmucr = 0.1 (from 0.13), while maintaining
consistent Kem values between the Cer + Gem and Cer + Itr DDIs, did not yield a good fit for Cer-L
levels.

The sensitivity of “r” to the optimal simulations (r = 0.3) was tested. The results are presented in
the following examples.

Example 3: Adjusting fu (M23) = fmcyracs = 0.75 (with r = 1, from 0.3) did not result in a good fit
for plasma M23 levels in the control group, even when adjusting Kem (= 0.75/h, from 0.31/h) for both
the Cer + Gem and Cer + Itr DDIs. The fit could be improved by nearly tripling the value of one of
the distribution parameters (Vom) for M23. However, this adjustment violates the rules established in
the present study.
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Example 4: Adjusting fs (M23) = 0.5 x fmcyracs = 0.385 (with r = 0.5) did not provide a good fit for
plasma M23 levels in the control group, even when adjusting Kem (= 0.75/h, from 0.31/h) for both the
Cer + Gem and Cer + Itr DDIs.

The sensitivity of pAiucre to the optimal simulations (pAiucr@= 2) was tested. The result is
presented in the following examples.

Example 5: Setting pAiucrw@ =1 for Gem, indicating no inhibition of UGT, resulted in fm(+)/fm for
Cer-L increasing to 3.33 (from 2.38) for the Cer + Gem DDI. As a result, Kem(+)/Kem = 1, indicating no
CYP2C8-mediated elimination of Cer-L. However, this condition produced a lower-than-expected
plasma Cer Levels (AUCR =3.48<5.00), which contradicts previous findings from the analysis of
CYP2C8-mediated DDIs. Setting pAiucrw@ = 1.5 also produced a lower-than expected plasma Cer
levels (AUCR =4.37<5.00) .

Example 6: Despite a good fit in the plasma Cer levels (AUCR = 5.00), setting pAiucr@ = 2.5
results in a Kem)/Kem ratio of 0.4. As a result, fmcyracson (0.69) exceeded the limit of 1 - fmcypsasow).

Further details can be found in Supplementary Material (SMS8).

3.6. Prediction of fu(+)/fu and Kem(+)/Kem for each Metabolite in the Cer + Gem + Itr DDI

In the Cer + Gem + Itr DDI, the Aioverat value for Cer was calculated as 1/(0.13/2 + 0.75/32 +
0.12/10), resulting in an Aioveran of 9.96. Accordingly, the fm(+)/fm ratios for M23, M1, and Cer were
determined to be 0.31, 0.43, and 5, respectively, using Equation 10 through Equation 12. The
Kem(+)/Kem value for M23 was assumed to be the same as in the Cer + Itr DDI (0.64), since the
elimination rate would not be affected by Gem. Similarly, the Kem(+)/Kem value for M1 was assumed
to be the same as in the Cer + Gem DDI (0.35), as the elimination rate would not be affected by Itr.
The extremely low Kem(+)/Kem value for Cer-L (ranging from 0.072 to 0.080) was determined based on
the large Aioveranqn(Cer-L) value (ranging from 13.8 to 15.2), calculated using Equation 19. These
values are summarized in Table 5.

Table 5. The prediction of fm(+)/fm, Kem/Kem(+) and Aioveranimy for M23, M1 and Cer-L in the Cer + Gem + Itr DDI.

Metabolite Cer + Gem + Itr DDI
M23 fm(+)/fm 0.312
Kem(+)/Kem 0.64
Frovy(+) 0.95
Aioveral(m) 1.58
M1 fm(+)/ftm 0.44
Kem(+)/Kem 0.35
Frovy(+) 0.35
A overall(M) 32
Cer-L fm(+)/ftm 5
Kem(+)/Kem 0.072~0.080
Frovy(+) 0.98
A overall(M) 13.8~15.2

4.7. Prediction of AUCR(M) for Each Metabolite in the Cer + Gem + Itr DDI

The AUCR(M) values for each metabolite in the Cer + Gem, Cer + Itr, and Cer + Gem + Itr DDIs
were predicted by calculating [fm(+)/fm] x [Kem/Kem(+)]. These predicted values were then compared
with the observed values and also with the AUCR of Cer (Table 6).
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Table 6. The prediction of AUCR(M) for each metabolite compared to the AUCR for Cer in the Gem-induced

DDlIs.
Cer + Gem DDI Cer + Itr DDI Cer + Gem + Itr DDI
Simulated Obserbed Simulated Obserbed Predicted
AUCR(Cer) 5.0 5.0 1.1 1.1 10
AUCR(M23) 0.16 0.17 1.7 1.3 0.48
AUCRM1) 2.9 4.4 0.93 0.76 1.2
AUCR(Cer-L) 4.2 4.4 2.1 2.6 62~69

The AUCR of Cer in the Cer + Gem + Itr DDI (approximately 10) was predicted to be double that
observed in the Cer + Gem DDI (approximately 5). The AUCR of Cer-L [AUCR(M)(Cer-L)] (ranging
from approximately 62 to 72) was predicted to be 15 to 17 times higher compared to Cer + Gem (4.2).
In contrast, the AUCR(M) values for M23 and M1 in Cer + Gem + Itr did not show significant changes.
Figure 4 shows the plasma Cer-L levels in the Cer + Gem and Cer + Gem + Itr DDIs compared to the
control group. The increases in Cmax were primarily influenced by fm(+)/fm, while the decreases in ti2
were mainly determined by Kem(+)/Kem.

Plasma Cer- L Levels —(1) Cer+Gem+ltr DDI

1.5 - ~—(2) Cer+Gem DDI
- (1 --Cont
E10 /M
)
£
j= N
Q0.5 -

00 Y = y ' ey

0 12 24 36 48 60 12
Time (h)

Figure 4. Predictions of the changes in plasma Cer-L levels in the Cer + Gem and Cer + Gem + Itr DDIs.

4. Discussion

The primary objective of this study is to predict changes in plasma levels of Cer and its
metabolites during Gem-induced DDIs using a novel DDI analysis method, the Metabolite-Linked
Model. Specifically, we aim to evaluate the potential for an abnormal increase in plasma Cer-L levels
when Cer is combined with Gem and Itr. We initiated our study by simulating plasma Cer levels
using the DDI prediction model, which was developed based on unchanged drug levels. The model
effectively predicted changes in plasma Cer levels for both the Cer+Gem and Cer+ltr DDIs. From
these simulations, we determined the PK parameters of Cer and Aj overa, as a function of AUCR and
Fn. The A overall for the Cer+Gem DDI was notably higher (4.76) compared to typical DDIs. The value
of Fn (~0.9) had minimal impact on the Ajoveral determination based on the observed AUCR (5.00) for
this DDI.

Key enzymes involved in Cer metabolism were identified through the mechanistic analysis of
A overall. Results revealed that Cer’s elimination is primarily mediated by three enzymes: CYP2CS,
UGT, and CYP3A4. The relative contributions of these enzymes to Cer’s total elimination were
quantified using the mechanistic equation for Aioverant: fmcyracs = 0.75, fmucr = 0.13, and fm,cyrsas = 0.12.
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Additionally, the pAicyr2cs and pAiucr@ for Gem were 16 and 2, respectively, while the pAicyrsas for
Itr was 10. These findings were confirmed through sensitivity testing of plasma Cer and metabolite
levels (Examples 1 and 2).

The value pAi ucr@ =2 for Gem plays a pivotal role in our analysis when Gem is co-administered,
as it influences the fm cyracson estimate and, subsequently, the AUCR(M) of plasma Cer-L levels in the
Cer + Gem + Itr DDI. Previous studies suggest that Gem’s competitive binding inhibits the
distribution of CYP2C8 substrates to UGT, with Gem’s metabolite (Gem-O-glu) also inhibiting
CYP2C8 [6]. This inhibition is reflected by the equation 1/pAiucr-cyr = [fm, uct + fm, cyr2cs / pAicyracs] /
PA; ucrw), showing that UGT inhibition impacts the entire metabolic system. While the pA;, cyracs for
Gem was determined experimentally, the pAi ucre value was derived through DDI simulation
method [6]. In vitro studies have shown that Gem’s inhibitory effect on UGT is relatively weak, with
ICs0 values for similar compounds ranging from 36 uM to 113 pM [30,32,34]. Given that Gem's
maximal plasma concentration is approximately 100 uM [6], the pAi ucrw value of 2 is considered
reasonable. Although in vitro confirmation of this value is ideal, our DDI simulation approach
including sensitivity tests provides reliable insights into the elimination kinetics of Cer-L.

Determining the fm of each metabolite is crucial for assessing the pK of Cer’s metabolites. Due
to the unavailability of specific data on Cer’s metabolic pathways, we assumed that Cer-L is
predominantly formed via UGT-based glucuronidation (fm = fmucr@) = 2). Additionally, we assumed
that M23 and M1 are formed from the remaining 87% via CYP2C8 and CYP3A4. CYP3A4 produces
only M1, while CYP2C8 produces both M1 and M23. Although the exact proportion of M23 generated
by CYP2C8 was uncertain, it has been estimated to be around 40% [13]. Nevertheless, we could
determine the accurate value of 30% through the DDI simulation. As a result, we concluded that M23
and M1 are produced from 22.5% and 65.4% of the absorbed Cer, respectively. Therefore, the fu
values for M23, M1, and Cer-L are 0.225, 0.654, and 0.13, respectively.

Determining the elimination rate (Kem) for each metabolite is essential for evaluating the PK
parameters of each metabilite. We determined the best-fit Kem value by simulating plasma levels of
each metabolite in the control group using the Metabolite-Linked Model. This simulation assumed
predetermined formation extent (fm) values and distribution parameters (Vom, Vassm, Kam) equivalent
to those of Cer. From these simulations, we calculated the total body clearance (CLtwt = Kem x Vom)
and Fnum for each metabolite, providing the full PK profile. This approach is the first to determine PK
parameters for metabolites, which is generally challenging due to the difficulty in identifying
metabolite-specific parameters from the PK profile of the parent drug alone.

To predict changes in plasma levels of each metabolite, we first determined the change in the
fm(+)/fm due to the DDI. In the Metabolite-Linked Model, the fm(+)/fm ratio for each metabolite is
calculated using Equations 10 to 12. If the formation of the metabolite is unaffected by the perpetrator
drug, the fm(+)/fm ratio equals Aj overan. This implies that the formation extent increases with overall
inhibitory activity. For metabolites formed by enzymes inhibited by the perpetrator, the formation
extent will vary depending on the extent of inhibition. For example, in the Cer + Gem DD], the
formation of M23 decreased to nearly 1/7, while the fm(+)/fm value for Cer-L increased to 2.38. In
contrast, the formation of M1 in both Cer + Gem and Cer + Itr DDIs remained largely unaffected.

Changes in the elimination rate (Kem(+)/Kem) of each metabolite are also crucial for simulating
plasma metabolite levels. Best-fit simulations showed that the elimination rate of M23 was unaffected
in the Cer + Gem DD], indicating that M23 is not a substrate of CYP2C8. However, in the Cer + Itr
DD, the elimination rate of M23 decreased to 64%, suggesting that M23 is partially metabolized by
CYP3A4, which is inhibited by Itr. The elimination rate of M1 decreased by 35% in the Cer + Gem
DDI, while it remained unchanged in the Cer + Itr DDI. This decrease in M1’s elimination is attributed
to Gem’s strong inhibition of its metabolism, as indicated by an Fum(+) increase from zero. The
elimination rates of Cer-L in both DDIs decreased by about 50%, suggesting importantly that CYP3A4
and CYP2CS8 are primarily responsible for its elimination.

The overall inhibitory activities in metabolite elimination, Aioverar), were determined using the
mechanistic term Aioveraiy with Kem(+)/Kem. For M23 in the Cer + Gem DDI, the Aioveraivy was 1,
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indicating no involvement of CYP2C8 or UGT, with CYP3A4 contributing approximately 33%. In the
Cer + Gem DD, the Aioveraimy for M1 was 32, while in the Cer + Itr DD], it was 1, suggesting that
CYP2C8 solely eliminates M1. For Cer-L, Aioveravy was around 2 in both DDIs, indicating equal
contributions from CYP3A4 and CYP2C8.The metabolic products of M23 are proposed to be M24
(oxidation by CYP3A4) and M23-G1 (glucuronidation), while M1 is oxidized by CYP2C8 to form M24.
For Cer-L, the proposed metabolic products are M1-L (oxidation by CYP3A4) and M23-L (oxidation
by CYP2C8).

The final goal is to predict the significant increase in plasma Cer-L levels in the Cer + Gem + Itr
DDI using the Metabolite-Linked Model. The predicted AUC for Cer-L showed an unprecedented
increase (AUCR(M) = 70), which is unique compared to M23 and M1. This increase is attributed to
the exclusive metabolism of Cer-L by CYP2C8 and CYP3A4, with both enzymes contributing equally.
The increase in plasma Cer-L levels results from two factors: an increase in the formation extent (= 5),
which is roughly half of the AUCR of the parent drug, and a decrease in the elimination rate
(approximately 1/13). These parameters were used to generate the plasma concentration profile of
Cer-L as shown in Figure 4, showing that the increase in Cmax corresponds with the increase in
formation extent, while the plasma concentration’s half-life corresponds with the decrease in the
elimination rate constant.

When analyzing the PK of Cer and Cer-L, a critical factor to consider is the hydrolysis of Cer-L.
Cer-L, in its lactone form, undergoes hydrolysis, reverting to its parent compound Cer). This
hydrolysis process is known to be rapid under acidic conditions; however, under physiological pH,
the rate of elimination is slower. The estimated elimination rate constant for Cer-L is 0.028/h, based
on a half-life of approximately 24 hours for simvastatin [35]. Using this value, the systemic
hydrolysis clearance for Cer-L is approximately 0.5 L/h (calculated as Ke x Vo).

In the Cer + Gem + Itr combination, the hepatic availability of Cer-L (Fav(+)) has been estimated
at 0.98, as shown in Table 5. This led to an estimation of systemic clearance for Cer-L in co-
administration scenarios of 1.6 L/h (calculated as Env x Qn x blood/plasma ratio). When comparing
these values, it appears that hydrolysis accounts for approximately 30% of the total clearance. As a
result, the AUCR of Cer-L should be approximately 30% lower than previously calculated.

It remains unclear whether Cer, Cer-L, or their combination causes adverse events such as
rhabdomyolysis. However, clinical trials that administered Cer with Gem did not report any
significant adverse events [12]. To determine which element may be responsible for the adverse
events, the predicted AUCR for both Cer and Cer-L in the Cer + Gem + Itr DDIs should be compared
to the Cer + Gem DDI as a reference. This comparison shows that the fold increases in AUCR(Cer)
and AUCR(Cer-L) for the Cer + Gem + Itr DDI are approximately 2 and 17, respectively. This analysis
suggests that the rise in Cer-L plasma levels may be a more likely contributor to adverse events,
particularly rhabdomyolysis. While the exact mechanism of Cer-L’s adverse effects is not fully
understood, it is believed that Cer-L can be converted back into its active form (Cer) through
paraoxonase (PON1)-dependent hydrolysis in peripheral tissues [36,37]. This site-specific delivery of
Cer may impact mitochondrial pathways, potentially leading to muscle toxicity and rhabdomyolysis
[38].

Clopidogrel is a potent CYP2C8 inhibitor, with an inhibitory constant of 8 [6], making it a
potential alternative to Gem in DDI studies. Prior research examined the interactions between
Clopidgrel and Cer [39], but no definitive conclusions were reached. Therefore, understanding the
impact of Clopidogrel on the PK of Cer, particularly when replacing Gem, is valuable. While the co-
administration of azole antifungals like Itr with cer is uncommon [40], other CYP3A4 inhibitors, such
as diltiazem (a calcium channel blocker), are frequently used in combination with statins [41].
Diltiazem is a mild CYP3A4 inhibitor [42], and its interaction with Cer could be more relevant. A
preliminary analysis indicates that the AUCR for Cer-L when Clopidogrel and Itr are co-administered
is approximately 30. In contrast, co-administration of Gem and diltiazem results in an AUCR for Cer-
L of 12. Though the Gem + diltiazem is less pronounced than the Gem + Itr combination, the rise in
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Cer-L plasma levels in these co-administration scenarios could still contribute to the adverse effects
associated with Cer, including rhabdomyolysis.

The utility of the Metabolite-Linked Model used for predicting DDIs is comfirmed. It provides
a valuable tool for analyzing complex interactions involving different types of inhibitors, such as
CYP2C8 and CYP3A4 inhibitors. This method is particularly effective when changes in both the
parent compound and its metabolites are observed. One of its key strengths is its ability to
analytically calculate the plasma concentration time course of metabolites based on the parent
compound’s PK. This involves estimating both the formation extent and elimination rate of the
metabolite.The method assumes that the volume of distribution of the metabolite is the same as that
of the parent compound, a reasonable assumption that still requires validation through further
studies. Current investigations are underway to confirm this assumption across multiple drugs.
Additionally, the method evaluates changes in elimination rates by fitting plasma concentration data
and estimating the formation extent based on enzyme relative contributions to plasma clearance,
often guided by in vitro studies. This approach enables accurate predictions of the impact of drug
interactions on both parent compounds and metabolites.

5. Methods

5.1. Data of the Cer + Gem and Cer + Itr DDIs

The observed plasma levels of Cer and its metabolites for the Cer + Gem and Cer + Itr DDIs were
taken from published graphs[11,20].

5.2. Predictions of Changes in Plasma Levels of Cer and Its Metabolates, and AUCR(M)s in Each DDI

Predictions of changes in plasma levels of Cer and its metabolites, and AUCR(M)s in each DD],
were carried out in a step-by-step manner as follows:

5.2.1. Step 1: Determination of PK Parameters for Cer and Simulation of Changes in Cer Levels
[Cr(D)]

The PK parameters of Cer both with and without the perpetrator were determined through the
static 2-compartment model based simulation. This was done, as outlined in Supplementary Material
(SM5). Specifically, the oral clearance, CLoral was calculated as Dora/ AUC, and the Fn was determined
using the formula: Fn = Qn x Ro / (Qn x Rb + CLoral x Fa x Fg) where Qnx Ro = 80 (L/h). Additionally, the
Fa x Fg value for Cer was kept consistent both with and without the perpetrator, while being adjusted
to match the observed CLori(-) values in each respective study. The F (= Fn xFa xFg) values
remained close to the reported value (approximately 0.6)[43]. The values of Vo, Vass and Ka for
Cer were determined through the simulation of Cp(t).

5.2.2. Step 2: Determination of Aioverall
The Aioveral values were determined using Equation 1, with the AUCR and Fn values obtained
above as inputs.

5.2.3. Step 3: Determination of fmcyesas, fmcyr2cs and fmucr

The values of fmcypsas, fm,cyracs, and fm,ucr for Cer were determined by solving three simultaneous
equations derived from Equation. 2. These equations incorporate the previously determined values
for pAicyrsas, pAicyracs, and pAiucr), as well as the Aioveranl values obtained above. The equations are
as follows:

fm,cyrsas + fmuctT + fmcyracs =1

1/ Ai,overall (Cer+tGem) = fm,CYP3A4 + fm,UGT/ 2 + fm,CYPZCS/ 32
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1/Aioverall (Cer+ity= fm,cYP3a4/10 + fm,ucT + fm cyP2cs

5.2.4. Step 4: Determination of PK parameters of M23, M1 and Cer-L

The values of fm for M23, M1 and Cer-L were determined using Equations.7 to 9, with the
previously obtained values of fm,cyrs and fmucr. The values of Kem and CLotv for each metabolite were
adjusted to match the AUCR(M) value for each metabolite calculated from Equation 6 to the observed
values.

The values of fm for M23, M1, and Cer-L were determined using Equations. 7 to 9, based on the
previously obtained values of fm,cyrs and fmucr. The values of Kem and CLtotv for each metabolite were
adjusted to match the AUCR(M) values, calculated from Equation 6, to the observed values.

5.2.5. Step 5: Determination of fm(+)/fm for M23, M1 and Cer-L for Each DDI

The values of fu(+)/fu for M23, M1 and Cer-L for each DDI, were determined from Equations 10
through 12.

The values of fm(+)/fm for M23, M1, and Cer-L in each DDI were determined using Equations 10
to 12.

5.2.6. Step 6: Simulation of Plasma Levels of M23, M1 and Cer-L by Adjusting Kem(+) for Each DDI

The simulations of plasma levels of M23, M1 and Cer-L for the Cer + Gem and Cer + Itr DDIs
were performed by adjusting Kem(+) to match the plasma metabolite levels to the observed levels.

5.2.7. Step 7: Determination of Ajoveranvy for Each DDI

The values of Aioveranwy values for each DDI were calculated from the Kewm/Kem(+) ratio using
Equation 14.

5.2.8. Step 8: Determination of fmans in the Cer + Gem and Cer + Itr DDIs

The fmew values for the Cer + Gem and Cer + Itr DDIs were determined using from Equation 15
through Equation 18.

5.2.9. Step 9: Determination of Ajoveram) and Kem/Kem(+) in the Cer + Gem + Itr DDI

The value of Ajoveralimycer-1) in the Cer + Gem + Itr DDI was calculated using Equation 19 with the
fmmy(cer1) values obtained previously. The value of Kem/Kem(+) was then determined from Ai overalivy(cer-
1) using Equation 13.

5.2.10. Step 10: Determination of AUCR(M) for Each Metabolite

The AUCR(M) values for each metabolite in the Cer + Gem, Cer + Itr and Cer + Gem + Itr DDIs
were calculated using the formula: [fm(+)/fm] X [Kem/Kem(+)].

6. Conclusions

The primary cause of the widespread fatal rhabdomyolysis associated with Cer has been
identified as the co-administration of the CYP2CS8 inhibitor Gem. However, the PK mechanisms
behind this severe adverse effect were previously unclear.

Using our newly developed DDI analysis approach, which incorporates the Metabolite-Linked
Model, we were able to demonstrate that combining Cer with Gem and a CYP3A4 inhibitor
significantly reduces the clearance of Cer-L. This results in a dramatic increase in plasma Cer-L levels,
with a maximal rise of up to seventy-fold.

The Metabolite-Linked model, integrated into a static two-compartment framework, allows for
the simultaneous analysis of both the parent drug and its metabolites. This model enables the
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concurrent evaluation of two types of DDIs involving different enzyme inhibitors, while sharing
multiple key parameters (e.g., fmcyrs, fmucr, pAicyrs, pAiuctd), Vo (= Vom), Vdss (= Vassm), Kd (= Kam),
metabolite-specific fv, and Kem). By resolving these parameters, which cannot be accurately
determined in single DDI analyses, the model provides more reliable predictions of DDIs.

As demonstrated in the Cer-L case, this method proves particularly valuable during clinical drug
development. It helps assess the risks associated with metabolites of safety concern and predict
changes in plasma concentrations under metabolic inhibition.

Supplementary Materials: Supplementary materials associated with this artcles can be found un the online
version.
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The following abbreviations are used in this manuscript:

AUC The area under the plasma drug level curve
AUCR AUC ratio (Fold increase in AUC)

cYyp Cytochorme P450

DDI Drug-drug interaction

PK Pharmacokinetics

UGT UDP-glucuronosyltransferase
References

1.  Iga K Use of three-compartment physiologically based pharmacokinetic modeling to predict hepatic blood
levels of fluvoxamine relevant for drug-drug interactions. J. Pharm. Sci. 2015, 104,1478-91.

2. Iga K Simulation of metabolic drug-drug interactions perpetrated by fluvoxamine using hybridized two-
compartment hepatic drug-pool-based tube modeling and estimation of in vivo inhibition constants. J.
Pharm. Sci. 2015, 104, 3565-77.

3. Iga K Dynamic and static simulations of fluvoxamine-perpetrated drug-drug interactions using multiple
cytochrome P450 inhibition modeling, and determination of perpetrator-specific CYP isoform inhibition
constants and relative CYP isoform contributions to victim clearance. J. Pharm. Sci. 2016, 105, 1307-17.

4. Iga K Kiriyama A Simulations of cytochrome P450 3A4-mediated drug-drug interactions by simple two-
compartment model-assisted static method. J. Pharm. Sci. 2017, 106, 1426-38.

5. Iga K; Kiriyama A Usefulness of two-compartment model-assisted and static overall inhibitory-activity
method for prediction of drug-drug interaction. Biol. Pharm. Bull. 2017, 40, 2024-37.

6. Iga K; Kiriyama A Interplay of UDP-glucuronosyltransferase and CYP2C8 for CYP2C8 mediated drug
oxidation and its impact on drug-drug interaction produced by standardized CYP2C8 inhibitors,
clopidogrel and gemfibrozil. Clin. Pharmacokinet. 2024, 63, 43-56.

7. Friedman MA; Woodcock J; Lumpkin MM; Shuren JE; Hass AE; Thompson L] The safety of newly
approved medicines: do recent market removals mean there is a problem? JAMA. 1999, 281, 1728-34.

8.  Smogorzewski M The myopathy of statins. J. Ren. Nutr. 2005, 15, 87-93.


https://doi.org/10.20944/preprints202503.1179.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

16 of 17

Alfirevic A; Neely D; Armitage J; Chinoy H; Cooper RG; Laaksonen R; Carr DF; Bloch KM; Fahy J; Hanson
A; Yue Q-Y; Wadelius M; Zee AHMD; Voora D; Psaty BM; Palmer CAN; Pirmohamed M Phenotype
standardization for statin-induced myotoxicity. Clin. Pharmacol. Ther. 2014, 96, 470-6.

Turner RM; Pirmohamed M Statin-Related Myotoxicity: A Comprehensive Review of pharmacokinetic,
pharmacogenomic and muscle components. J. Clin Med. 2019, 9, 22.

Backman JT; Kyrklund CI; Neuvonen M; Neuvonen PJ] Gemfibrozil greatly increases plasma concentrations
of cerivastatin. Clin. Pharmacol. Ther. 2002, 72, 685-91.

Farnier M Cerivastatin in the treatment of mixed hyperlipidemia: the RIGHT study. The cerivastatin study
group. cerivastatin gemfibrozil hyperlipidemia treatment. Am. J. Cardiol. 1998, 82, 47]-51].

Miick W Clinical pharmacokinetics of cerivastatin. Clin. Pharmacokinet. 2000, 39, 99-116.

Plosker GL; Dunn CI; Figgitt DP Cerivastatin: a review of its pharmacological properties and therapeutic
efficacy in the management of hypercholesterolaemia. Drugs. 2000, 60,1179-206.

Generaux GT; Bonomo FM; Johnson M; Doan KMM Impact of SLCO1B1 (OATP1B1) and ABCG2 (BCRP)
genetic polymorphisms and inhibition on LDL-C lowering and myopathy of statins. Xenobiotica. 2011, 41,
639-51.

Tornio A; Neuvonen PJ; Niemi M; Backman JT Role of gemfibrozil as an inhibitor of CYP2C8 and membrane
transporters. Expert. Opin. Drug. Metab. Toxicol. 2017, 13, 83-95.

Shitara Y; Hirano M; Sato H; Sugiyama Y Gemfibrozil and its glucuronide inhibit the organic anion
transporting polypeptide 2 (OATP2/OATP1B1:SLC21A6)-mediated hepatic uptake and CYP2C8-mediated
metabolism of cerivastatin: analysis of the mechanism of the clinically relevant drug-drug interaction
between cerivastatin and gemfibrozil. |. Pharmacol. Exp. Ther. 2004, 311, 228-36.

Izumi S; Nozaki Y; Maeda K; Komori T; Takenaka O; Kusuhara H; Sugiyama Y Investigation of the impact
of substrate selection on in vitro organic anion transporting polypeptide 1B1 inhibition profiles for the
prediction of drug-drug interactions. Drug Metab. Dispos. 2015, 43, 235-47.

Tatrai P; Schweigler P; Poller B; Domange N; Wilde RD; Hanna I; Gaborik Z; Huth F A systematic in vitro
investigation of the inhibitor preincubation effect on multiple classes of clinically relevant transporters.
Drug Metab. Dispos. 2019, 47, 768-778.

Kantola T; Kivisto KT; Neuvonen PJ Effect of itraconazole on cerivastatin pharmacokinetics. Eur. J. Clin.
Pharmacol. 1999, 54, 851-5.

Boberg M; Angerbauer R; Fey P; Kanhai WK; Karl W; Kern A; Ploschke J; Radtke M Metabolism of
cerivastatin by human liver microsomes in vitro. Characterization of primary metabolic pathways and of
cytochrome P450 isozymes involved. Drug Metab Dispos. 1997, 25, 321-31.

Prueksaritanont T; Subramanian R; Fang X; Ma B; Qiu Y; Lin JH; Pearson PG; Baillie TA Glucuronidation
of statins in animals and humans: a novel mechanism of statin lactonization. Drug Metab Dispos. 2002, 30,
505-12.

23 Schirris TJJ; Ritschel T; Bilos A; Smeitink JAM; Russel FGM Statin lactonization by uridine 5’-diphospho-
glucuronosyltransferases (UGTs). Mol. Pharm. 2015, 12, 4048-55.

Taha DA; Moor CHD; Barrett DA; Lee JB; Gandhi RD; Hoo CW; Gershkovich P The role of acid-base
imbalance in statin-induced myotoxicity. Transl. Res. 2016, 174,140-160.

Skottheim IB; Dahl AG; Hejazifar S; Hoel K; Asberg A Statin induced myotoxicity: the lactone forms are
more potent than the acid forms in human skeletal muscle cells in vitro. Eur. J. Pharm Sci. 2008, 33, 317-325.
Ogilvie BW; Zhang D; Li W; Rodrigues AD; Gipson AE; Holsapple J; Toren P; Parkinson A Glucuronidation
converts gemfibrozil to a potent, metabolism-dependent inhibitor of CYP2C8: implications for drug-drug
interactions. Drug. Metab. Dispos. 2006. 34, 191-197.

Backman JT; Filppula AM; Niemi M; Neuvonen PJ Role of cytochrome P450 2C8 in drug metabolism and
interactions. Pharmacol. Rev. 2016, 68, 168-241.

Kazmi F; Barbara JE; Yerino P; Parkinson A A long-standing mystery solved: the formation of 3-
hydroxydesloratadine is catalyzed by CYP2C8 but prior glucuronidation of desloratadine by UDP-
glucuronosyltransferase 2B10 is an obligatory requirement. Drug Metab. Dispos. 2015, 43, 523-33.


https://pubmed.ncbi.nlm.nih.gov/?term=Tornio+A&cauthor_id=27548563
https://pubmed.ncbi.nlm.nih.gov/?term=Neuvonen+PJ&cauthor_id=27548563
https://pubmed.ncbi.nlm.nih.gov/?term=Niemi+M&cauthor_id=27548563
https://pubmed.ncbi.nlm.nih.gov/?term=Backman+JT&cauthor_id=27548563
https://pubmed.ncbi.nlm.nih.gov/?term=Ogilvie+BW&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+D&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Li+W&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Rodrigues+AD&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Gipson+AE&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Holsapple+J&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Toren+P&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Parkinson+A&cauthor_id=16299161
https://pubmed.ncbi.nlm.nih.gov/?term=Backman+JT&cauthor_id=26721703
https://pubmed.ncbi.nlm.nih.gov/?term=Filppula+AM&cauthor_id=26721703
https://pubmed.ncbi.nlm.nih.gov/?term=Niemi+M&cauthor_id=26721703
https://pubmed.ncbi.nlm.nih.gov/?term=Neuvonen+PJ&cauthor_id=26721703
https://pubmed.ncbi.nlm.nih.gov/?term=Kazmi+F&cauthor_id=25595597
https://pubmed.ncbi.nlm.nih.gov/?term=Barbara+JE&cauthor_id=25595597
https://pubmed.ncbi.nlm.nih.gov/?term=Yerino+P&cauthor_id=25595597
https://pubmed.ncbi.nlm.nih.gov/?term=Parkinson+A&cauthor_id=25595597
https://doi.org/10.20944/preprints202503.1179.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

17 of 17

KazmiF; Yerino P; Barbara JE; Parkinson A-Further characterization of the metabolism of desloratadine and
its cytochrome P450 and UDP-glucuronosyltransferase inhibition potential: identification of desloratadine
as a relatively selective UGT2B10 inhibitor. Drug Metab Dispos. 2015, 43, 1294-302.

Gan J; Chen W; Shen H; Gao L; Hong Y; Tian Y; Li W; Zhang Y; Tang Y; Zhang H; Humphreys WG;
Rodrigues AD Repaglinide-gemfibrozil drug interaction: inhibition of repaglinide glucuronidation as a
potential additional contributing mechanism. Br. J. Clin. Pharmacol. 2010, 70, 870-80.

VandenbBrink BM; Foti RS; Rock DA; Wienkers LC; Wahlstrom JL. Evaluation of CYP2C8 inhibition in
vitro: utility of montelukast as a selective CYP2C8 probe substrate. Drug Metab. Dispos. 2011, 39, 1546-54.
Cardoso JO; Oliveira RV; Lu JBL; Desta Z In vitro metabolism of montelukast by cytochrome P450s and
UDP-glucuronosyltransferases. Drug Metab. Dispos. 2015, 43, 1905-16.

Ma Y; Fu Y; Khojasteh SC; Dalvie D; Zhang D Glucuronides as potential anionic substrates of human
cytochrome P450 2C8 (CYP2CS8). J. Med. Chem. 2017, 60, 8691-705.

Goosen TC; Bauman JN; Davis JA; Yu C; Hurst SI; Williams JA; Loi CM Atorvastatin glucuronidation is
minimally and nonselectively inhibited by the fibrates gemfibrozil, fenofibrate, and fenofibric acid. Drug
Metab. Dispos. 2007, 35, 1315-24.

Kearney AS; Crawford LF; Mehta SC; Radebaugh GW The interconversion kinetics, equilibrium, and
solubilities of the lactone and hydroxyacid forms of the HMG-CoA reductase inhibitor, CI-981. Pharm. Res.
1993,10, 1461-5.

Khersonsky O; Tawfik DS Structure-reactivity studies of serum paraoxonase PON1 suggest that its native
activity is lactonase. Biochemistry. 2005, 44, 6371-82.

Meneses M]J; Silvestre R; Sousa-Lima I; Macedo MP Paraoxonase-1 as a regulator of glucose and lipid
homeostasis: impact on the onset and progression of metabolic disorders. Int. ]. Mol. Sci. 2019, 20, 4049.
Mollazadeh H; Tavana E; Fanni G; Bo S; Banach M; Pirro M; von Haehling S; Jamialahmadi T; Sahebkar A
Effects of statins on mitochondrial pathways. J. Cachexia. Sarcopenia. Muscle. 2021, 12, 237-251.

Floyd JS; Kaspera R; Marciante KD; Weiss NS; Heckbert SR; Lumley T; Wiggins KL; Tamraz B; Kwok PY;
Totah RA; Psaty BM A screening study of drug-drug interactions in cerivastatin users: an adverse effect of
clopidogrel. Clin. Pharmacol. Ther. 2012, 91, 896-904.

Eljaaly K; Alshehri S An updated review of interactions of statins with antibacterial and antifungal agents.
J. Transl. Sci. 2017, 3, 2-4. Available from URL:
https://www.researchgate.net/publication/322933149_An_updated_review_of_interactions_of_statins_wit
h_antibacterial_and_antifungal_agents. Accessed 5 March 20254.

Yeo KR; Yeo WW; Wallis EJ; Ramsay LE Enhanced cholesterol reduction by simvastatin in diltiazem-treated
patients. Br. J. Clin. Pharmacol. 1999, 48, 610-5.

Varhe A; Olkkola KT; Neuvonen PJ Diltiazem enhances the effects of triazolam by inhibiting its metabolism.
Clin. Pharmacol. Ther. 1996, 59, 369-75.

Miick W; Ritter W; Ochmann K; Unger S; Ahr G; Wingender W; Kuhlmann ] Absolute and relative
bioavailability of the HMG-CoA reductase inhibitor cerivastatin. Int. J. Clin. Pharmacol. Ther. 1997, 35, 255-
60.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://pubmed.ncbi.nlm.nih.gov/?term=Kazmi+F&cauthor_id=26135009
https://pubmed.ncbi.nlm.nih.gov/?term=Yerino+P&cauthor_id=26135009
https://pubmed.ncbi.nlm.nih.gov/?term=Barbara+JE&cauthor_id=26135009
https://pubmed.ncbi.nlm.nih.gov/?term=Parkinson+A&cauthor_id=26135009
https://pubmed.ncbi.nlm.nih.gov/?term=Gan+J&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+W&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Shen+H&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Gao+L&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Hong+Y&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Tian+Y&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Li+W&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+Y&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Tang+Y&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+H&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Humphreys+WG&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Rodrigues+AD&cauthor_id=21175442
https://pubmed.ncbi.nlm.nih.gov/?term=Ma+Y&cauthor_id=28653847
https://pubmed.ncbi.nlm.nih.gov/?term=Fu+Y&cauthor_id=28653847
https://pubmed.ncbi.nlm.nih.gov/?term=Khojasteh+SC&cauthor_id=28653847
https://pubmed.ncbi.nlm.nih.gov/?term=Dalvie+D&cauthor_id=28653847
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+D&cauthor_id=28653847
https://www.researchgate.net/publication/322933149_An_updated_review_of_interactions_of_statins_with_antibacterial_and_antifungal_agents.%20Accessed%205%20March%2020254
https://www.researchgate.net/publication/322933149_An_updated_review_of_interactions_of_statins_with_antibacterial_and_antifungal_agents.%20Accessed%205%20March%2020254
https://doi.org/10.20944/preprints202503.1179.v1

