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Abstract

Background/Objective: Cerivastatin (Cer), a cholesterol-lowering statin, was withdrawn
from the market due to fatal cases of rhabdomyolysis, particularly when co-administered
with gemfibrozil (Gem), a strong CYP2CS8 inhibitor. However, the pharmacokinetic (PK)
mechanisms underlying these adverse events remain unclear. This study investigates the
impact of drug—drug interactions (DDlIs) involving Gem and itraconazole (Itr), a potent
CYP3A4 inhibitor, on plasma concentrations of Cer and its major metabolites—M?23, M1,
and cerivastatin lactone (Cer-L)—with a focus on the risk of excessive Cer-L accumulation.
Methods: We applied a newly developed Metabolite-Linked Model that simultaneously
characterizes parent drug and metabolite kinetics by estimating metabolite formation frac-
tions (fyr) and elimination rate constants (Kepr). The model was calibrated using observed
DDI data from Cer + Gem and Cer + Itr scenarios and then used to predict outcomes in
an untested Cer + Gem + Itr combination. Results: The model accurately reproduced
observed metabolite profiles in single-inhibitor DDIs. Predicted AUCR values for Cer-L
were 4.2 (Cer + Gem) and 2.1 (Cer + Itr), with reduced K¢y indicating CYP2C8 and CYP3A4
as primary elimination pathways. In the dual-inhibitor scenario, Cer-L AUCR reached
~70—far exceeding that of the parent drug—suggesting severe clearance impairment and
toxic accumulation. Conclusions: Dual inhibition of CYP2C8 and CYP3A4 may cause
dangerously elevated Cer-L levels, contributing to Cer-associated rhabdomyolysis. This
modeling approach offers a powerful framework for evaluating DDI risks involving active
or toxic metabolites, supporting safer drug development and regulatory assessment.

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

1. Introduction

Predicting drug—drug interactions (DDIs) early in the drug development process is
critical for avoiding adverse clinical outcomes caused by co-administration of incompatible
therapies. To support this goal, we have been developing a systematic approach for pre-
dicting DDIs arising from enzyme inhibition, initially focusing on changes in parent drug
plasma levels using a simplified, compartment model-assisted pharmacokinetic (PK) frame-
work [1-6]. This method has since been extended to include metabolite dynamics through
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a “Metabolite-Linked Model”, which allows simultaneous simulation of both parent drug
and metabolite concentrations based on mechanistic formation and elimination pathways.
In the present study, we apply this approach to investigate the atypical PKs of cerivas-
tatin (Cer), a cholesterol-lowering statin that was withdrawn from the market in the early
2000s following numerous reports of fatal rhabdomyolysis ([7,8], Supplementary Material
SM1). While these adverse events have been primarily attributed to increased Cer plasma
levels due to co-administration with gemfibrozil (Gem)—a strong CYP2C8 inhibitor—the
mechanistic basis for the severity of the interactions has not been fully elucidated.

Cer is metabolized by multiple enzymes, predominantly CYP2C8, with contribu-
tions from CYP3A4 and UGT enzymes [9-11]. Gem is known to increase Cer exposure
significantly (AUCR =~ 5) and is considered the primary perpetrator in the Cer—-Gem in-
teraction [11]. However, clinical studies of Gem—Cer combinations in hyperlipidemic
patients and dose-escalation trials have not consistently shown adverse effects proportional
to this increase in Cer levels [12-14]. Though additional inhibition of hepatic uptake by
OATP1B1 has been proposed as a contributing factor [15,16], Gem’s inhibitory potency to-
ward OATP1B1 is relatively weak in vitro ([17-19], Supplementary Material SM2). Similarly,
Cer is a minor substrate of CYP3A4, and co-administration with itraconazole (lItr), a potent
CYP3A4 inhibitor, produces only a modest increase in Cer exposure (AUCR ~ 1.1) [20].

Despite the absence of direct clinical studies evaluating the PK interaction of Cer when
co-administered with both Gem and Itr—a combination that results in dual inhibition of
CYP2C8 and CYP3A4—it is hypothesized that such co-administration could substantially
increase the systemic exposure of Cer and its metabolites. This hypothesis is illustrated
in Figure 1, which synthesizes current knowledge of Cer’s metabolic pathways with
preliminary PK analyses from observed DDIs involving Gem and Itr [see Supplementary

Material (SM3)].
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Figure 1. Potential for abnormal increases in plasma levels of Cer and its metabolites in the
Cer + Gem + Itr DDL

Cer is primarily metabolized by CYP2C8, CYP3A4, and UGT enzymes into three major
metabolites: M23, M1, and Cer-G2 (the acyl glucuronide form of Cer) [21,22]. Cer-G2 is
known to undergo rapid conversion to the lactone metabolite Cer-L [23,24]. Inhibition of
both CYP2C8 and CYP3A4 may disrupt these pathways, potentially leading to elevated
Cer concentrations and altered metabolite profiles.
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Although Cer-L undergoes pH-dependent hydrolysis in vitro [25,26], it remains stable
in plasma at physiological pH (7.4), with an approximate half-life of one day. Notably, Cer-L
has been linked to statin-associated muscle toxicity through paraoxonase (PON)-dependent
hydrolysis in peripheral tissues [27,28]. This mechanism is also suspected to play a role in
cases of rhabdomyolysis observed in patients [10,29].

We hypothesize that in the presence of both Gem and Itr, the elimination of Cer-L is
severely impaired, leading to a “metabolic dead-end” and a potentially toxic buildup of Cer-
L in circulation. This scenario is supported by analogous findings from other DDI studies
involving dual CYP2C8/3A4 inhibition [30-32]. For example, in the case of repaglinide [31],
co-administration with Gem and Itr led to more than a 20-fold increase in exposure to the
parent drug, along with substantial increases in metabolite concentrations.

Based on this rationale, the present study had two main objectives. First, we aimed to
characterize the PK behavior of Cer and its major metabolites under single-inhibitor DDI
conditions (Cer + Gem, Cer + Itr) by estimating the metabolite formation fraction (fyf) and
elimination rate constant (Keyy) for each species. Second, using these derived parameters,
we predicted the plasma concentration-time profiles of Cer and its metabolites under a
hypothetical but plausible dual-inhibitor scenario (Cer + Gem + Itr). In particular, we
sought to determine whether Cer-L could reach abnormally elevated plasma levels under
combined CYP inhibition, thereby providing a mechanistic explanation for Cer-associated
toxicity and highlighting the clinical importance of including metabolite kinetics in DDI
risk assessments.

2. Theory
2.1. Magnitude of DDI: AUCR and Overall Inhibitory Activity

The magnitude of DDIs is commonly quantified using the area under the plasma
concentration—time curve ratio (AUCR), which reflects the change in exposure of the victim
drug due to the presence of a perpetrator drug. According to the tube-based hepatic
extraction model [1,2], AUCR is governed by the hepatic availability (Fy,) of the victim drug
and the overall inhibitory activity of the perpetrator, denoted as A, ;veral-

L [Ln(AUCR) — Ln(AUCR ~1+ )]

Aj opverall Ln(E,)

The parameter A, ,yeran captures the cumulative inhibitory impact of the perpetrator
on all relevant elimination pathways for the victim drug. The mechanistic basis of this
inhibition is elaborated in the following sections.

2.2. UGT-CYP2CS8 Interplay Model

Cer, a substrate of CYP2C8, undergoes metabolic clearance through both oxidative
metabolism by CYP2C8 and conjugation by UGT enzymes. The dynamic interplay between
these pathways can be perturbed by co-administered drugs such as Gem and Itr.

Gem acts as a dual inhibitor: it competitively inhibits UGT-mediated conjugation
and also inhibits CYP2C8 through a non-competitive mechanism, primarily via its acyl
glucuronide metabolite (Gem-O-glu). In contrast, Itr selectively inhibits CYP3A4, and its
effect lies outside of the UGT-CYP2C8 axis [Supplementary Material (SM4)].



Drugs Drug Candidates 2025, 4, 34

40f 15

2.3. Mechanistic Expression for A; sveran in the UGT-CYP2C8 Model

To quantify the inhibitory effects of DDIs on Cer clearance, the A; ,yeran is calculated
as a weighted sum of the individual inhibitory contributions of each pathway:

,CYP2C8
[f m,UGT + fmi

1 o f m,CYP3A4 PA; cypacs

Aioverall  PA;cyp3aa PA; ucT(a)

fm,cyp: Fractional metabolic contribution of each CYP isoform.

PAj cypr3ad, PAicypacs, and pA; ygrq): Pathway-specific inhibition terms, defined by
the relationship, pA; =1 + [Iu]/K; 4, where [I,] is the unbound inhibitor concentration and
K 4 is the unbound inhibition constant. These values are derived from in vitro experiments
and detailed in Supplementary Material (SM5). The following parameter values were used
in this study:

Itr (200 mg QD): pA; cyp3as = 10; pAjcyracs = PAjuGT@) = 1

Gem(600 mg BID): pAj cyracs = 16; pA; ucT(d) = 2 PAi,cypaas = 1.

2.4. Static 2-Compartment Model for Parent Drug Simulation

For simulating plasma concentration—-time profiles of Cer, a simplified static 2-
compartment model was employed [3-5]. Although perpetrator concentrations vary over
time in vivo, we assume a constant A; ,.ra to facilitate static simulations. This assump-
tion simplifies modeling without significantly compromising accuracy. Further model
specifications are provided in Supplementary Material (SM6).

2.5. Metabolite-Linked Model for Time-Dependent Metabolite Levels

To simulate metabolite concentrations over time, we applied a metabolite-linked model
that considers both first-pass and systemic formation of the metabolite (M) [Supplementary
Material (SM7)]. The total metabolite concentration in plasma, Cp, m(t), is the sum of
two components:

CpMm(1)(t): Metabolite formed during first-pass metabolism;

CpM(2)(t): Metabolite formed in systemic circulation.

Each is calculated using convolution integrals involving:

fm: The fraction of parent drug converted to metabolite;

dInput(T)/dT: Absorption rate of parent drug;

F Mmeetn: Effective hepatic availability of metabolite, defined as 1 — Ey,\ X o (with oc = 0.6);

Gm(t): Response function after IV bolus of the metabolite.

We assumed the metabolite shares the same distribution parameters as the parent
drug. Integration of Cpm(t) over time gives the metabolite AUC, from which the DDI
impact on metabolite exposure, AUCR(M).

3. Results

3.1. Simulated Cp(t) and Cy(t)(+) in Cer + Gem and Cer + Itr DDIs, PK Parameters for Cer,
and Ai,ovemll

Figure 2 shows the simulated plasma concentration profiles of Cer for the Cer + Gem
and Cer + Itr DDI scenarios. The corresponding PK parameters, both in the presence and
absence of perpetrators (Gem or Itr), are summarized in Table 1.
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Figure 2. Simultaneous simulations of changes in plasma Cer levels in the Cer + Gem and Cer + Itr
DDIs. The doses of Cer, Gem, and Itr were 0.3 mg (single dose), 600 mg BID for 3 days, and 100 mg
QD for 3 days, respectively. (—) Control; (+) Co-administration; SM, Simulation; Obs, Observed; AFE,
Average Fold Error at each time point.

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

Cer + Gem DDI Cer + Itr DDI
=) (+) (-) (+)
CLyya (1/h) 15.0 3.0 13.0 115
CLogar (1/h) 9.24 2.04 7.32 6.55
F, ><Fg 0.7 0.7 0.62 0.62
K, (1/h) 0.4 1.0 0.7 0.5
Fn 0.88 0.97 0.90 0.91
F 0.61 0.68 0.56 0.56
Vo (L) 20 20 20 20
Ve (L) 45 45 45 45
Ky (1/h) 0.15 0.15 0.15 0.15
AUCR 1 5.00 1 1.13
Ajoverall 1 476 1 112
fm,CYPZCS 0.75 0.75
fr UGT 0.13 0.13
fon CYP3A4 0.12 0.12
PA; cYP2cs 1 16 1 1
PALUGT() 1 2 1 1
PA; CYP3A4 1 1 1 10

Visually, the predicted PK profiles closely matched the observed data. The goodness
of fit was assessed using the average fold error (AFE).

Key parameters for Cer included an initial volume of distribution (Vo) of 20 L, a
steady-state volume of distribution (V4s) of 45 L, and a distribution rate constant (Ky) of
0.15h~!. The calculated A overan values were 4.75 for Cer + Gem and 1.12 for Cer + Itr. The
hepatic availability (F, ~0.9) had a minimal effect on the A; ;yeray values.

Enzyme-specific fraction metabolized (f;,) values were estimated as follows:

fm,cyp3as = 0.12; fry cypacs = 0.75; fry gt = 0.13

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

The initial and steady-state distribution volumes (Vgy and Vggnr) and distribution
rate constants (Kqy) for M23, M1, and Cer-L were assumed to be the same as those of Cer.
The fraction metabolized (fy) values for M23 and M1 were calculated to be 0.225 and 0.645,
respectively (assuming r = 0.3), while fyj for Cer-L was 0.13.

Elimination rate constants (Ke\) were estimated as follows: M23: 0.31 h—!; M1:
40h~1; Cer-L: 0.75h !

Additional parameters including total clearance (CLyn\) and hepatic availability (Fyyp)
are presented in Table 2.
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Table 2. Estimation of PK parameters for M23, M1, and Cer-L.

M23 M1 Cer-L
¢ 0.225 0.654 0.13
M [=0.3 % fm cypacs] [=fm,cyr3as + 0.7 *x £, cypacs] [=fm,ucT]
Kewm (1/h) 0.31 40 0.75
Vou (L) 20 20 20
Vieer (L) 45 45 45
Kqm (1/h) 0.15 0.15 0.15
CLtotM [=KeM X VOM] (L/h) 6.1 80 15
Frn 0.93 0 0.80

* Assuming “r” = 0.3.

3.3. Simulated Metabolite Cy, \1(t), Ratios of fa(+)/fas and Kent(+)/Ken, and A; gperanvr) in DDIs

Simulated plasma concentration profiles of M1, M23, and Cer-L under the Cer + Gem

and Cer + Itr DDI conditions are shown in Figure 3. The corresponding fyi(+)/fy and
Kem(+)/Kem ratios, as well as Aj gveralmy Values, are summarized in Table 3.
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Figure 3. Simultaneous simulations of changes in plasma M1, M23, and Cer-L levels in the Cer + Gem
and Cer + Itr DDIs. The doses of Cer, Gem, and Itr were 0.3 mg (single dose), 600 mg BID for 3 days,
and 100 mg QD for 3 days, respectively. (—) Control; (+) Co-administration; SM, Simulation; Obs,
Observed; AFE, Average Fold Error at each time point.
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Table 3. Estimation of fy(+)/fyv and Kem(+)/Kem, and A; gyeranimy for each metabolite in the
Cer + Gem and Cer + Itr DDIs.

Metabolite Cer + Gem DDI Cer + Itr DDI
M23 fv(+)/ fm 0.16 1.12
Kem(+)/Kem 1.00 0.64
Frm(+) 0.93 0.95
Ai,overall(M) 1.00 1.58
M1 fnv(+)/fm 1.01 0.93
Kem(+)/Kem 0.35 1.00
Frm(+) 0.35 04
Aj overallM) 32 1.00
Cer-L fa(+)/ 2.38 1.12
Kem(+)/Kem 0.56 0.53
Frm(+) 0.89 0.89
Ai,overall(M) 1.97 2.11

a FhM(+)Ai,overall — 0‘3532 ~ 0.

While visual inspection confirmed general agreement between predicted and observed
PK profiles, relatively large AFE values were observed due to variability in the unchanged
drug levels.

In the Cer + Gem DDI:

M23: Formation decreased (fy1(+)/fy = 0.16); elimination unchanged (Kenvi(+)/Kem = 1);

M1: Formation unchanged; elimination reduced (Kem(+)/Kem = 0.35) leading to
Ai,overall(M) =32;

Cer-L: Formation increased (fyi(+)/fv = 2.38); elimination reduced (Kevi(+)/Kem = 0.56)
leading to Ai,overall(M) =1.97.

In the Cer + Itr DDI:

M23: Slightly increased formation (fp(+)/fm = 1.12); reduced elimination
(Kem(+)/Kem = 0.64) leading to A; overativy = 1.58;

M1: Slightly decreased formation (fpm(+)/fpm = 0.93); elimination unchanged
(Kem(+)/Kem =1);

Cer-L: Slightly increased formation (fm(+)/fm = 1.12); reduced elimination
(Kem(+)/Kenm = 0.53) leading to Ai,overall(M) =211

3.4. Enzyme Contributions to the Metabolism of M23, M1, and Cer-L
The relative enzymatic contributions to the metabolism of each metabolite are summa-

rized in Table 4.

Table 4. Estimated relative contributions of each enzyme to the metabolism of M23, M1, and Cer-L
and metabolic products.

Enzyme M23 M1 Cer-L
fm,cYP3Ad(M) 0.33 0 0.58 (from 0.5 to 0.6)
fm,cYP2C8(M) 0 1 0.50 (from 0.5 to 0.4)
fm,UGT(G2) M) 0 0 0
fmucTGHM) 0.67 0 0

Products M24 (by CYP3A4) M24 [by CYP2CS8] MI-L (by CYP3A4)

M23-G1 [by
UGT(G1)] M23-L (by CYP2CS8)

M23: ~33% metabolized by CYP3A4 (inhibited by Itr), approximately 67% by UGT
(not inhibited by Gem);
M1: 100% metabolized by CYP2CS8 (inhibited by Gem);
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Cer-L: 50-60% by CYP3A4 and 40-50% by CYP2CS, respectively.

3.5. Sensitivity Analyses: f,, cypsa4, 1, and pA; ucr()

fmlcypg, A4 Sensitivity:

Example 1: Increasing f,, cypsas to 0.15 led to underestimation of A, yeran (4.39 vs.
4.76) and AUCR (4.39 vs. 5.00) in Cer + Gem DDI.

Example 2: Altering £, cypzasa and fy, gt without adjusting Key resulted in a poor fit
for Cer-L levels.

r Sensitivity:

Example 3: Assuming r =1 failed to reproduce M23 levels, even with K¢y adjustments.

Example 4: r = 0.5 similarly produced unsatisfactory M23 predictions.

PAi,UGT(d) Sensitivity:

Example 5: Setting pA; ycr(g) = 1 (no UGT inhibition) increased fy(+)/fy for Cer-L to
3.33 but resulted in AUCR = 3.48 (<5.00).

Example 6: pA;ygr4) = 2.5 maintained plasma Cer fit (AUCR = 5.00) but led to
implausibly low Kenm(+)/Kem and fr, cypocsovy exceeding allowed limits.

Further analysis is provided in Supplementary Material (SM12).

3.6. Prediction of far(+)/fas and Kepny(+)/Keps in the Cer + Gem + Itr DDI

In the triple DDI scenario (Cer + Gem + Itr), A; oyeran for Cer was calculated as follows:

A overal = 1/(0.13/2 +0.75/32 + 0.12/10) = 9.96.

Using this value:

fym(+)/ v ratios were calculated as follows: M23 = 0.31, M1 = 0.43, Cer = 5;

Kem(+)/Kem values were assumed to be M23 = 0.64 (same as Cer + Itr); M1 = 0.35
(same as Cer + Gem);

Cer-L showed extremely low Ken(+)/Kem values (0.072-0.080), consistent with a high
Ai,overall(M) (13.8-15.2).

Results are summarized in Table 5.

Table 5. Predictions of fy(+)/fyv, Kem/Kem(+) and A gveranivy 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
Ai,overall(M) 1.58
Kem(+)/Kem 0.35
Frov (+) 0.35
Ai,overall(M) 32
Cer-L fm(+)/fm 5
Kem(+)/Kem 0.072~0.080
Fnov (+) 0.98
Ai,overall(M) 13.8~15.2

3.7. Predicted AUCR(M) for Metabolites in the Cer + Gem + Itr DDI

AUCR(M) values were calculated as [fp(+)/fm] X [Kem/Kem(+)] and are presented in
Table 6, alongside observed values and the AUCR for Cer.
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Table 6. Predictions of AUCR(M) for each metabolite compared with the AUCR for Cer in the
Gem-induced DDIs.

Cer + Gem DDI Cer + Itr DDI Cer + Gem + Itr DDI
Simulated Observed Simulated Observed Predicted
AUCR(Cer) 5.0 5.0 1.1 1.1 10
AUCR(M23) 0.16 0.17 1.7 1.3 0.48
AUCR(M1) 29 44 0.93 0.76 12
AUCR(Cer-L) 4.2 44 2.1 2.6 62~69

Cer: AUCR = 10 (double that of Cer + Gem);

Cer-L: AUCR(M) = 60-70 (15-17 x increase vs. Cer + Gem);

M23 and M1: No substantial changes in AUCR(M).

Figure 4 illustrates plasma Cer-L levels across the DDI scenarios. Notably, increases
in Cmax were largely attributed to changes in fy;(+)/fyp, while the t; /, decreases reflected
changes in Kepvi(+)/ Kem.

Plasma Cer- L Levels

—(1) Cer+Gem+Itr DDI
1.5 1 —(2) Cer+Gem DDI
i ) -
=" ) Cont
o
£
o
005 -
0.0 T | 1 T |_=
0 12 24 36 48 60 72
Time (h)

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

4. Discussion

This study aimed to predict the impact of DDIs on the plasma concentrations of
Cer and its key metabolites. Using a combination of static compartment models and a
metabolite-linked modeling approach, we evaluated how inhibitors—both singly and in
combination—affect Cer’s PK. Special focus was placed on the dual-inhibition scenario
involving Gem and Itr, where we hypothesized a substantial elevation in Cer-L plasma
levels due to concurrent inhibition of CYP2C8 and CYP3A4.

We began by validating the two-compartment-assisted model using clinical DDI
scenarios involving Cer alone and in combination with either Gem or Itr. The model reliably
reproduced observed AUCR values and estimated the A; yyeran, particularly highlighting a
strong interaction in the Cer + Gem case (AUCR ~5.0, A gyeran = 4.76).

Mechanistic analysis of A; yeran revealed that Cer is primarily eliminated via CYP2C8
(fm = 0.75), with minor contributions from UGT (fy, = 0.13) and CYP3A4 (fy, = 0.12). Us-
ing this breakdown and estimated inhibitory potencies (pA;), we extended the model
to predict metabolite formation fractions (fy;). Cer-L was assumed to form mainly
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via UGT, while M1 and M23 arise through oxidation by CYP enzymes, with CYP2C8
contributing predominantly.

To simulate metabolite elimination, we applied a Metabolite-Linked Model, assuming
distribution volumes similar to Cer. Simulations fitted to control data allowed us to estimate
metabolite-specific elimination rates (Kepp) and overall clearance parameters. This provided
a mechanistic foundation to predict how DDIs affect each metabolite’s exposure.

A key finding of this study is the predicted dramatic increase in Cer-L exposure when
Cer is co-administered with both Gem and Itr. The AUCR for Cer-L reached approximately
70, far exceeding that of the parent compound or any other metabolites. This substan-
tial increase is attributed to both enhanced formation (~5-fold) and markedly reduced
elimination (~13-fold), due to the simultaneous inhibition of CYP2C8 and CYP3A4.

Although this calculation assumes that Cer-L clearance occurs solely through
metabolism, even when accounting for hydrolytic clearance, the AUCR is not expected to
fall below 40. This highlights the potentially significant increase in Cer-L exposure resulting
from DDIs.

While direct clinical confirmation of increased Cer-L levels under the Cer + Gem + Itr
combination is currently lacking, this does not undermine the model-based predictions.
Rather, it reflects a common stage in model-informed drug development, where simulations
guide hypothesis generation, followed by experimental validation. In this case, in vitro
studies offer a feasible path forward. For example, hepatic microsomal assays could assess
Cer and Cer-L metabolism under varying inhibitory conditions (Cer alone, Cer + Gem,
Cer + Itr, and Cer + Gem + Itr). Such stepwise experiments would help verify key model
assumptions, particularly the dual role of CYP3A4 and CYP2CS8 in Cer-L elimination.

Given the potential toxicity of Cer-L, these findings highlight significant safety con-
cerns. Although clinical trials combining Cer and Gem have not reported serious adverse
effects, the inclusion of Itr may introduce new and previously unrecognized risks—most
notably hepatotoxicity and peripheral tissue toxicity, including rhabdomyolysis. We hy-
pothesize that Cer-L could contribute to rhabdomyolysis through tissue-specific hydrolysis
by paraoxonase 1 (PON1), which may regenerate active Cer within muscle tissue. This
proposed mechanism remains speculative and warrants further experimental investigation.

The metabolite-linked model showed strong performance in predicting changes in
both parent drug and metabolite exposures, even in complex DDI scenarios. Its key
advantage is a mechanistic framework that allows detailed analysis of metabolite formation
and elimination using only plasma concentration data from the parent drug. This approach
enhances traditional two-compartment assisted physiologically based pharmacokinetic
(PBPK) modeling, and offers a valuable tool for evaluating DDI risk, particularly in early
drug development. Ongoing research is focused on extending the model’s use to a broader
range of drug classes and metabolic enzyme systems.

Although this study focused on Cer, the model was developed to be broadly applicable.
Its successful application to other CYP substrates, such as montelukast and repaglinide, has
shown strong agreement between predicted and observed changes in both parent drugs
and their metabolites in DDI scenarios, supporting its wider utility.

One key assumption in the model is that the volume of distribution for the metabolite
is equivalent to that of the parent compound. This is considered reasonable given the
structural similarities between Cer and its metabolites—M23, M1 (formed via oxidation),
and Cer-L (formed via dehydration)—as well as their shared physicochemical properties,
which are known to influence distribution behavior. However, while this assumption sim-
plifies the modeling process, it warrants further validation. Ongoing studies are evaluating
whether it can be applied to other drug-metabolite pairs whose PK after IV administration
have been thoroughly studied.
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5. Methods
5.1. Data Acquisition for Cer DDIs with Gem and Itr

Plasma concentration-time data for Cer and its metabolites in the presence of Gem and
Itr were obtained by digitizing published graphical data [11,20]. The digitized concentration
profiles were used to recalculate the AUC using the trapezoidal method. The accuracy
of the digitization and AUC estimation was verified by confirming consistency with the
original reported values.

5.2. Sequential PK Modeling Framework for Parent Drug and Metabolites

A stepwise modeling approach was employed to characterize the PK of Cer and its
metabolites under control and DDI conditions. The workflow is summarized in Figure 5.
The parent drug (Cer) was modeled using a Static Two-Compartment Assisted Model,
while a Metabolite-Linked Model was applied for each metabolite (M23, M1, and Cer-L).
The nomenclature and computational formulae for the derived PK parameters are described
in Supplementary Material (SM8).

INPUT / Static Two-Compartment Assisted Model \ Outcomes
PK Colt) Col+)(H) AUCR; F,
Parameters !
JAi,cn.terall
AUCR
Im,CYPECS
> . m,CYP3A4
- Time Time N [
{4
INPUT / Metabolite-Linked Model \ Outcomes
PK(M) thr?; Fhm(-l—)
Parameters i \,:., i M(+)
f 4
] A
KeM : > i,overall(M)
o / fm,CYP(M]

Figure 5. Illustrative workflow for the sequential PK modeling framework.

5.3. PK Analysis
5.3.1. Modeling of the Parent Drug (Cer)

Initial PK simulations focused on reproducing the observed plasma concentration—
time profiles of Cer in the absence of a perpetrator [Cy(t)]. Key PK parameters—absorption
rate constant (K;), the product of fraction absorbed and intestinal availability (Fa x Fg),
total or oral clearance (CLiot or CL,1), and distribution parameters (Vy, V4ss, Kq)—were
optimized to achieve the best fit to observed data.

Simulations were then extended to DDI conditions [Cp(t)(+)], using observed AUCR
values from the Cer + Gem and Cer + Itr studies. These AUCR values were ad-
justed within plausible bounds to achieve agreement with observed profiles under each
interaction condition.

The overall DDI impact on Cer exposure was quantified as A; qyeral, calculated from
the adjusted AUCR. Using a mechanistic DDI model, enzyme-specific contributions to Cer
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elimination—f,, cypacs, fm,cyp3as, and £, ygr—were estimated by solving equations that re-
late A; yyeran to known inhibitory potencies of the perpetrator drugs (pA; cypacs, pAi,CYP3a4,
and pA;ugr). Corresponding enzyme fractions under DDI conditions—f,, cypacs(+),
fm cyr3as(+), and fy, ygT(+)—were also derived. These enzyme-specific values were then
used to estimate the fraction of each metabolite formed under both control and DDI condi-
tions (fy; and fyg(+), respectively).

5.3.2. Modeling of Cer Metabolites

Using the fy and fy(+) values obtained from parent drug simulations, plasma
concentration—time profiles for each metabolite [Cp, m(t) and Cp m(+)(t)] were generated
by optimizing their respective first-order elimination rate constants, Kep and Kepvi(+). In
accordance with the theoretical framework proposed by Poulin [33], the distribution param-
eters for the metabolites were assumed to be equivalent to those of the parent compound
[Supplementary Material (SM9)].

Based on the optimized Key and Keym(+) values, hepatic availability (Fna and
Fhovy(+)) was calculated for each metabolite. These values were used to estimate the
overall inhibitory effect on metabolite clearance (A; overaliv)) under DDI conditions. From
this, enzyme-specific contributions to metabolite elimination were inferred as follows:
fm,cyracsovy from the Cer + Gem scenario and fp,, cypsasav from the Cer + Itr scenario.

Finally, the influence of DDI on metabolite exposure was evaluated by calculating
the ratios fyg/fvm(+), Kem/ Kem(+), and the AUCR of each metabolite (AUCR(M)), in order
to explore the relationship between AUCR(M) and changes in metabolite formation and
elimination under DDI conditions.

5.4. Software for PK Simulations

All PK simulations and calculations were performed using Microsoft Excel 2021 (MSO).
Detailed workflows and calculation steps for Cer and Cer-L in the Cer + Gem DDI scenario
are provided in the Supplementary Material [SM10 for Cer, SM11 for Cer-L].

6. Conclusions

The widespread occurrence of fatal rhabdomyolysis associated with Cer has been pri-
marily linked to its co-administration with the CYP2C8 inhibitor Gem. However, the
underlying PK mechanisms contributing to this severe adverse effect have remained
poorly understood.

In this study, we applied a novel DDI analysis framework integrating a Metabolite-
Linked Model to elucidate the systemic exposure profiles of Cer and its metabolites. Our
results indicate that the combination of Cer with Gem and a CYP3A4 inhibitor (e.g., Itr)
leads to a substantial reduction in the clearance of the glucuronide metabolite Cer-L. This
combined inhibition results in a pronounced accumulation of Cer-L, with predicted plasma
levels rising by up to 70-fold.

These findings offer new mechanistic insight into Cer-associated toxicity and suggest
that elevated Cer-L, driven by impaired biotransformation and elimination, may play
a critical role in mediating tissue-specific adverse effects. The approach presented here
provides a promising platform for future DDI risk assessment, particularly for drugs with
active or toxic metabolites.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ddc4030034/s1, SM1: Fatal Rhabdomyolysis Reported for Cer. SM2:
Effect of Transporters or Other Enzymes on the Current DDI Analysis. SM3: Background Data on
Cer Metabolism and Preliminary PK Analysis of Cer and Its Primary Metabolites Based on Observed
DDIs Mediated by Gem and Itr. SM4: Interplay of UGT and CYP2C8. SM5: PK Parameters of
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Clop-COOH/Clop-O-glu, and Gem/Gem-O-glu. SM6: Comparison of Static A, ;yera-Based DDI
Simulations with Dynamic DDI Simulations. SM7: Metabolite-Linked Model for Time-Dependent
Plasma Metabolite Levels. SM8: Nomenclature of Derived PK Parameters and Equations Used to
Calculate PK Parameters. SM9: Assumptions Regarding the Distribution Parameters of Metabolites.
SM10: Static 2-Compartment Model for the Calculation of C;, ora1(t) and Cp ora1 (+)(t). SM11: Static
2-Compartment Model for the Calculation of C, v oral(t) and Cp, w oral(+)(t)- SM12: Deviations from
Optimal Simulations.
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