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In vitro demonstration of antedrug mechanism of a pharmacokinetic booster 
to improve CYP3A4 substrates by CYP3A4-mediated metabolism inhibition 
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A B S T R A C T   

We previously reported novel benzyl-ether derivatives with an imidazole ring and a hydroxyl group (A-01) or 
carboxyl group (B-01) and esters (2 esters of A-01, and 7 esters of B-01) as pharmacokinetics (PK) boosters. This 
study demonstrates how these ester compounds embody the concept of a safe pharmacokinetic booster, with 
potent and transient inhibition of CYP3A4-mediated drug metabolism. As a model CYP3A4 substrate and 
CYP3A4 enzyme, midazolam (MDZ) and rat liver microsomes were used. A-01 inhibited MDZ metabolism 
significantly, while B-01 induced only slight inhibition. Although rat liver microsomes hydrolyzed the ester 
compounds over time, several ester compounds strongly inhibited MDZ metabolism. Due to the significant ac-
tivity of A-01, A-01 esters affected MDZ metabolism, irrespective of hydrolysis state. Time-dependent inhibition 
evaluation indicated that the B-01 ester inhibition is not mechanism-based, as hydrolysis eliminated MDZ 
metabolism inhibition. We report that the B-01 esters significantly inhibit CYP3A4-mediated drug metabolism, 
and upon hydrolysis this property is eliminated. In conclusion, B-01 ester compounds may be safe PK boosters 
with antedrug characteristics.   

1. Introduction 

Over the past few decades, the major reason for discontinuing oral 
dosage form drug development has changed [1]. Previously, drug can-
didates mostly showed poor pharmacokinetics (PK), such as poor 
metabolic stability and poor oral absorption, which limited the devel-
opment of these drugs. This limitation has changed over time, shifting 
from poor PK to problems of marketing, manufacturing cost, safety, and 
so on. Rapid drug metabolism during absorption may not only cause 
poor oral availability but may also induce severe side effects through 
drug-drug interactions (DDIs). PK research has greatly improved drug 
development, but the true potential of many drug candidates is not yet 
achieved. 

To overcome poor PK due to drug metabolism after oral adminis-
tration, several PK boosters, specifically enzyme inhibitors, are used to 
improve the oral availability of drugs with poor PK. For instance, car-
bidopa is administered with L-dopa to prevent L-dopa degradation by 
decarboxylase in plasma [2]. Furthermore, clavulanic acid inhibits 
β-lactamase, improving the oral availability of β-lactam antibacterial 

agents [3]. These inhibitory effects are highly specific, thus DDIs are 
unlikely. However, developing specific inhibitors is time-consuming and 
costly. Therefore, non-specific inhibitors of enzyme-mediated meta-
bolism may improve systemic exposure to drugs. 

Ritonavir strongly inhibits CYP3A4-mediated metabolism and P-gp- 
mediated efflux [4,5]. It is co-prescribed to increase the plasma con-
centration of protease inhibitors saquinavir and lopinavir, for effective 
HIV/AIDS treatment [6–9]. Recently, ritonavir was also dosed with 
nirmatrelvir to enhance nirmatrelvir oral availability by inhibiting 
CYP3A4-mediated metabolism [10,11]. As ritonavir induces several 
CYPs and UGTs [12,13], many drugs, such as CYPs, UGTs, or P-gp 
substrates except for anti-HIV agents and nirmatrelvir, are 
contra-indicated upon ritonavir prescription to prevent severe adverse 
effects. Cobicistat was developed to replace ritonavir [14,15] as it 
strongly inhibits CYP-mediated metabolism but does not induce CYPs, 
UGTs, and P-gp [16]. However, cobicistat has similar contra-indications 
as ritonavir. Hence, non-specific boosters, such as ritonavir and cobici-
stat, have significant useful effects on the PK profile of CYP3A4 sub-
strates, but are limited by restriction of co-administration with other 
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CYP3A4 substrates. 
In terms of safety, the following properties are ideal for a PK booster 

that enhances the oral availability of CYP3A4 substrates.  

(1) Potent inhibition of CYP3A4-mediated drug metabolism  
(2) Rapid and transient effect  
(3) No additional pharmaceutical effects, toxicity, or protein 

expression induction 

To achieve this, we synthesized novel benzyl-ether derivatives 
incorporating an imidazole and ester bond [17]. The previous study 
primarily focused on compound synthesis and inhibitory effect evalua-
tion. In this study, in vitro studies were performed to evaluate the 

above-mentioned first and second ideal PK booster characteristics to 
demonstrate potentials as novel and safe PK boosters with antedrug 
characteristics. 

2. Materials and methods 

2.1. Materials 

1-Aminobenzotriazole (ABT), irinotecan hydrochloride (IRT), itra-
conazole (ITZ), ketoconazole (KTZ), and temocapril (TEM) were pur-
chased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 
Midazolam (MDZ) was obtained from Wako Pure Chemicals (Osaka, 
Japan). β-Nicotinamide adenine dinucleotide 2′-phosphate reduced 

Table 1 
Structures, molecular weights, and ionization conditions of all compounds used in this study.  

Compound Structure Molecular weight m/z (+) Cone voltage (V) Collision energy (eV) 

Parent ion Daughter ion 

Midazolam (MDZ) 325.77 327.08 292.12 30 30 

1-Aminobenzotriazole (ABT) 134.14 134.88 79.93 50 18 

Itraconazole (ITZ) 705.63 706.29 146.07 50 50 

Ketoconazole (KTZ) 531.43 532.34 81.77 50 40 

A-01 280.32 281.11 159.86 40 20 

A-02 322.36 323.13 159.90 40 30 

A-03 336.38 337.13 159.87 30 30 

B-01 294.30 295.07 159.87 40 20 

B-02 308.33 309.11 159.87 40 20 

B-03 336.38 337.11 159.84 50 20 

B-04 350.41 351.15 159.85 20 20 

B-05 364.44 365.18 159.82 30 30 

B-06 378.46 379.17 159.87 50 30 

B-07 398.45 399.14 159.85 40 30 

B-08 376.33 377.08 159.87 50 30 

Irinotecan (IRT) 586.68 587.66 190.14 40 40 

Temocapril (TEM) 576.57 587.66 167.22 50 40  
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tetrasodium salt hydrate (NADPH) was purchased from Oriental Yeast 
Co., Ltd. (Tokyo, Japan). Male SD rat liver microsomes (20 mg protein/ 
mL) were obtained from Sekisui Medical Co. Ltd (Tokyo, Japan). All test 
compounds shown in Table 1 used in this study were synthesized in- 
house for the previous study [17]. 

2.2. Metabolism study 

2.2.1. Inhibition study 
The metabolism of MDZ was examined using male SD rat liver mi-

crosomes, with and without potential PK booster compounds. The buffer 
solution consisted of 100 mM potassium phosphate buffer with 3.3 mM 
MgCl2 (pH 7.4). The reaction solution (450 μL) containing 0.02 mg 
protein of microsomes, 1.11 μM MDZ (final conc.: 1 μM), and with or 
without 11.1 μM of ABT, ITZ, KTZ, or each compound in groups A and B 
(final conc.: 10 μM) in the buffer was pre-incubated at 37 ◦C for 10 min. 
Fifty microliters of the solution containing 20 mM of NADPH in the 
buffer were added to the pre-incubated reaction solution. Then, 50 μL of 
the reaction solution was sampled and immediately mixed with 450 μL 
of acetonitrile at 0, 2, 5, 10, and 30 min. The mixtures were shaken, and 
supernatants collected after centrifugation at approximately 20,000 g 
and 4 ◦C for 10 min (Model 6200, KUBOTA, Tokyo, Japan). The su-
pernatants were analyzed by LC-MS/MS (see section 2.3.). 

2.2.2. Hydrolysis study 
To evaluate hydrolysis, a hydrolysis buffer of 50 mM HEPES buffer 

(pH 7.4) was used. Stock solutions of compounds (10 mM) prepared 
with dimethyl sulfoxide were diluted to one hundredth with the buffer. 
The reaction solution (450 μL) containing 0.02 mg protein of micro-
somes in buffer was pre-incubated at 37 ◦C for 10 min. Degradation was 
initiated by adding 50 μL of each compound solution (final conc.: 10 
μM). The same sampling and sample treatment procedure as the inhi-
bition study was used. 

2.2.3. Time-dependent inhibition study 
Time-dependent inhibition was performed as follows. The reaction 

solution (400 μL) containing 0.02 mg protein of microsomes, with or 
without 12.5 μM of each compound in the buffer was pre-incubated at 
37 ◦C for 10 min. Fifty microliters of the solution containing 10 mM of 
NADPH in the buffer were added to the pre-incubated reaction solution. 
After 30 min of reaction without MDZ, 50 μL of the solution containing 
MDZ (10 μM) and NADPH (20 mM) in buffer was added to the reaction 
solution to initiate the time-dependent inhibition. The same sampling 
and sample treatment procedure as the inhibition study was used. 

2.3. Analytical method 

The amount of each compound in the supernatant was measured by 
UPLC (ACQUITY® UPLC, Waters, MA) equipped with a tandem mass 
spectrometer (ACQUITY® TQD, Waters). A reverse-phase Waters Acq-
uity® UPLC BEH C18 analytical column (Waters, 50 × 2.1 mm I.D., 1.7- 
μm particle size) was used with a mobile phase gradient of 0.1% (v/v) 
formic acid in water and acetonitrile containing 0.1% (v/v) formic acid 
at 40 ◦C. An injection volume of 10 μL was used for all samples. Ioni-
zation conditions for the analysis of each compound were as follows: 
electrospray ionization, positive mode; source temperature, 150 ◦C; 
desolvation temperature, 400 ◦C. Other conditions for each compound 
are listed in Table 1. 

2.4. Calculation of metabolic ratio and inhibition ratio 

Metabolic rate for each compound were evaluated using the amount 
of compound eliminated with a 10 min incubation period and the 
following equation:  

Metabolic rate (pmol/min/mg protein)= (initial amount - remaining amount)/ 
incubation time/amount of the protein                                           (Eq. 1) 

where the initial amount is 500 pmol, the remaining amount is obtained 
by LC-MS/MS quantification of samples, incubation time is 10 min, and 
the amount of protein is 0.02 mg. The metabolic ratio (%) was calculated 
by the ratio of metabolic rate with inhibitor to the metabolic rate 
without inhibitor (control). The inhibition ratio (%) was obtained by 
subtracting the metabolic ratio from 100%. 

2.5. Statistical analysis 

All data are presented as means with standard deviation (s.d.) for 
individual groups. Significance was assessed by one-way analysis of 
variance using Dunnett’s test (JMP Pro, 15.1.0, SAS Institute Inc., Cary, 
NC) with p values of 0.05 or less considered significant. 

3. Results 

3.1. Effect of ABT, ITZ, and KTZ on MDZ metabolism and their 
degradations 

The time profiles of MDZ metabolism with or without ABT, ITZ, and 
KTZ are shown in Fig. S1A. Furthermore, metabolic rates and inhibition 
ratios are summarized in Table S1. ABT, ITZ, and KTZ significantly 
inhibited CYP3A4-mediated MDZ metabolism by rat liver microsomes 
(Fig. 1A). At 10 μM inhibitor concentration, the rank order of inhibition 
ratio was as follows: KTZ (94.4 ± 0.8%), ABT (84.6 ± 2.0%), and ITZ 
(72.6 ± 5.4%). During the metabolism study, ABT and KTZ showed no 
significant degradation, but ITZ showed slight degradation (Fig. 1B). 

Fig. 1. The inhibition ratio of ABT, ITZ, and KTZ on CYP3A4-mediated MDZ 
metabolism by rat liver microsome (A) and inhibitor degradation during the 
inhibition study (B). The remaining inhibitor ratios are indicated relative to 
time zero. Data are expressed as the mean ± s.d. (n = 4). The mean inhibition 
ratios of the control, ABT, and KTZ (A) are from ref. 17. *Significant difference 
from the control (p < 0.05). 
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3.2. Effect of newly synthesized compounds on MDZ metabolism and 
degradation 

The time profiles of MDZ metabolism and kinetic parameters are 
shown in Figs. S1B–C and Table S1, respectively. The inhibition ratio of 
A-01, A-02, and A-03 was evaluated as 84.7 ± 6.7%, 87.1 ± 2.1%, and 
84.3 ± 1.5%, respectively (Fig. 2A). While the amount of A-01 in the test 
solution did not change during the study, A-02 and A-03 both gradually 
decreased (Fig. 2B). By the end of the assay, approximately half of the 
initial amount, before NADPH addition, remained. The inhibition ratios 
for group B compounds depended markedly on chemical structure 
(Fig. 3A). No significant inhibitory effects were observed for B-01 (15.5 
± 6.9%), B-04 (39.9 ± 19.9%), and B-08 (10.4 ± 28.8%). B-03, B-05, 
and B-07 showed moderate inhibitory effects on MDZ metabolism, 
ranging from 42.6 to 61.8%. MDZ metabolism was strongly inhibited by 
both B-02 (72.0 ± 5.3%) and B-06 (72.2 ± 19.4%), which is comparable 
to that of ITZ. Fig. 3B shows the time profile of the compound ratio 
relative to the initial amount. The concentration of B-01 did not change 
during the metabolism study; however, that of the other compounds (B- 
02 to B-08) decreased with time. At 5 min after initiation of the meta-
bolism study the concentrations of compounds B-03, B-04, B-05, and B- 
08 decreased to less than 20% of the initial concentration. While com-
pounds B-06 and B-07 decreased to approximately 40% 5 min after 
initiation. Of the B-group esters, the degradation of B-02 was the slow-
est, indicating that it is the most stable of the B-group esters. 

3.3. Hydrolysis study 

In the absence of NADPH, the concentrations of IRT and TEM grad-
ually decreased after addition to the test solution containing the rat liver 
microsomes (Fig. 4A). The concentration of A-01 remained unchanged 

during the study. By the 2-min mark, both A-02 and A-03 remained at 
less than 2% of the initial concentration, indicating that each was 
immediately degraded by rat liver microsomes after addition (Fig. 4B). 
The concentration of A-01, derived by A-02 or A-03 hydrolysis, pla-
teaued after 2 min indicating rapid hydrolysis (data not shown). Fig. 4C 
shows the degradation of compounds B-01, B-02, and B-06. The con-
centrations of B-02 and B-06 decreased over time, but B-01 remained 
unchanged. Although the degradation rate of B-06 was faster than that 
of B-02, both compounds underwent greater than 85% degradation by 
30 min. For the studies with B-02 and B-06, the hydrolysate, B-01, 
gradually increased concentration over time. As a stable mass balance 
was observed between B-02 and B-01 during the assay, it indicates that 
B-02 hydrolysis is to B-01 only (Fig. 5). A similar mass balance relation 
was found for B-06 (data not shown). 

3.4. Time-dependent inhibition study 

The time profiles of MDZ metabolism and kinetic parameters are 
shown in Fig. S1D and Table S1, respectively. At time zero, the con-
centrations of A-02, A-03, B-02, and B-06 were comparable to that of the 
degradation study at 30 min, indicating that these compounds were 
primarily degraded during pre-incubation (data not shown). Fig. 6 
shows the metabolic and inhibition ratios for the time-dependent inhi-
bition study. The inhibition ratio of ABT was calculated as 90.4 ± 4.6%, 
comparable to that observed in the metabolism study. Significant inhi-
bition effects for the group A compounds, 70.8 ± 9.7% for A-01, 56.1 ±
7.7% for A-02, and 52.0 ± 21.8% for A-03, were observed. The inhibi-
tion of B-01 on MDZ metabolism was not observed for the time- 
dependent inhibition study. Furthermore, time-dependent inhibition 
was not observed for compounds B-02 and B-06. 

Fig. 2. The inhibition ratio of group A compounds on CYP3A4-mediated MDZ 
metabolism by rat liver microsome (A) and their degradation during the inhi-
bition study (B). The remaining compound ratios are noted with respect to time 
zero. Data are expressed as the mean ± s.d. (n = 4). The mean inhibition ratios 
(A) are from ref. 17. *Significant difference from the control (p < 0.05). 

Fig. 3. The inhibition ratio of group B compounds on CYP3A4-mediated MDZ 
metabolism by rat liver microsome (A) and their degradation during the inhi-
bition study (B). The remaining compound ratios are indicated with respect to 
the amount at time zero. Data are expressed as the mean ± s.d. (n = 4). The 
mean inhibition ratios (A) and degradation profile of B-02 (B) are from ref. 17. 
*Significant difference from the control (p < 0.05). 
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4. Discussion 

CYP3A4 oxidizes small foreign organic molecules and xenobiotics, 
such as drugs and toxins. CYP3A4, expressed in the epithelial cells of the 
small intestine and hepatocytes, influences the first-pass effect of 
CYP3A4 substrates and hepatic clearance. Therefore, the systemic 
exposure of CYP3A4 substrates is markedly influenced by the expression 
level of CYP3A4 and degree of CYP3A4-mediated metabolism inhibition 
[18–20]. If one compound influences the PK profile of another, they can 
be respectively referred to as inhibitor and substrate. These interactions 
can be classified into three major types of enzyme-mediated metabolism 
inhibition mechanisms. The first mechanism is competitive inhibition, in 
which the metabolic enzyme metabolizes both the inhibitor and sub-
strate. The second is non-specific inhibition, in the context of CYP3A4 
metabolism it usually involves the formation of coordinate bonds be-
tween the inhibitor and heme iron, resulting in a loss of affinity for the 

substrate. However, as this inhibition is reversible, the reduction in 
plasma concentration over time due to dilution in the body and ulti-
mately excretion of the inhibitor returns the enzymatic activity to 
normal. The third is mechanism-based inhibition (MBI), in which 
enzyme-mediated metabolism is halted by the formation of covalent 
bonds between the enzyme and the active metabolite of the inhibitor, 
resulting in an irreversible disruption of enzyme metabolism activity 
[21]. Therefore, subsequent reductions in the plasma concentration of 
inhibitor does not recover metabolism activity, which is only restored by 
the replacement of enzyme. 

MDZ is a substrate often used in vitro and in vivo to evaluate the in-
hibition of CYP3A4-mediated metabolism [22–24] and ABT is a 
commonly used non-selective CYP inhibitor. Due to the MBI effect for 
CYP-mediated metabolism [25], ABT significantly inhibits the first-pass 
effect and drug hepatic clearance [26,27]. KTZ and ITZ show mixed 
competitive and non-specific inhibitions on CYP3A4-mediated meta-
bolism [28,29]. The imidazole and triazole rings at one terminus of KTZ 
and ITZ, respectively, are associated with the observed non-specific in-
hibition. A lone electron pair in the imidazole or triazole ring co-
ordinates to the heme porphyrin iron atom in CYP3A4, resulting in 
potent inhibition of CYP3A4-mediated metabolism. As both drugs 
generally act as inhibitors, they are contraindicated with many CYP3A4 
substrates in humans [30,31]. 

In our strategy to enhance the oral availability of CYP3A4 substrates 
and minimize DDIs with other drugs, a booster with potent inhibition 
must act transiently upon CYP3A4-mediated metabolism. As MBI in-
duces irreversible CYP3A4-mediated metabolism inhibition, it can no 
longer be considered effective for this. The goal is to achieve potent and 
transient inhibition by employing non-specific inhibition and antedrug 

Fig. 4. Hydrolysis time profiles (A; ITR and TEM, B; A-01, A-02, and A-03, C; B- 
01, B-02, and B-06) from the hydrolysis study. Data are expressed as the mean 
± s.d. (n = 3). 

Fig. 5. The mass balance of B-02 during the hydrolysis study. The time profile 
of B-02 is the same data set shown in Fig. 4. Data are expressed as the mean ± s. 
d. (n = 3). 

Fig. 6. The inhibition ratios of ABT, A-01, A-02, A-03, B-01, B-02, and B-06 
from the time-dependent inhibition study. Data are expressed as the mean ± s. 
d. (n = 4). *Significant difference from the control (p < 0.05). 
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characteristics. In this study, an imidazole ring and ester bond were 
selected as respective active and inactivation sites for potent and tran-
sient inhibition. As lipophilicity is an important factor for CYP substrates 
[32], the high lipophilicity of an imidazole ring and ester initially in-
hibits CYP-mediated metabolism, with subsequent hydrolysis 
decreasing this lipophilicity and reducing the degree of inhibition. 

Compounds in groups A and B are newly synthesized based on the 
antedrug strategy (Table 1). A-01 and B-01 each possess imidazole rings 
at one end and with hydroxyl or carboxyl groups at the opposite end, 
respectively. The derivatives of A-01 (A-02 and A-03) and B-01 (B-02 to 
B-08) have ester bonds with different carboxylic acid and alcohol 
lengths. Thus, some inhibition ratios are reported as averages from the 
previous study, these values with standard deviations were used to 
evaluate this study. The inhibition ratios of A-02 and A-03 were similar 
and comparable to that of ABT (Fig. 2), although significant hydrolysis 
was observed (Fig. 2B and 4B). The time-dependent inhibition study 
with the group A compounds yielded a similar effect on MDZ meta-
bolism (Fig. 6). These results are supported by the significant inhibition 
of CYP3A4-mediated MDZ metabolism by A-01. This effect is attributed 
to its lipophilicity. The partition coefficient (cLogP) and pKa of A-01 
were calculated to be 2.9 and 14.3 using ChemDraw, respectively. These 
physicochemical properties imply a high lipophilicity for A-01 at 
physiological pH, 7.4. Therefore, A-02 and A-03 did not show antedrug 
characteristics because the hydrolysates significantly inhibit CYP3A4- 
mediated MDZ metabolism. 

The inhibition by group B compounds showed a strong dependence 
on chemical structure (Fig. 3). The inhibition and time-dependent in-
hibition studies indicated that B-01 does not significantly influence MDZ 
metabolism. The cLogP of B-01 is 3.6 for the unionized state and − 0.4 
for the ionized state. As the pKa of B-01 is estimated to be 4.3, the 
Henderson-Hasselbalch equation predicts a unionized fraction of less 
than 0.1%, leading to a low lipophilicity under physiological pH. Hence, 
the hydrolysate of B-02 to B-08 does not affect MDZ metabolism by 
CYP3A4. The hydrolysis study with B-01, B-02, and B-06 demonstrated 
that B-01 ester compounds hydrolyzed over time in a strongly structure- 
dependent manner (Figs. 4C and 5). Indeed, before initiating the inhi-
bition study, some compounds had already undergone hydrolysis, 
indicating that ester inhibition ratios are strongly affected by their hy-
drolysis. Compounds that underwent slow hydrolysis (B-02 and B-06) 
showed a trend indicating a relatively strong inhibition effect. A longer 
incubation may easily grasp the real-time change in the metabolic ac-
tivity as the concentration of B-02 or B-06 decreases. However, the 
control experiment in the inhibition and time-dependent inhibition 
studies indicated that the rate of midazolam metabolism reduced with 
time (Table S1), which could be attributed to a decrease in the activity of 
microsomes. Hence, the time-dependent inhibition study was performed 
to assess the change in the inhibition activity by hydrolysis of B-02 and 
B-06. The inhibition of CYP3A4-mediated MDZ metabolism was 
completely reversed upon hydrolysis of B-02 and B-06 (Fig. 6). This 
demonstrated that hydrolysis of B-01 ester compounds eliminates their 
inhibition activity. The time-dependent inhibition study with B-01 ester 
compounds suggested that irreversible inhibition, MBI, was not denied 
an inhibition mechanism. The chemical structure difference between A- 
01 and B-01 is only in the hydrophilic terminus of the molecules, either a 
hydroxyl or carboxyl group. Despite the structural similarities, there is a 
significant difference in inhibition. This implies that the inhibition 
mechanism for these compounds is non-specific, involving the formation 
of a coordination bond between the heme iron atom and an imidazole 
ring electron lone pair. However, the B-01 ester compound inhibition 
mechanism requires evaluation to demonstrate that these are safe PK 
boosters. Since B-01 generated in the liver after oral administration of B- 
01 ester can enter the systemic circulation, additional effects, including 
toxicity, of B-01 should be assessed in the future study before proceeding 
to the clinical study. This relates to the third characteristic of a safe 
booster described in the introduction. 

Carboxylesterases (CES) catalyze ester bond hydrolysis which often 

regulates substrate PK, including prodrugs and antedrugs [33,34]. When 
considering the first-pass effect, the expression of the CES family and its 
activity in epithelial cells of the small intestine and hepatocytes impact 
the hydrolysis of ester bond containing compounds. Various CES are 
identified in humans [35]; however, the majority of CES expressions 
identified are CES1 and CES2 [36–38]. Human hepatocytes predomi-
nantly contain CES1 with smaller quantities of CES2, whereas the small 
intestine contains CES2 with virtually no CES1 [39,40]. In this study, the 
rat liver microsome was used to assess inhibition and time-dependent 
inhibition effects. Additionally, the CES responsible for the hydrolysis 
of the tested compounds is unidentified. As CES1 and CES2 are both 
expressed in the rat liver [41], IRT, a model substrate for CES2, and 
TEM, a model substrate for CES1, are degraded over time by their 
respective enzymes (Fig. 4A). As larger acyl groups in the ester com-
pounds show higher affinities to CES1 than CES2 [42], the hydrolysis of 
compound B group with ester bonds may be catalyzed predominantly by 
CES1. If so, the esters of B-01 will enable inhibition of intestinal 
CYP3A-mediated metabolism, with hydrolysis by hepatocytes inducing 
only slight inhibition. If a newly-developed booster realizes a potent 
inhibition on CYP3A4-mediated metabolism and high stability against 
hydrolysis by CES1, the bioavailability of CYP3A4 substrates is expected 
to be dramatically improved; however, the systemic clearance of 
CYP3A4 substrates is also significantly reduced for a long time. In our 
concept, an ideal booster potently inhibits only intestinal CYP3A4 
without any inhibition on hepatic CYP3A4. To achieve this goal, an 
orally-administered safe booster needs to be hydrolyzed not by intestinal 
CES2, but rapidly by hepatic CES1. Further study is required to confirm 
which CES is primarily responsible for hydrolysis of the B-01 esters. In 
this study, rat liver microsomes were used as a model source of CYP3A4 
because it was often used to evaluate CYP3A4-mediated metabolism 
inhibition and the present study aims to demonstrate the antedrug 
mechanism of our compounds. In addition, rats can be a possible animal 
for future studies demonstrating the in vivo effect. However, these 
studies require replication with human S9 liver and small intestine 
fraction to further assess compound viability, along with evaluations of 
inhibition selectivity on other enzymes such as CYP2C9, CYP2C19. 

In conclusion, we demonstrated the significant inhibition of our 
newly synthesized compounds containing an alcohol ester and imid-
azole ring on CYP3A4-mediated drug metabolism, and the influence of 
subsequent hydrolysis which eliminates the induced inhibition. Through 
this, a potent inhibitory effect on CYP3A-mediated drug metabolism and 
transient inhibitory mechanism were demonstrated. Future studies will 
involve further evaluation of in vivo efficacies and the antedrug char-
acteristics of B-01 ester compounds. 
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