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Abstract  

Purpose It is challenging to predict CYP2C8-mediated drug-drug interactions (DDIs) 

produced by clopidogrel (Clop) and gemfibrozil (Gem) by maintaining the victim’s fractional 

CYP2C8-mediated clearance (fm,CYP2C8) constant. The goal is to develop a comprehensive 

methodology for this.  

Method A model where UDP glucuronosyl transferase (UGT) and CYP work in pairs was 

devised, under the assumption that CYP2C8 substrates bind UGT before oxidation, and that 

Gem inhibits UGT and CYP2C8 while Clop inhibits CYP2C8 alone. Overall enzymatic 

inhibitory activity resulting from DDI was expressed as a function of fm,CYP2C8, fm,UGT (fractional 

UGT-mediated clearance), and perpetrator specific inhibitory activities against CYP2C8 and 

UGT (pAi,CYP2C8 and pAi,UGT(d)). Reported DDIs where Clop, Gem, or Gem + itraconazole have 

victimized montelukast, desloratadine, pioglitazone, repaglinide (OATP1B1 substrate) or 

cerivastatin (OATP1B1 substrate) were chosen for the analysis. Additionally, a method to 

simulate the victim’s plasma metabolite levels in response to the changes in the plasma 

unchanged drug levels was devised based on the previous method.  

Results The changes in the plasma levels of unchanged drug and metabolite produced by 

the DDIs were simulated successfully. The results confirmed the DDIs were not affected by 

the hepatic uptake transporter (OATP1B1). The pAi,CYP2C8 values for Clop and Gem were 

estimated to be 7 (85% inhibition) and 15 (93% inhibition). The pAi,UGT(d) values for Clop and 

Gem were estimated to be 1 (non-inhibition) and 2 (50% inhibition). 

Conclusions To predict CYP2C8 mediated DDIs, information on the victim’s fm,CYP2C8 and 

fm,UGT as well as the perpetrator’s pAi,CYP2C8 and pAi,UGT(d) are the most important. 

 

Abbreviations 

 

Ai,overall overall enzymatic inhibitory activity 

AUC area under the plasma drug level curve 

AUCR fold increase of AUC in drug-drug interaction 

Cer cerivastatin 

Clop clopidogrel 

CYP cytochrome P450 

DDI drug-drug interaction 

Des desloratadine 

Des-3-OH 3-hydroxydesloratadine 

Gem gemfibrozil 

fM fractional metabolite forming rate 



fm,CYP fractional CYP isoform-mediated clearance 

fm,UGT fractional UGT isoform mediated clearance 

Itr itraconazole 

Mont montelukast 

pAi,CYP perpetrator specific inhibitory activity against CYP isoform 

pAi,UGT(d) perpetrator specific inhibitory activity against drug distribution in 

UGT 

Pio pioglitazone 

SM simulation 

Rep repaglinide 

UGT UDP glucuronosyl transferase 

 

Introduction 

 

There have been tragic deaths from the combination of sorivudine and fluorouracil [1]. This 

was caused by an abnormal increase in plasma fluorouracil levels caused by inhibition of the 

metabolism of fluorouracil by sorivudine. Therefore, it is important for pharmaceutical 

companies to develop drugs with a minimal risk of drug-drug interactions (DDIs) and to 

provide information about how to avoid unsafe combinations in medical fields. The 

correspondent author experienced an unusual increase in the plasma ramelteon levels when 

combined with fluvoxamine in the clinical trial [AUCR (fold increase of the area under the 

plasma drug level curve in DDI) =130] [2]. This was caused by the inhibition of all the 

cytochrome P450 isoforms (CYP1A2; CYP2C19; CYP3A4) which mediate the metabolism of 

ramelteon by fluvoxamine. However, the margin for safety of ramelteon was large, so it did 

not lead to a serious situation. Such interaction was anticipated to a certain degree. However, 

it was more than that, and the true cause has not been known for a long time.  

Subsequent research by the authors [3-7] revealed that the unusually large DDI was 

caused by the very low hepatic availability (Fh) of ramelteon, and derived the theory using 

the tube-based hepatic extraction model, that the magnitude of the interaction (AUCR) is 

determined by the overall enzymatic inhibitory activity produced by DDI (Ai,overall) and Fh of 

the victim drug as: 

AUCR = [1/Fh – 1]/[exp{-Ln(Fh)/Ai,overall} - 1]                                    (1) 

or 1/Ai,overall = [Ln(AUCR) – Ln(AUCR – 1 + 1/Fh)]/ Ln(Fh) 

where Fh is determined by oral clearance (CLoral), extent of absorption (Fa), intestinal 

availability (Fg), hepatic blood flow rate (Qh), and blood-plasma ratio (Rb) as: 

Fh = Qh ☓ Rb/(Qh ☓ Rb + CLoral ☓ Fa ☓ Fg)                                      (2) 



whereas Ai,overall, is determined, in mechanistic terms, by fractional CYP isoform contributions 

to the victim clearance (fm,CYPs) and perpetrator specific inhibitory activities against CYP 

isoforms (pAi,CYPs) as: 

1/Ai,overall = CLint/CLint(+)  

= fm,CYP1A2/pAi,CYP1A2 + fm,CYP2C19/pAi,CYP2C19+ fm,CYP3A4/pAi,CYP3A4                  (3) 

where (+) is the index of coadministration. 

Thus, it was shown that any type of CYP-mediated DDI can be predicted by using these 

equations and the database of the pAi,CYPs of the perpetrators. 

CYP2C8-mediated DDIs of interest have been reviewed [8]. However, this kind of DDIs is 

difficult to predict directly by the method described above. Typical examples are DDIs 

observed in montelukast (Mont: CYP2C8 substrate) and desloratadine (Des: CYP2C8 

substrate) when administered with clopidogrel (Clop: CYP2C8 inhibitor) or gemfibrozil (Gem: 

CYP2C8 inhibitor) [9-11]. It was noted that although the AUCR value for Mont + Gem was 

larger than for Mont + Clop depending on the in vitro pAi,CYP2C8, the fm,CYP2C8 value estimated 

from a simple relationship with AUCR and pAi,CYP2C8 [fm,CYP2C8 =(1-1/AUCR)/(1-1/pAi,CYP2C8,in 

vitro)] was inconsistent between the two DDIs (around 0.55 for Mont + Clop and around 0.7 

for Mont + Gem) [9, 10]. A similar difference was observed in the DDIs for Des [11]. In the 

case where itraconazole (Itr: CYP3A4 inhibitor) was added as a perpetrator, it was also noted 

that no meaningful difference was observed in the AUCR between Mont + Gem and Mont + 

Gem + Itr [9], while a large difference was observed between repaglinide (Rep) + Gem and 

Rep + Gem + Itr [12]. Mont and Des are oxidized by CYP2C8 to produce M6 [9, 10] and 

Delor-3-OH [11], respectively. However, it was also noted that no meaningful difference was 

observed in the plasma M6 levels between Mont + Clop and Mont + Gem [9, 10], while the 

plasma Des-3-OH levels in Des + Gem were considerably lower than in Des + Clop [11]. It 

is still not clear why such differences exist. If the victim drug is a OATP1B1 substrate and the 

CYP2C8 inhibitor can inhibit OATP1B1, the prediction of DDI looks more complicated [13-

15]. Therefore, to predict the CYP2C8-mediadted DDIs, all issues described above should 

be resolved.  

The corresponding author has also participated in research on sipoglitazar (anti-diabetic 

drug; https://www.researchgate.net/publication/327663656). This drug is a CYP2C8 

substrate as well. However, it is very unusual in that it binds UDP-glucuronosyl transferase 

2B15 (UGT2B15) prior to oxidizing to M1 [16, 17]. In clinical trials, the genetic polymorphism 

of UGT2B15 was associated with the elimination of the unchanged drug, and the initial 

plasma M1 levels increased in the group where the unchanged drug was quickly eliminated 

[18], suggesting a system in which UGT and CYP2C8 work in pairs (UGT-CYP paired 

system). This phenomenon was quite particular, but a similar phenomenon was also 



observed for Des. It was reported that prior to CYP2C8-mediated oxidation, Des binds 

UGT2B10 and is metabolized by the UGT to Des-N-glu (N-glucuronide) [19]. From this 

information, it can be inferred that the step at which a CYP2C8 substrate binds to the UGT 

and forms a glucuronosyl conjugate prior to oxidation is common to all CYP2C8-mediated 

oxidations [20].  

Thus, in the present study, the following model (Figure 1) was devised to predict CYP2C8-

mediated DDIs, referring to literature [8, 21-29]. The figure depicts CYP2C8-mediated 

oxidation using a UGT-CYP paired system, with an example of Mont. When Mont is oxidized 

by CYP2C8, a fraction of the drug (fm,(UGT-CYP)) first enters through the membrane of the 

endoplasmic reticulum (ER) into the lumen and is distributed to the inner space of the UGT1A, 

and part of the drug (fm,UGT(UGT-CY)) is metabolized to M1 (acyl glucuronide) and secreted into 

the ER lumen, while the remainder (fm,CYP2C8 (UGT-CYP)) is transferred to the CYP2C8 

expressed on the opposite side through the ER membrane to be metabolized to M6 [8, 21-

24]. Fig. 1 also shows hypothetically that Clop and Gem act differently to inhibit the 

metabolism of Mont [10, 25-29], thus resolving the inconsistent fm,CYP2C8 issue. That is, Clop 

inhibits CYP2C8, while Gem inhibits both CYP2C8 and UGT. However, the UGT inhibition 

by Gem may be characterized by the simple inhibition of the distribution of the drug in the 

inner space of the UGT (pAi,UGT(d): the letter d stands for distribution), rather than the direct 

inhibition of UGT-isoform dependent glucuronidation of the drug, because the inhibition 

appears not specific to the isoform of UGT [24 27]. Moreover, Fig. 1 shows that the small but 

meaningful contributions of enzymes (fm,CYP3A4 and fm,CYP2C9 for Mont; fm,CYP3A4 for Des) other 

than that of the two enzymatic pairs (fm,(UGT-CYP)) are also important to determine the plasma 

metabolite levels [27, 28], and that Clop and Gem exhibit higher inhibition activity against 

CYP2C8 after glucuronidation [30, 31]. 

Therefore, the purposes of the study were (i) to analyze the CYP2C8-mediated DDIs 

produced by Clop and Gem comparatively, based on the UGT-CYP paired model; (ii) to 

determine the inhibitory activities of these inhibitors against the CYP2C8-mediated oxidation 

(pAi,CYP2C8) and the drug distribution to the UGT (pAi,UGT(d)) to predict the DDIs, while resolving 

the inconsistent fm,CYP2C8 issue; (iii) to develop a method for simulating plasma metabolite 

levels in response to changes in plasma unchanged drug levels, in order to confirm the paired 

model analysis; finally (iv) to confirm whether this model can predict CYP2C8-mediated drug 

interactions, independently of hepatic uptake transporters. 

 

Materials and Methods 

 

CYP2C8-mediadted DDIs used for UGT-CYP paired model analysis 



CYP2C8-mediated DDIs where Clop, Gem, or Gem + Itr victimized Mont [9, 10], Des [11], 

pioglitazone (Pio) [32, 33], Rep [12, 34] and cerivastatin (Cer) [35], were chosen for the UGT-

CYP paired model analysis. 

 

Plasma level data 

The data on the plasma unchanged drug and metabolite levels used in the analysis were 

read from the graphs in the respective literature. 

Calculation of plasma unchanged drug levels 

The plasma unchanged drug levels after administration of Mont or Des without or with the 

perpetrators (Cp,oral (t) and Cp,oral (+)(t)), were calculated using the static 2-compartment 

model-based model, as described in the previous report (detailed procedures are found in 

Supplementary Material 1) [6, 7]. 

 

Calculation of Ai,overall from Fh and AUCR values 

The Ai,overall values were calculated from the respective Fh and AUCR values using Eqs. 1 

and 2. 

 

Calculation of fm,CYP2C8, fm,UGT, and pAi,UGT(d) for Mont and Des victimized DDIs in UGT-
CYP paired model analysis 

The following two equations were applied to the UGT-CYP paired model analysis, assuming 

Mont is metabolized by CYP3A4, CYP2C9, CYP2C8, and UGT1A [10], while Des is 

metabolized by CYP3A4, CYP2C8, and UGT2B10 [11]. 

fm,CYP3A4/pAi,CYP3A4 + fm,CYP2C9 + fm, (UGT-CYP)/Ai,(UCT-CYP)= 1/Ai,overall                       (4) 

where fm,CYP3A4+ fm,CYP2C9 + fm,(UGT-CYP) = 1, and Ai,(UCT-CYP) represents total inhibitory activity 

produced in the UGT-CYP paired system (secondary parameter), 

fm,UGT (UGT-CYP) + fm,CYP2C8 (UGT-CYP)/pAi,CYP2C8 = 1/Ai,CYP2C8 (UGT-CYP)                      (5) 

where fm,UGT (UGT-CYP) + fm,CYP2C8 (UGT-CYP) =1, and Ai,CYP2C8 (UGT-CYP) represents the inhibitory 

activity derived from the CYP2C8 inhibition in the UGT-CYP paired system (secondary 

parameter). 

Ai,(UCTCYP) and Ai,CYP2C8 (UGT-CYP) were calculated by inserting appropriate values for fm,CYP3A4, 

fm,CYP2C9, fm,CYP2C8 (UGT-CYP), pAi,CYP3A4 and pAi,CYP2C8 into the equations, followed by pAi,UGT(d) 

[= Ai,(UCTCYP)/ Ai,CYP2C8 (UGT-CYP)], fm,CYP2C8 [= fm, (UGT-CYP) ☓ fm,CYP2C8 (UGT-CYP)] and fm.UGT [= fm, 

(UGT-CYP) ☓ fm,UGT (UGT-CYP)]. Table 1 provides an overview of the parameters and equations 
used for the UGT-CYP paired model analysis. 

 

Simulation (SM) of Mont and Des victimized DDIs based on fm,CYPs, fm,UGT, pAi,CYP2C8 



and pAi,UGT(d) 

The five DDIs (Mont + Clop; Mont+ Gem; Mont + Gem + Itr; Des + Clop; Des + Gem), were 

simultaneously simulated based on fm,CYPs, fm,UGT, pAi,CYP2C8 and pAi,UGT(d), using the UGT-

CYP paired model. The SMs were optimized to achieve the lack of UGT inhibition by Clop 

(pAi,UGT(d) ≈1) and meaningful inhibition by Gem (pAi,UGT(d) >1), by adjusting the input 

parameters (fm,CYP3A4, fm,CYP2C9, fm,CYP2C8(UGT-CYP) and pAi,CYP2C8), while the Ai,overall values were 

fixed. The initial values of fm,CYP3A4 and fm,CYP2C9 for Mont were determined with reference to 

the reported in vitro data [27, 28], while the initial value of fm,CYP3A4 for Des was determined 

with reference to the reported DDI (Des + erythromycin [36]; Des + ketoconazole [37]). The 

initial pAi,CYP2C8 values for Clop and Gem were calculated based on reported in vitro data 

where Clop-O-glu and Gem-O-glu were assumed to completely determine the inhibitory 

activities to CYP2C8 [11, 38-40] (detailed calculation can be found in Supplementary Material 

2). The final values of pAi,CYP2C8 and pAi,UGT(d) were identified as the in vivo values 

differentiated from those in vitro. 

 

Calculation of plasma metabolite levels in relation to fractional metabolite-forming rate 

(fM) for Mont and Des victimized DDIs 

Theoretically, the plasma metabolite level at time t [Cp,M (t)] is determined by the formation 

rate of the metabolite in response to the unchanged drug level [Cp,(t)] as well as the 

elimination rate of the metabolite (Ke,M)(Figure 2). If the parent drug is not subject to the 

hepatic first pass effects, the metabolite is formed during the circulation of the parent drug, 

and accordingly, the time-dependent rate of the metabolite formation can be shown by the 

product of fM and AUC(t)/AUC∞ of the unchanged drug (Fig. 2b). Meanwhile, if the parent 

drug is subject to the hepatic first pass effects, the metabolite is formed also during the first 

pass of the parent drug. Therefore, Cp,M(t) is expressed as the sum of the plasma level of the 

metabolite formed during the hepatic first pass of the parent drug [Cp,M(1)(t)] and the plasma 

level of the metabolite formed during the systemic circulation of the parent drug [Cp,M(2)(t)].  

The equations for Cp,M(1)(t) and Cp,M(2)(t) can be expressed as: 

Cp,M(1)(t) = ∫fM☓D☓ (Fa☓Fg - F)☓[dInput(Τ)/dΤ]☓Fh,M (eff)☓G(t-Τ)dΤ                     (6) 

Cp,M(2)(t) = ∫fM☓CLoral☓Cp(Τ)☓G(t-Τ)dΤ                                            (7) 
where dInput(Τ)/dΤ, Fh,M (eff) and G(t) represent the absorption rate per unit dose for the 

unchanged drug, the effective hepatic availability of the metabolite [=1 - Eh,M☓α: α=0.6], and 
the function expressing the plasma metabolite level after iv bolus administration of unit dose 

of the parent drug, respectively.  

Thus, the Cp,M(t) and Cp,M(+)(t) were calculated using Eq. 6 and Eq. 7 and assuming the 

same 2-compartment model as Cp,(t). The detailed procedures can be found in 



Supplementary Material 3 (distribution parameters for the metabolite were assumed the 

same as those of the parent drug). 

 

Results 

 

SMs of plasma unchanged drug levels in Mont and Des victimized DDIs 

The plasma unchanged drug levels after administration of Mont or Des without or with Clop, 

Gem, or Gem + Itr, were successfully simulated (Figure 3). The PK parameters for Mont and 

Des used for the SMs, can be found in Supplementary Material 4. It was noted that the Fa ☓ 

Fg and Fh vales for Mont were 0.6 and 0.97, while those for Des were 1.0 and 0.33, 

respectively. They were consistent with reported bioavailability values for the respective 

drugs [41, 42]. 

 

Ai,overall estimated from Fh and AUCR for Mont and Des victimized DDIs 

The Ai,overalls for the Mont and Des victimized DDIs were shown in Table 2. 

It was confirmed that the Ai,overalls for the Mont DDIs were close to the AUCRs because of the 

Fh value for Mont is close to unity, while those for the Des DDIs were smaller than the AUCRs 

because of the Fh value for Des is smaller than unity. 

 

Optimal values of fm,CYPs, pAi,CYP2C8, and pAi,UGT(d) for Mont and Des victimized DDIs in 

UGT-CYP paired model analysis  

The optimal values for the fm,CYPs, pAi,CYP2C8, and pAi,UGT(d) for the Mont and Des DDIs 

obtained in the UGT-CYP paired model analysis were shown in Table 3. The pAi,CYP2C8 values 

for Clop and Gem resulted in 7 (in vitro value = 8.4) and 15 (in vitro value = 23.1), respectively, 

while the pAi,UGT (d) values for Clop and Gem resulted in almost 1 (individual figures: 1.01 and 

1.03) and almost 2 (individual figures: 2.20, 1.91 and 2.17), respectively. The fm,CYP3A4, 

fm,CYP2C9, fm,CYP2C8 and fm,UGT1A values for Mont accounted for 0.02, 0.01, 0.55 and 0.42, 

respectively, while the fm,CYP3A4, fm,CYP2C8 and fm,UGT1A values for Des accounted for 0.22, 0.59 

and 0.19, respectively. Thus, the results provided a comprehensive solution to the issue of 

inconsistent fm,CYP2C8 value. It was noted that the value of fm,CYP2C9 (0.01) for Mont was small 

but meaningful for the formation of the metabolite (M6), as shown in the sensitivity test.  

 

Values determined for fm CYP(+)s and fm,UGT(+) for Mont and Des victimized DDIs 

The changes in the fm,CYPs and fm,UGT values of Mont and Des after the coadministration with 

the inhibitors [fm,CYP(+)s and fm,UGT(+)] were shown in Figure 4. In all cases, the 

coadministration decreased the fm,CYP2C8 value, while increased the fm,UGT value. The 



coadministration also increased the fm,CYP3A4 value of Des, while the fm,CYP3A4 of Mont did not 

change much. 

 

Values determined for fM and fM(+) for Mont and Des victimized DDIs 

Table 4 shows the fM and fM(+) values for M6 and Des-3-OH. To calculate fM, it was assumed 

that the metabolites formed by CYP2C8 and CYP2C9 for Mont are restricted to M6 (fM = 

fm,CYP2C8 + fm,CYP2C9) [21, 22], while the metabolites formed by CYP2C8 for Des are restricted 

to Des-3-OH (fM = fm,CYP2C8) [11]. The fM values for M6 and Des-3-OH were similar (0.56 and 

0.58, respectively), while the fM(+) values for both the metabolites were decreased depending 

on the DDIs. The fM(+)/fM values for Mont + Clop (0.3), Mont + Gem (0.2) and Mont + Gem + 

Itr (0.2) were similar, while the fM(+)/fM for Des + Gem (0.09) was almost one third that for 

Des + Clop (0.28). The resulting fM and fM(+) values were used for the SMs of the plasma 

metabolite levels to validate the UGT-CYP paired model analysis. 

 

SM of plasma metabolite levels for Mont and Des victimized DDIs 

The plasma M6 and Des-3-OH levels for the Mont and Des victimized DDIs were simulated, 

by inserting the values for fM and fM(+) derived from the UGT-CYP paired model analysis and 

the appropriate values for KeM and KeM(+) into the equation of Cp,M(t). The SMs were 

successfully performed by adjusting KeM = 5/h and KeM (+)= 1.3/h for Mont + Clop; KeM = 4/h 

and KeM (+) =0.28/h for Mont + Gem; KeM = 4/h and KeM (+)= 0.14/h for Mont + Gem + Itr; KeM 

= 0.18/h and KeM (+)= 0.13/h for both Des + Clop and Des + Gem (Figure 5). The reduction 

in KeM up to 3% for Mont + Gem or Mont + Gem + Itr was correlated with the fact that M6 is 

metabolized fully by CYP2C8 [9]. Meanwhile, no meaningful reduction in KeM for the Des 

victimized DDIs was correlated with the fact that Des-3-OH is metabolized independently of 

CYP2C8 [11]. 

The Des-3-OH levels at initial stages following administration without the inhibitors were 

shown high. It was confirmed that these elevated levels were due to the metabolism of Des 

during the first liver passage (Fh = 0.33)(Supplementary Material 5) 

 

Sensitivity of input parameters used in UGT-CYP paired model analysis for Mont 

victimized DDIs  

For the Mont victimized DDIs, it was examined how pAi,UGT(d) and fM(+)/fM values are modified 

depending on the input parameters (fm,CYP3A4, fm,CYP2C9, fm,CYP2C8 (UGT-CYP) and pAi,CYP2C8)) 

which change from the optimal value (Figure 6). Regardless of the changes in the input 

parameters, the pAi,UGT(d) value for Clop remained constant around unity and that for Gem 

ranged from 2 to 2.7. Meanwhile, the fM(+)/fM values were changed to reflect the changes in 



fm,CYP2C9, even if the fm,CYP2C9 value is small, indicating that the formation of M6 depends both 

on CYP2C8 and CYP2C9. 

 

Prediction of DDIs observed for five CYP2C8 substrate drugs 

The DDIs observed for the five CYP2C8 substrate drugs (Mont, Des, Pio, Rep and Cer; the 

latter two are also known as a OATP1B1 substrate) when administered with Clop, Gem, or 

Gem + Itr, were predicted using Eq. 1 and Eq. 8, 

fm,CYP3A4 + fm,CYP2C9 + fm,CYP2C19 + (fm,CYP2C8/pAi,CYP2C8+ fm,UGT)/pAi,UGT(d) =1/Ai,overall        (8) 

where pAi,UGT(d) was assumed to be 1 or 2; pAi,CYP3A4, and pAi,CYP2C8 were the same as shown 

in Table 3; for Pio, Fh = 0.952, fm,CYP3A4 = 0.12, fm,CYP2C19 = 0.1, fm,CYP2C8 = 0.655, and fm,UGT 

= 0.125; for Rep, Fh = 0.630, fm,CYP3A4 = 0.08, fm,CYP2C8 = 0.828, and fm,UGT = 0.092; for Cer, 

Fh = 0.844, fm,CYP3A4 = 0.10, fm,CYP2C8 = 0.765, and fm,UGT = 0.134. It was shown that the value 

of pAi,UGT(d) = 2 was successful in predicting the DDIs produced by Gem or Gem + Itr, while 

the value of pAi,UGT(d) = 1 (non UGT inhibition) under-predicted them. Contrarily, it was shown 

that the value of pAi,UGT(d) = 1 successfully predicted the DDIs produced by Clop, while the 

value of pAi,UGT(d) = 2 over-predicted them (Figure 7). The DDI of Pio + Gem + Itr was not 

included in Fig. 7, as it was suggested to reduce the bioavailability of Pio [33]. However, 

under the assumption of Fa = 0.75, the plasma Pio levels in this DDI were successfully 

simulated in the same model. The predicted AUCR of the Rep + Gem + Itr DDI appeared to 

be smaller than the observed one. However, this inconsistency could be attributed to the 

overestimation of the observed AUC calculated from the limited data (the time last, 7h) [12]. 

The plasma unchanged drug levels after administration of Pio, Rep and Cer without and with 

the inhibitors were shown in Supplementary Material 6, confirming that CYP2C8-mediated 

DDIs produced by Clop and Gem are appropriately described in the UGT-CYP paired model. 

 

Discussion 

 

The comparative analysis of the CYP2C8-mediated DDIs produced by Clop and Gem was 

performed successfully, based on the UGT-CYP paired model. This resulted in new findings 

about CYP2C8-mediated DDIs.  

First, a CYP2C8 substrate drug distributes and binds to the UGT before it oxidizes with 

CYP2C8. According to the literature [19], it was shown that before oxidation, Des is 

distributed to the latent UGT2B10 expressed in the ER and undergoes the glucuronidation 

by this enzyme in the presence of UGDP. However, it is not limited to Des. The analysis on 

the DDIs of the five CYP2C8 substrate drugs demonstrated that such a system of oxidation 

works commonly for other CYP2C8 substrates.  



Second, the glucuronidation product or UGT-drug conjugate are not completely transferred 

to the CYP2C8. Part of the glucuronidation product [fm,UGT= fm,UGT (UGT-CYP) ☓ fm,(UGT-CYP)] is 

liberated from the UGT, secreted into the ER lumen and finally into the systemic circulation 

as a phase II metabolite. Meanwhile, the remainder including the UGT-drug conjugate 

[fm,CYP2C8 = fm,CYP2C8 (UGT-CYP) ☓ fm,(UGT-CYP)] is subject to the oxidation by CYP2C8 and secreted 

into the systemic circulation as a phase I metabolite. This bi-directional metabolic pathway, 

characterized by fm,UGT and fm,CYP2C8, makes a large contribution to the metabolic clearance 

of the parent drug, and determines the magnitude of DDI. Previously, it was illustrated, 

regardless of fm,UGT, that the glucuronidation product of Des (Des-N-glucuronide) is 

completely transferred to the CYP2C8 and subject to the oxidation followed by the de-

glucuronidation [8, 11, 19]. However, such an illustration would lead to a misunderstanding 

of the actual Des-victimized DDIs. Indeed, the glucuronidation product of Des (Des-N-

glucuronide) has not been detected in vitro or in vivo [19]. However, it does not mean that 

fm,UGT is negligible. The glucuronidation products of Mont, Pio, Res and sipoglitazar have 

been detected in vitro or in vivo, and identified to be M1 [10, 28], M7 (N-glucuronide) [43], 

RG (M7) (acyl glucuronide) [26, 44], and sipoglitazar-G1 [16,17], respectively. This evidence 

certainly shows the importance of fm,UGT. Although the glucuronidation product of Cer has not 

been detected in the plasma, the lactone form which is produced after the glucuronidation of 

the parent drug has been detected [33, 45] to demonstrate the importance of fm,UGT. In the 

literature [46], carriers of UGT1A3*2/*1 associated with increased expression of UGT1A3, 

showed an increase in the AUC of the plasma M1 levels after administration of Mont by 

approximately 50%, compared to the non-carriers, while the carriers showed a decrease in 

the AUC of the plasma unchanged drug levels by approximately 20% and a decrease in the 

AUC of the plasma M6 levels by approximately 50%. The greater decrease in the M6 levels 

than the unchanged drug levels demonstrated not only the appropriateness of the present 

UGT-CYP paired model, but also the importance of fm.UGT. 

Third, Clop inhibits CYP2C8 alone, while Gem inhibits CYP2C8 and UGT. This finding led 

to the determination of the in vivo pAi,CYP2C8 for Clop and the determination of both the in vivo 

pAi,CYP2C8 and pAi,UGT(d) for Gem, and consequently helped resolve the fm,CYP2C8 inconsistency 

issue. The pAi,CYP2C8 value of 7 for Clop which corresponds to an 85% inhibition [(1 – 

1/pAi,CYP2C8) ☓ 100%], was shown non-modifiable in the sensitivity test conducted for the 

Mont DDIs. Meanwhile, the pAi,CYP2C8 value of 15 for Gem which corresponds to an 93% 

inhibition of the enzyme, was shown modifiable to a larger value in the sensitivity test for the 

Mont DDIs. However, an excess value of pAi,CYP2C8 underestimated the Cmax of the Des-3-

OH level for the Des + Gem DDI. Thus, the value of 15 was regarded as appropriate. The in 

vitro pAi,CYP2C8 values for Clop and Gem were calculated for the preliminary SMs. However, 



they were found to be close to the final values in vivo, so that the in vivo values are justified 

by the in vitro data (Supplementary Material 2).  

The pAi,UGT(d) values for Gem determined from the Mont and Des victimized DDIs were 

approximately 2 (50% inhibition), regardless of the UGT isoforms (Mont: UGT1A3 [28]; 

DesUGT2B10 [19]). This value of 2 was also found to be applicable for the prediction of the 

Pio, Rep (substrate of UGT1A3 [26]) and Cer victimized DDIs. Thus, the inhibition of UGT by 

Gem is regarded as not dependent of the isoform of UGT [26, 29], suggesting the simple 

inhibition of the drug’s distribution to the UGT. In vitro inhibition of glucuronidation of Mont to 

M1 by Gem has been reported, showing an IC50 of 83 μM [28]. Indeed, the IC50 value shows 

no meaningful inhibition effect on the glucuronidation of Mont. However, if the concentration 

of Gem (or Gem-O-glu) at the UGT is equivalent to the IC50, which is almost three times the 

maximum plasma level of Gem, then the in vitro pAi,UGT(d) would be similar to the in vivo 

pAi,UGT(d), so that the in vivo pAi,UGT(d) would be justified by the in vitro data. Ketoconazole 

was reported to have a strong inhibition to various isoforms of UGT (IC50 = 12 μM), the same 

as Gem in relation to the non-isoform dependency [47-49]. However, it should be noted that 

the inhibition of Des-3-OH formation by ketoconazole was not large both in vitro [19] and in 

vivo [37], probably because Ketoconazole does not inhibit CYP2C8. The same would apply 

to Gem, if Gem does not inhibit CYP2C8: the Ai,overall value for Des + Gem (pAi,UGT(d) = 2; 

pAi,CYP2C8 =1) would be calculated to be merely 1.14 (AUCR = 1.2). 

The present model analysis provided a better understanding of the changes in AUCR when 

Itr was added to Mont + Gem or Rep + Gem [4.02 (Mont + Gem + Itr) versus 4.28 (Mont + 

Gem); 13.9 (Rep + Gem + Itr) versus 7.99 (Rep + Gem)]. That is, the negligible change in 

AUCR for Mont in contrast to Rep, is attributed not only to the small fm,CYP3A4 but also to the 

large fm,UGT. Based on the present model analysis, the extremely small but non-zero value of 

fm,CYP3A4 (0.02) was estimated for Mont. However, the fM(+)/fM value for M5 formed by the 

CYP3A4-mediated oxidation corresponds to Ai,overall = 4.2 [AUCR(M5) (obs) = 5.4] for Mont 

+ Gem, and Ai,overall/pAi,CYP3A4 = 0.8 [AUCR(M5) (obs) = 1.0] for Mont + Gem + Itr, indicating 

the dependency of the pAi,CYP3A4 of Itr, regardless of fm,CYP3A4. 

The present model analysis also provided a better understanding of the change in the 

plasma metabolite levels in response to Clop and Gem. Despite the difference in the 

pAi,CYP2C8 value between Clop and Gem, the formation rate [fM(+)] of M6 from Mont was not 

much different between Clop and Gem, in contrast to that of Des-3-OH from Des. Indeed, 

M6 is primarily formed by CYP2C8-mediated oxidation with a small contribution of CYP2C9. 

However, the present analysis demonstrated even the smallest value of fm,CYP2C9 affects the 

value of fM(+)/fM in such a way as to reduce the CYP2C8 inhibitory effect of Clop and Gem 

[fM(+)/fM = (Ai,overall x fm,CYP2C9 + fm,CYP2C8(+))/(fm,CYP2C9 + fm,CYP2C8)]. 



The present model analysis of the DDIs of the two OATP1B1 substrates (Rep and Cer) 

has successfully demonstrated that Gem does not inhibit the hepatic uptake of these drugs 

by OATP1B1 in vivo. However, contrary to the present finding, model analyses have been 

reported, emphasizing the increase in AUCR in response to the decrease in hepatic uptake 

ratio Rup(+)/Rup when Rep or Cer were administered with Gem [50-53]. The models were all 

based on physiologically based pharmacokinetic (dynamic) modeling and permeation-limited 

hepatic disposition model [50]. Unfortunately, they did not provide a clear indication of the 

extent to which the hepatic uptake inhibition contributed to the DDIs. Indeed, these dynamic 

model approaches appear difficult to follow in an exact way, but it may be possible on the 

static basis by using an equation for Rup/Rup(+) derived from the permeation-limited hepatic 

disposition model [50] (Supplementary Material 7): Rup/Rup(+) = Ai,overall (total) ☓ (1 + r)/(Ai,overall 

(met) + r), where r represents the ratio of the metabolic clearance (CLint,met) to the passive 

permeation clearance (CLpd) (r = 0: hepatic disposition not limited by permeation as in the 

present study), and Ai,overall (total) can be calculated from Fh and AUCR using Eq. 1, and Ai,overall 

(met) can be calculated from fm,CYPs, fm,UGT, pAi,CYPs, and pAi,UGT(d) using Eq. 8. Our preliminary 

calculation of Rup/Rup(+) for Rep + Gem and Rep + Gem + Itr, using the data in the literature 

[52] [r = 1/(1/β -1) = 0.48 (β = 0.324), fm,CYP2C8 = 0.84 and fm,CYP3A4 = 0.16] gave a meaningful 

value of 1.89 and 1.39 for each. However, Rup/Rup(+) for Rep + Clop also resulted in a 

meaningful value of 1.26, contrary to the common belief that Clop does not inhibit OATP1B1. 

This calculation did not account for fm,UGT. However, when we recalculated assuming the 

same values of fm,CYPs and fm,UGT as obtained in the present study, the Rup/Rup(+) for Rep + 

Clop, Rep + Gem and Rep + Gem + Itr resulted in 1.30, 1.33 and 1.34, respectively, 

suggesting that both Gem and Clop inhibit OATP1B1 in the same way, opposing to their 

expectation. It should be noted that the value of r is variable based on a modifiable empirical 

scaling factor used to bind in vitro to in vivo [50, 54, 55]. As such, there may be uncertainty 

with r [54]. Indeed, the literature [50] has proposed a 5-7 times larger value of 2.47 than 0.36 

[51], 0.48 [52] and 0.49 [54]. However, it gives a Rup/Rup(+) larger than unity (2.02) for Rep + 

Clop, making it more difficult to explain. Thus, these calculations confirm not only that Gem 

does not inhibit hepatic uptake transporter OATP1B1 in vivo, but that the hepatic disposition 

of Rep and Cer including other CYP2C8 substrates is not limited by the hepatic permeability. 

The method of simulating plasma metabolite level was originally developed in this study. 

In combination with the present UGT-CYP paired model, it has proven useful for the analysis 

of CYP2C8-mediated DDIs. Primarily, the method employs two kinds of metabolite specific 

parameters (fM and KeM), along with the PK parameters of the unchanged drug. Developing 

the method has led to new findings. The plasma metabolite level is affected by the hepatic 

first pass effect of the unchanged drug. It is also affected by the hepatic first pass effect of 



the metabolite itself. That is, the metabolite formed during the first pass of the unchanged 

drug is subject to the first pass effects on the way to the entrance of the systemic circulation 

[Fh,M (eff)]. The distribution parameters for the metabolite can be assumed the same as those 

for the unchanged drug if the metabolite is formed by the oxidation. Therefore, the method 

allows us to estimate how much the fM and KeM values will be affected by the DDIs in a simple 

way, although this has not been possible in the past. 

 

Conclusions 

 

Based on the UGT-CYP paired model, the CYP2C8-mediated DDIs produced by Clop and 

Gem were successfully predicted, thereby solving the inconsistent fm,CYP2C8 issue. The results 

also confirmed that the DDIs were not affected by the hepatic uptake transporter (OATP1B1). 

The pAi,CYP2C8 values for Clop and Gem were estimated to be 7 (85% inhibition) and 15 (93% 

inhibition), while the pAi,UGT(d) values for Clop and Gem were estimated to be 1 (non-inhibition) 

and 2 (50% inhibition). To predict CYP2C8 mediated DDIs, this information proved the most 

important.  
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Figure Legends 

 

Figure 1 Illustration of a UGT-CYP paired model to analyze CYP2C8-mediated DDIs 

produced by Gem and Clop, with an example of Mont. The distribution of Mont into the UGT 

(UGT1A) from inside the endoplasmic reticulum (ER) occurs first, and then part of the drug 



is metabolized to M1 (acyl glucuronide) by this latent enzyme and secreted into the ER lumen 

as a phase II metabolite, while the remainder is transferred to the CYP2C8 that is adjacent 

to the UGT and thereby oxidized to a phase I metabolite. In this bi-directional metabolic 

pathway, Gem inhibits both UGT and CYP2C8 while Clop inhibits CYP2C8 alone. These 

inhibitors show increased inhibition activity against CYP2C8 after glucuronidation. 

 

Figure 2 Illustration of how to determine the plasma metabolite levels in response to the 

unchanged drug levels when the first pass effect of a drug is not considered. 

 

Figure 3 Static 2-compartment model-based simulations (SMs) of the plasma unchanged 

victim levels in the DDIs where Clop, Gem, or Gem + Itr victimized Mont and Des. The doses 

of Mont, Des, Clop, Gem and Itr were 10mg SD, 5 mg SD, 300mg then 75mg QD ☓ 3 days, 

600 mg BID ☓ 3 days, and 100mg QD ☓ 3 days, respectively. (-): control; (+): 

coadministration; obs: observed. 

 

Figure 4 Changes in the fractional enzymatic clearances (fm,CYPs and fm,UGT) determined for 

the Mont and Des victimized DDIs. 

fm,CYP3A4(+) = Ai,overall ☓ fm,CYP3A4/pAi,CYP3A4 

fm,CYP2C9(+) = Ai,overall ☓ fm,CYP2C9 

fm,CYP2C8(+) = Ai,overall ☓ fm,CYP2C8/pAi,UGT(d)/pAi,CYP2C8 

fm,UGT(+) = Ai,overall ☓ fm,UGT/pAi,UGT(d) 

 

Figure 5 fM-based SMs of the plasma levels of metabolites formed by CYP2C8, in response 

to the unchanged drug levels in the DDIs where Clop, Gem, or Gem + Itr victimized Mont and 

Des. 

 

Figure 6 Sensitivity of the input parameters used in the UGT-CYP paired model analysis to 

fM(+)/fM and pAi,UGT(d) for Mont victimized DDIs (optimal parameters are centered). 

 

Figure 7 Prediction of AUCR for the DDIs in which Clop, Gem, or Gem + Itr victimized Mont, 

Des, Pio, Rep, and Cer, assuming inhibition of UGT (pAi,UGT(d) = 2), compared with the 

noninhibition (pAi,UGT(d) = 1). For Pio, Fh = 0.952, fmCYP3A4 = 0.12, fm,CYP2C19 = 0.1, fm,CYP2C8 = 

0.655 and fm,UGT = 0.125 were assumed. For Rep, Fh = 0.630, fmCYP3A4 = 0.08, fm,CYP2C8 = 

0.828 and fm,UGT = 0.092 were assumed. For Cer, Fh = 0.844, fmCYP3A4 = 0.10, fm,CYP2C8 = 0.765 

and fm,UGT = 0.135 were assumed. The observed AUCR for Rep + Gem + Itr (*) would not 

necessarily be accurate because the time last (7h) was too short to estimate the AUC (+)ꝏ. 



  



 

Table 1 Overview of parameters and equations used for the UGT-CYP paired model analysis. 

 

Parameters  Equations for determination 

Ai,overall (input)  Eq. 1 

pAi,CYP3A4 (input)  1 + Iu/Kiu,CYP3A4 

pAi,CYP2C8 (input)  1 + Iu/Kiu,CYP2C8 

fm,CYP3A4 (input) 

 

fm,CYP2C9 (input) 

 

Secondary parameters 

 

   fm,(UGT-CYP) a) (output)  1 - fm,CYP3A4 - fm,CYP2C9 

   Ai,(UGT-CYP)
 b) (output)  Eq. 4 

   fm, CYP2C8 (UGT-CYP) c) (input) 

 

   fm, UGT (UGT-CYP)
 d) (output)  1 - fm,CYP2C8 (UGT-CYP) 

   Ai,CYP2C8 (UGT-CYP) e) (output)  Eq. 5 

fm,CYP2C8 (output)  fm,(UGT-CYP) ☓ fm,CYP2C8 (UGT-CYP) 

fm,UGT (output)  fm,(UGT-CYP) ☓ fm,UGT (UGT-CYP) 

pAi,UGT (d) (output)  Ai,(UGT-CYP)/Ai,CYP2C8 (UGT-CYP) 

a) fractional metabolic clearance mediated by the UGT-CYP enzyme pair to the total 

clearance. 

b) total inhibitory activity produced in the UGT-CYP enzyme pair system.  

c) fractional clearance mediated by CYP2C8 in the UGT-CYP enzyme pair system.  

d) fractional clearance mediated by UGT in the UGT-CYP enzyme pair system.  

e) inhibitory activity derived from CYP2C8 inhibition in the UGT-CYP pair system. 

 

 

Table 2 Ai,overalls determined for the DDIs in which Mont and Des were victimized. 

 

 

 

Input/output Mont + Clop Mont + Gem Mont + Gem + Itr Des + Clop Des + Gem 

AUCR Input 1.98 4.28 4.02 2.80 4.62 

CLoral (L/h) Input 3.13 3.18 3.18 109 109 

Fh Output 0.966 0.966 0.966 0.332 0.332 

Ai,overall Output 1.96 4.22 3.97 2.04 3.05 



 

Table 3 Input-and-output parameters determined using the UGT-CYP paired model to 

correspond to the DDIs in which Mont and Des were victimized. 

 

 

 

Table 4 The values of fM and fM(+) for M6 and Des-3-OH. 

 
 

Calculation Mont + Clop Mont + Gem Mont + Gem + Itr Des + Clop Des + Gem 

fM fm,CYP2C9 + fm,CYP2C8 0.563 0.563 0.563 0.585 0.585 

fM(+) fm,CYP2C9(+) + fm,CYP2C8(+) 0.169 0.113 0.116 0.166 0.055 

fM(+)/fM 

 

0.301 0.201 0.207 0.283 0.094 

 

  

 

Input/output Mont + Clop Mont + Gem Mont + Gem + Itr Des + Clop Des + Gem 

pAi,CYP3A4
 a) Input 1 1 5 1 1 

pAi,CYP2C8 Input 7 15 15 7 15 

fm,CYP3A4 Input 0.02 0.02 0.02 0.22 0.22 

fm,CYP2C9 Input 0.01 0.01 0.01 0 0 

fm,(UGT-CYP) Output 0.97 0.97 0.97 0.78 0.78 

Ai,(UGT-CYP) Output 2.02 4.69 4.08 2.88 7.23 

fm, CYP2C8 (UGT-CYP) Input 0.57 0.57 0.57 0.75 0.75 

fm, UGT (UGT-CYP) Output 0.43 0.43 0.43 0.25 0.25 

Ai,CYP2C8 (UGT-CYP) Output 1.96 2.14 2.14 2.80 3.33 

fm,CYP2C8 Output 0.55 0.55 0.55 0.59 0.59 

fm,UGT Output 0.42 0.42 0.42 0.19 0.19 

pAi,UGT (d) Output 1.03 2.20 1.91 1.03 2.17 

a) pAi,CYP3A4 for Itr was assumed to be half the previous reported one (Ref 6), considering of interaction with Gem. 
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Figures

Figure 1

Illustration of a UGT-CYP paired model to analyze CYP2C8-mediated DDIs produced by Gem and Clop,
with an example of Mont. The distribution of Mont into the UGT (UGT1A) from inside the endoplasmic
reticulum (ER) occurs �rst, and then part of the drug is metabolized to M1 (acyl glucuronide) by this latent
enzyme and secreted into the ER lumen as a phase II metabolite, while the remainder is transferred to the
CYP2C8 that is adjacent to the UGT and thereby oxidized to a phase I metabolite. In this bi-directional
metabolic pathway, Gem inhibits both UGT and CYP2C8 while Clop inhibits CYP2C8 alone. These
inhibitors show increased inhibition activity against CYP2C8 after glucuronidation.

Figure 2

Illustration of how to determine the plasma metabolite levels in response to the unchanged drug levels
when the �rst pass effect of a drug is not considered.



Figure 3

Static 2-compartment model-based simulations (SMs) of the plasma unchanged victim levels in the DDIs
where Clop, Gem, or Gem + Itr victimized Mont and Des. The doses of Mont, Des, Clop, Gem and Itr were
10mg SD, 5 mg SD, 300mg then 75mg QD ฀ 3 days, 600 mg BID ฀ 3 days, and 100mg QD ฀ 3 days,
respectively. (-): control; (+): coadministration; obs: observed.



Figure 4

fm,UGT(+) = Ai,overall ฀ fm,UGT/pAi,UGT(d)

Changes in the fractional enzymatic clearances (fm,CYPs and fm,UGT) determined for the Mont and Des
victimized DDIs.

fm,CYP3A4(+) = Ai,overall ฀ fm,CYP3A4/pAi,CYP3A4

fm,CYP2C9(+) = Ai,overall ฀ fm,CYP2C9

fm,CYP2C8(+) = Ai,overall ฀ fm,CYP2C8/pAi,UGT(d)/pAi,CYP2C8



Figure 5

fM-based SMs of the plasma levels of metabolites formed by CYP2C8, in response to the unchanged drug
levels in the DDIs where Clop, Gem, or Gem + Itr victimized Mont and Des.



Figure 6

Sensitivity of the input parameters used in the UGT-CYP paired model analysis to fM(+)/fM and pAi,UGT(d)

for Mont victimized DDIs (optimal parameters are centered).



Figure 7

Prediction of AUCR for the DDIs in which Clop, Gem, or Gem + Itr victimized Mont, Des, Pio, Rep, and Cer,
assuming inhibition of UGT (pAi,UGT(d) = 2), compared with the noninhibition (pAi,UGT(d) = 1). For Pio, Fh =
0.952, fmCYP3A4 = 0.12, fm,CYP2C19 = 0.1, fm,CYP2C8 = 0.655 and fm,UGT = 0.125 were assumed. For Rep, Fh =
0.630, fmCYP3A4 = 0.08, fm,CYP2C8 = 0.828 and fm,UGT = 0.092 were assumed. For Cer, Fh = 0.844, fmCYP3A4 =
0.10, fm,CYP2C8 = 0.765 and fm,UGT = 0.135 were assumed. The observed AUCR for Rep + Gem + Itr (*)
would not necessarily be accurate because the time last (7h) was too short to estimate the AUC (+)฀.
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