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Abstract (226 words) 

Predictions of drug-drug interactions resulting from time-dependent inhibition (TDI) of CYP3A4 have 

consistently overestimated or mis-predicted (i.e. false positives) the interaction that is observed in vivo. Recent 

findings demonstrated that the presence of the allosteric modulator progesterone (PGS) in the in vitro assay 

could alter the in vitro kinetics of CYP3A4 TDI with inhibitors that interact with the heme moiety, such as 

metabolic-intermediate complex (MIC) forming inhibitors. The impact of the presence of 100 µM PGS on the 

TDI of molecules in the class of macrolides typically associated with MIC formation was investigated. Presence 

of PGS resulted in varied responses across the inhibitors tested. The TDI signal was eliminated for five 

inhibitors, and unaltered in the case of one, fidaxomicin. The remaining molecules erythromycin, 

clarithromycin, and troleandomycin, were observed to have a decrease in both potency and maximum 

inactivation rate ranging from 1.7-fold to 6.7-fold. These changes in TDI kinetics led to a >90% decrease in 

inactivation efficiency. In order to determine in vitro conditions that could reproduce in vivo inhibition, varied 

concentrations of PGS were incubated with clarithromycin and erythromycin. Resulting in vitro TDI kinetics 

were incorporated into dynamic physiologically-based pharmacokinetic (PBPK) models to predict clinically 

observed interactions. The results suggested that a concentration of ~45 µM PGS would result in TDI kinetic 

values that could reproduce in vivo observations and could potentially improve predictions for CYP3A4 TDI. 
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Significance Statement (62 words)  

The impact of the allosteric heterotropic modulator progesterone on the CYP3A4 time-dependent inhibition 

kinetics was quantified for a set of metabolic-intermediate complex forming mechanism-based inhibitors. We 

identify the in vitro conditions that optimally predict time-dependent inhibition for in vivo drug-drug 

interactions through dynamic physiologically-based pharmacokinetic modeling. The optimized assay conditions 

improve in vitro to in vivo translation and prediction of time-dependent inhibition. 
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Introduction (750 words) 

A priori understanding of CYP3A4 inhibition by new chemical entities remains a cornerstone of drug discovery. 

In vitro assays using human liver microsomes (HLM) are routinely used to understand the potential extent and 

kinetic aspects of inhibition. While in vivo predictions of reversible inhibition using HLM in vitro values has 

been successful, the translation of time-dependent inhibition (TDI) of CYP3A4 often leads to overestimations 

of the in vivo clinical drug-drug interaction (DDI) or missed predictions (i.e. false positive signals in vitro that 

do not translate in vivo) (Obach et al., 2006; Obach, Walsky and Venkatakrishnan, 2007; Vieira et al., 2014). 

Various attempts to address this apparent disconnect have been proposed. Filppula et al. (2019) suggested that 

the cytosolic unbound inhibitor concentration could improve DDI predictions as it reflects the fraction of 

inhibitor capable of eliciting inactivation. In vitro HLM TDI data corrected with a hepatocyte-derived, cytosolic 

bioavailability term were found to improve mechanistic static model predictions when combined with the 

maximum unbound-inhibitor concentration at steady state for liver and the total enterocytic concentration for 

gut (Rostami-Hodjegan and Tucker, 2004; Filppula et al., 2019). However, work by Tseng et al. (2021) found 

that the use of unbound steady state average systemic concentration and average portal vein concentration for 

the liver and gut respectively in the mechanistic static model improved DDI predictions using standard in vitro 

HLM TDI data. A suite of models has also been proposed that exploits the non-log linear loss of the activity 

observed in a replot analysis of some inhibitors. This approach incorporates additional features such as multiple 

binding kinetics, membrane partitioning, inhibitor depletion, and sequential metabolism in inactivation models 

when fitting data (Korzekwa et al., 2014; Nagar, Jones and Korzekwa, 2014; Yadav, Korzekwa and Nagar, 

2018). These models have proved to provide improved predictability of clinical DDIs for some mechanism-

based inhibitors, whilst requiring a priori estimates of key rate constants and generation of additional data 

necessary for model fitting. Regardless of the approach, the improvements are not ubiquitous, and in some cases 

does not address false positive signals observed in vitro. Boundaries on the inactivation rates determined in 

vitro for HLM and hepatocytes have been proposed under which translation of in vitro signals are unlikely to 

translate to an in vivo DDI observation (Eng et al., 2020). Although this empirically helps to eliminate some of 
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the false positives, many compounds with in vitro inactivation rates above the boundary do not result in a 

clinical interaction. Therefore, an understanding of the potential underlying mechanisms for this disconnect is 

needed. A commonality in these approaches is the assumption that the in vitro-determined HLM TDI values 

correctly reflect in vivo. 

Recent work demonstrated that the interaction of the allosteric modulator progesterone (PGS) with the 

peripheral allosteric binding site of CYP3A4 influenced the extent of TDI observed on known CYP3A4 

mechanism-based inhibitors (MBIs) (Rougée et al., 2023). Presence of PGS changed the TDI kinetics of four 

known CYP3A4 time-dependent inactivators across different mechanisms. Inhibitors whose mechanisms 

involved interaction with the heme moiety of the CYP enzyme were most sensitive to the allosteric modulation 

by PGS. Significant decreases in potency and inactivation rate were observed in the presence of PGS for 

mibefradil which acts via heme destruction, and clarithromycin and troleandomycin (TAO) which form a 

metabolic-intermediate complex (MIC). This reduction in formation of the MIC with CYP3A4 by 

clarithromycin and TAO in the presence of PGS would result in a better alignment with the observed DDIs, 

suggesting that the absence of allosteric modulation of CYP3A4 may contribute to the poor translation of HLM 

based DDIs.  

The current study examined the impact of allosteric modulation on the TDI measured in HLM and the 

formation of MIC by macrolide antibiotics. This class of molecules is known to form MICs, although some 

have not been found to result in clinical DDI (von Rosensteil and Adam, 1995; Westphal, 2000; Fohner et al., 

2017). Time-dependent inhibition of nine macrolide molecules azithromycin, clarithromycin, erythromycin, 

fidaxomicin, roxithromycin, spiramycin, tilmicosin, TAO, and tylosin were investigated in the absence and 

presence of a concentration of PGS previously shown to impact MBIs. To determine in vitro conditions that 

reflect in vivo TDI, a range of PGS concentrations were tested on two known MBIs, clarithromycin and 

erythromycin. In vitro established TDI kinetic values were then incorporated into dynamic physiologically-

based pharmacokinetic (PBPK) models to predict DDIs and establish a concentration of PGS in vitro that 
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recapitulates clinical observations of inhibition to establish in vitro conditions that translate DDI from HLM in 

drug discovery.  

Materials and Methods 

Materials. Chemical reagents were obtained commercially: 1’-OH midazolam, 1’-OH midazolam-d4 (Cerilliant 

Corp, Round Rock, Texas); progesterone, sodium phosphate monobasic, sodium phosphate dibasic, phosphoric 

acid, sodium hydroxide (Fisher Scientific, Pittsburgh, PA); β-Nicotinamide adenine dinucleotide 2′-phosphate 

reduced tetrasodium salt hydrate (NADPH), midazolam, 4-hydroxymidazolam, clarithromycin (Sigma Aldrich, 

St. Louis, MO), erythromycin (ApexBio, Houston, TX) , troleandomycin (Abcam, Cambridge, MA). 

Azithromycin (Selleckcehm, Houston, TX), fidaxomicin (MedChem Express, Monmouth Junction, NJ), 

roxithromycin (Crescent Chemical, Islandia, NY), spiramycin (Sigma Aldrich, St. Louis, MO), tilmicosin 

(Sigma Aldrich, St. Louis, MO), tylosin (Sigma Aldrich, St. Louis, MO). Recombinant CYP Supersomes® 

(rCYP) and pooled human liver microsomes (HLM) (150 individuals, equal proportion male and female, 

UltraPoolTM®, Lot. #38291) were purchased from Corning (Woburn, MA).   

   

Time-Dependent Inhibition (KI and kinact Determination). The first order maximum inactivation rate 

constant (kinact) and irreversible inhibition constant (KI) were determined using the dilution method (Mohutsky 

and Hall, 2014) as previously described (Rougée et al., 2023). Briefly, azithromycin (0-250 µM), 

clarithromycin (0-100 µM), erythromycin (0-100 µM),  fidaxomicin (0-250 µM), roxithromycin (0-200 µM), 

spiramycin (0-250 µM), tilmicosin (0-250 µM), troleandomycin (0-10 µM), or tylosin (0-250 µM) was 

incubated at 37°C with pooled HLM (0.5 mg/ml) and NADPH (1 mM) in 100 mM Na2HPO4 buffer at pH 7.4 

for 0, 2.5, 6, 15, 30, 45, and 60 minutes. After pre-incubation, a 20-fold dilution into a secondary incubation 

containing 30 µM midazolam (MDZ) with NADPH (1 mM) was performed. The secondary incubation was 

allowed to proceed for 2 minutes at 37°C, after which an aliquot (50 µl) was added to 100 µl of 50:50 (v/v) 

MeOH:ACN containing internal standard to stop the reaction. Plates were sealed with Easy Pierce 20 mm foil 
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(Thermo Fisher Scientific), vortexed for 20 second, centrifuged (3500g for 10 minutes) and analyzed by LC-

MS/MS for the formation of 1’-hydroxymidazolam (1OH-MDZ) and 4-hydroxymidazolam (4OH-MDZ).   

The assay was performed under the following conditions for all inhibitors: 1) Solvent control in primary 

incubation with allosteric modulator PGS 5 µM in the secondary reaction (final concentration). Concentration 

reflects the final concentration after 20-fold dilution of the top concentration of PGS tested in the primary 

incubation; 2) Allosteric modulator PGS 100 µM in primary incubation. Secondary incubations all contained a 

final concentration of PGS 5 µM after dilution.  

Finally, a screen with varying concentrations of PGS was performed for clarithromycin and erythromycin as the 

perpetrators. The assay was performed with concentrations of 0, 1, 10, 20, 40, 60, 80 and 100 µM PGS in the 

primary incubation. The concentration of PGS in the secondary reaction was adjusted in the lower 

concentrations to achieve the same final concentration of allosteric modulator as the highest concentration after 

the dilution step. That is, the secondary incubations all contained a final concentration of 5 µM PGS.   

  

Metabolic-Intermediate Complex Formation. Monitoring of the formation of the MIC was performed as 

follows. A sample cuvette containing 200 pmol human recombinant CYP3A4 (+ P450 Reductase + Cytochrome 

b5) in 100 mM Na2HPO4 buffer pH 7.4, perpetrator (clarithromycin 100 µM; troleandomycin 10 µM, 

erythromycin 100 µM, azithromycin 250 µM , spiramycin 250 µM, tilmicosin 250 µM, roxithromycin 200 µM, 

fidaxomicin 250 µM, tylosin 250 µM) in 0.9%:0.1% (v/v) MeOH:DMSO, and either MeOH or 100 µM PGS in 

MeOH, and a reference cuvette containing the same as the sample cuvette with the exception that the 

perpetrator was replaced with solvent 0.9%:0.1% (v/v) MeOH:DMSO alone were prepared. After incubating for 

5 mins at 37°C, NADPH (1 mM final concentration) was added to bring final volume to 1 mL, reactions were 

mixed through inversion, and difference spectra from 400-500 nm were taken using a Lambda 365 dual beam 

spectrophotometer with a Peltier controlled fluid circulator to maintain cuvette temperature at 37°C (Perkin 

Elmer, Waltham, MA). Cuvettes were not stirred. Scans were performed at 5-min intervals up to 30 mins. 

Absorbance at 490 nm was subtracted from the resulting data points and plotted. The amount of CYP MIC 
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formed over time was quantitated using the extinction coefficient 65 mM
-1

cm
-1

 (Pershing and Franklin, 1982) 

and the difference between absorbance maxima (455 nm) and 490 nm (∆A455-490).   

 

LC-MS Analysis.  Samples were analyzed by LC-MS/MS using the quadrupole function on a Sciex 

(Framingham, MA) QTrap 6500+ mass spectrometer equipped with a TurboIonSpray interface and operated in 

positive ion mode. The pumps were Shimadzu (Kyoto, Japan) LC-40D x3 units with a CBM-40 controller, and 

a CTC (Zwingen, Switzerland) PAL RSI liquid handler was used as the autosampler. Separation of 1OH-MDZ 

and 4OH-MDZ was accomplished using a Waters Acquity BEH C18 2.1 x 50mm 1.7 micron column with a 

column heater setting of 40°C. Water:Formic Acid 1000:1 (v/v) comprised Mobile Phase A, ACN:Formic Acid 

1000:1 (v/v) comprised Mobile Phase B. Analytes were monitored by MRM using Q1/Q3 transitions of m/z 

342.1/203.1 (collision energy 40) and 342.1/234.1 (collision energy 33) for 1OH-MDZ and 4OH-MDZ 

respectively.  Deuterated (D4) 1OH-MDZ, the internal standard for both analytes, was monitored at the 

transition m/z 346.1 to 203.1 with a collision energy of 40.  

 

Physiologically-Based Pharmacokinetic Modeling Predictions of Drug-Drug Interactions. Dynamic PBPK 

modeling was used to predict the DDI of clarithromycin or erythromycin as precipitants towards MDZ as the 

object, utilizing the in vitro generated TDI parameters for the inhibitors in the absence and presence of varying 

concentrations of the PGS allosteric modulator. The Simcyp
TM

 version 21 release 1 (Certara; Princeton, NJ, 

USA) software was used to predict the time course of object and precipitant concentrations in plasma. The 

default model for MDZ (Sim-Midazolam) in Simcyp
TM

 was used as the object drug for all simulations. The 

Simcyp
TM

 compound files for clarithromycin (SV-Clarithromycin) and erythromycin (SV-Erythromycin) were 

used with minimal alterations as described below.  

Clearance of clarithromycin and erythromycin in the model is predominantly metabolic with the greatest 

percentage of clearance attributed to CYP3A4 (fraction of systemic clearance 86% and 82% respectively). As 

the time-dependent inhibition of CYP3A4 by these inhibitors occurs over repeat dosing, this autoinhibition 
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reduces their clearance when comparing a single dose pharmacokinetics (PK) to steady state PK. The default 

models were optimized to capture this non-linearity through the TDI kinetic parameters and metabolic clearance 

pathways including CYP3A4. In order to incorporate alternate CYP3A4 TDI kinetic values determined in vitro, 

a non-mechanistic clearance approach was taken. Briefly, the enzyme kinetic and additional metabolic 

clearance pathways in the model were replaced with a total in vivo intravenous (IV) clearance. A sensitivity 

analysis was conducted on the in vivo IV clearance parameter to match the exposure [maximum concentration 

(Cmax) and area under the concentration time curve for the dosing interval (AUC0-τ)] at steady state compared to 

the default model. An in vivo IV clearance of 14 L/h for clarithromycin and 25 L/h for erythromycin resulted in 

matched PK at steady state for the two precipitants and provided matched precipitant exposure (Supplemental 

Figure S1A,B; Table S2). The final compound file parameters for MDZ, clarithromycin and erythromycin are 

listed in Supplemental Table S1.  

Using the new models, DDI simulations were performed for the precipitants with varying TDI kinetic 

parameters only. The TDI kinetic parameters reflect the in vitro experimental KI and kinact observed in the 

absence or presence of varying concentrations of PGS (Table 3). In vitro KI values were corrected for the 

fraction unbound in microsomes (fumic) of the inhibitor at the assay concentration of 0.5 mg/mL. As the 

unbound corrected values from Table 3 were entered directly into the model, an fumic of 1 was used as no 

further correction was necessary. All simulations were conducted using the healthy volunteer population (Sim-

Healthy Volunteers), the number of subjects, age range and male to female ratios were modified to match the 

respective clinical study designs (Supplemental Table S3). 

The predicted AUC ratio in the presence over the absence of precipitant (AUCR) for each simulation was 

plotted against the PGS concentration. Using GraphPad Prism version 10.1 (GraphPad Software, San Diego, 

CA, USA) a linear regression model was used to establish the relationship between PGS concentration and 

AUCR. This relationship was then used to extrapolate the concentration of PGS that matched the reported 

clinical DDI AUCR.   
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Data Analysis. Time-dependent inhibition parameters for KI and kinact were determined using the replot method 

as previously described (Silverman, 1995; Grimm et al., 2009) in GraphPad Prism version 10.1 (GraphPad 

Software, San Diego, CA). Values represent the mean of duplicates with an acceptance criterion of a coefficient 

of variance (CV) less than 20%. Inactivation efficiency, a second order rate constant relating the concentration 

of reactant (inhibitor potency) and rate of the reaction (inactivation rate) was calculated by taking the ratio of 

kinact over KI. 
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Results 

Time-Dependent Inhibition. Graphs of the TDI replot of slope of the observed loss (kobs) versus inhibitor 

concentration in the absence and presence of 100 µM PGS using the formation of 1OH-MDZ and 4OH-MDZ as 

a biomarker of CYP3A4 activity for the set of nine macrolides are presented in Figure 1 and Figure S2, 

respectively. The calculated TDI parameter values in the absence and presence of 100 µM PGS determined 

using either 1OH-MDZ or 4OH-MDZ formation as the marker of CYP3A4 activity are presented in Table 1 

with KI values corrected for the microsomal unbound fraction in the assay. Total KI values and fumic for each 

compound are listed in Supplemental Table S4.  

Under control conditions, clarithromycin, erythromycin,  TAO, and fidaxomicin were all observed to present a 

TDI of CYP3A4. In the case of spiramycin, tilmicosin, and tylosin, while loss of CYP3A4 activity was 

observed in the control condition, the loss of enzyme activity did not exceed more than ~24% at the highest 

concentration tested after 60 min of incubation for all three perpetrators (data not shown). While the loss of 

activity exceeded the solvent control, the rates of inactivation were low and did not exceed an observed rate of 

loss greater than 0.153 h
-1

 (or 0.00256 min
-1

; observed for spiramycin).  

Presence of 100 µM PGS in the assay eliminated the TDI of CYP3A4 for azithromycin, spiramycin, tilmicosin, 

and tylosin. Erythromycin, clarithromycin, fidaxomicin and TAO were still observed to cause TDI of CYP3A4; 

however, the extent of the inhibition parameters was altered. The TDI parameters observed for erythromycin, 

clarithromycin, and TAO trended similarly with an increase in KI (decreased potency) and decrease in kinact 

(reduction in inactivation rate), ranging from 1.2-fold to 8.7-fold, in the presence of PGS (Table 1). These 

combined changes resulted in a > 90% decrease in the inactivation efficiency potential for TAO, erythromycin, 

and clarithromycin (Table 2, Supplemental Table S5). However, in the case of fidaxomicin, the shift was less 

pronounced with a reduction of ~10% in the inactivation efficiency. 

For roxithromycin, no substantial TDI signal was observed in HLM under control conditions or in the presence 

of 100 µM PGS. This was in contrast to the observed MIC formation in rCYP matrix (MIC Formation results; 
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Figure 3). A TDI kinetic assay was run for roxithromycin in rCYP enzymes confirming the inactivation of the 

rCYP3A4 (data not shown). Addition of 100 µM PGS eliminated the inactivation observed under control 

conditions, confirming the effect of PGS in the rCYP matrix in alignment with the observed results in the MIC 

formation.   

To determine the concentration of PGS needed in vitro to recapitulate the in vivo response of the CYP3A4 

enzyme in the presence of a MBI, varying concentrations of PGS were added to the TDI assay primary 

incubation for clarithromycin and erythromycin. Graphs of the TDI replot are presented in Figure 2. The 

corresponding TDI kinetic parameters are listed in Table 3 (values for 4OH-MDZ are listed in the Supplemental 

Table S6).  Changes in both KI and kinact were observed for the inhibitors. Erythromycin was observed to have 

increasing KI (decreased potency) and decreasing kinact (lower inactivation rate) in a concentration dependent 

manner with increasing concentrations of PGS present. The same trend of increasing KI (decreased potency) 

was observed for clarithromycin; however, kinact was found to increase in the presence of rising concentrations 

of PGS except for the 100 µM PGS concentration, where the kinact decreased.  

The combination of these changes for erythromycin and clarithromycin led to decreasing inactivation 

efficiencies in a concentration dependent manner with PGS. It should be noted that for erythromycin, at the 

highest concentration of PGS tested (100 µM), while time-dependent loss of CYP3A4 activity could still be 

observed at the high concentrations of inhibitor tested in the assay, the TDI did not appear to reach saturation, 

resulting in a linear relationship rather than an exponential relationship. Regardless, the linear slope, 

representing the rate of inactivation efficiency, aligned with the trend of decreasing inhibition potential with the 

presence of PGS.  

 

MIC Formation. In the absence of progesterone, the perpetrators clarithromycin, erythromycin, azithromycin, 

spiramycin, roxithromycin, and TAO were observed to form a MIC with CYP3A4 at the 455 nm (Figure 3). 

When 100 µM PGS was present in the incubation, no distinct peak at 455 nm could be observed for 

clarithromycin, azithromycin, spiramycin, or roxithromycin. For erythromycin and TAO, the amount of MIC 
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formed was reduced (Supplemental Figure S3). In the case of erythromycin, while a peak absorbance was still 

observed at ~455 nm in the presence of PGS, the shape of the curve was appreciably flattened. For TAO, while 

a distinct MIC peak was maintained in the presence of PGS, the extent of the MIC formed was reduced. No 

MIC formation was observed for fidaxomicin, tilmicosin, or tylosin under control conditions or in the presence 

of PGS.  

PBPK DDI Modeling. Predictions of the interactions between clarithromycin or erythromycin towards MDZ 

were conducted using clinical study designs reported in the literature. Each study design was repeated with the 

different TDI kinetic parameters determined in the presence of varying concentrations of PGS reported in Table 

2. The predicted AUCR for a single study design was then plotted against the PGS concentrations used. A linear 

regression analysis was performed by which the extrapolated concentration of PGS was determined that would 

result in the clinically observed AUCR. All r-squared values for the Pearson correlation where ≥0.85 for 

erythromycin and ≥0.95 for clarithromycin. A representative example is presented in Figure 4 (all studies are 

shown in Supplemental Material Figure S4). The interpolated concentrations of PGS predicted for each set of 

clinical studies for erythromycin and clarithromycin are listed in Table 4, with an average concentration of 45.5 

µM of PGS across both inhibitors predicted to represent the concentration of PGS needed in the in vitro assay 

that would result in TDI kinetic parameters that would capture the in vivo TDI.   
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Discussion (1588 words) 

In the present study, nine macrolide molecules were found to cause time-dependent inhibition of CYP3A4 in 

HLM under control conditions aligning with previous observations (Polasek and Miners, 2006; Eng et al., 2020; 

Yamada et al., 2020). While the mechanism of TDI of the macrolide class of drugs has been attributed to the 

formation of a metabolic-intermediate complex (MIC) (Pershing and Franklin, 1982), only six of the nine 

molecules were observed to form the MIC complex (Figure 3). For tilmicosin, tylosin, and fidaxomicin, 

molecules that did not form a MIC in this study, we are not aware of reports to the contrary in human matrices 

(either microsomal or recombinant). Investigations using rat, rabbit, goat, and cattle microsomes have reported 

the lack of MIC formation for tilmicosin (Zweers-Zeilmaker et al., 1999; Carletti et al., 2003). Interestingly, 

tylosin has been observed to form an MIC in these animal matrices (Zweers-Zeilmaker et al., 1999; Carletti et 

al., 2003). Fidaxomicin lacks an amine group that leads to the hallmark formation of a reactive nitroso amine 

intermediate that forms the complex with the heme iron in the CYP enzymes and may therefore not elicit 

inactivation through this mechanism (Taxak et al., 2012). Regardless of MIC formation, for tilmicosin and 

tylosin, these  compounds elicit weak to negligible loss of CYP3A4 activity at high concentrations in in vitro 

matrices (current work; Zweers-Zeilmaker et al. (1999); Carletti et al. (2003)) and have not been found to 

impact the PK of CYP3A4 substrates in vivo (Anadón and Reeve-johnson, 1999), suggesting a lack of 

translation of the in vitro TDI signal for these two molecules.  

Previous work demonstrated that the presence of allosteric modulators in in vitro assays, such as the 

endogenous androgen progesterone or chemical substrate carbamazepine, can alter the metabolic function of 

CYP3A4 (Nakamura et al., 2002; Nakamura et al., 2003; Cameron et al., 2005; Roberts et al., 2011; Denisov et 

al., 2022; Rougée et al., 2023). For PGS, collective evidence suggests that these changes are a result of PGS 

interaction with the characterized allosteric binding site of CYP3A4 and not direct competition within the 

enzyme’s active site (Williams et al., 2004; Denisov et al., 2007; Polic and Auclair, 2017; Denisov et al., 2021; 

Denisov et al., 2022; Rougée et al., 2023). Interaction of PGS with this allosteric site modified the TDI kinetics 

of CYP3A4 mechanism-based inhibitors (MBI), when the mechanism involves interaction with the heme 
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moiety (MIC and heme destruction) (Rougée et al., 2023). The current study confirms these previous findings 

for the MIC forming inhibitors, clarithromycin and TAO, and is consistent with the allosteric binding of PGS 

resulting in a conformational change of CYP3A4 (Denisov et al., 2015a; Denisov et al., 2015b; Denisov et al., 

2019), that leads to the reduced capability of forming a stable inactivation complex for MIC forming MBIs.  

Investigation into the basis of substrate dependent differences in inhibition of CYP3A4 by Wei et al. (2024) 

may provide further insight. Reversible inhibition constants (Ki) of the inhibitors erdafitinib and pemigatinib 

were found to be more potent when using rivaroxaban as the probe substrate for CYP3A4 activity compared to 

testosterone (TST). Molecular dynamic (MD) simulations reported that binding of the allosteric site of CYP3A4 

by erdafitinib and pemigatinib reduced the flexibility of the F–F’ loop, a well-established region of the enzyme 

involved in the regulation of the active site opening, access, and confirmational binding (Ekroos and Sjögren, 

2006; Fishelovitch et al., 2009; Denisov et al., 2019). Denisov et al. (2019) demonstrated experimentally and 

with MD simulations that PGS interaction with this phenylalanine cluster impacts the CYP3A4 metabolism of 

CBZ. While Wei et al. (2024) attribute the changes in inhibition to the interaction of the inhibitors with the 

allosteric site, resulting in restricted access of the larger rivaroxaban substrate to the active site, this may not be 

entirely the case. Homotropic cooperativity has been observed for TST, with the atypical kinetics of its 

metabolism being attributable to TST binding the allosteric CYP3A4 site first, with subsequent binding events 

of up to two more TST occurring in the active site (Harlow and Halpert, 1998; Denisov et al., 2007; Denisov et 

al., 2015b). Interaction with the allosteric binding site has been further shown through heterotropic 

cooperativity of TST with the prototypical CYP3A4 substrate, midazolam (MDZ), whereby the binding of TST 

to the allosteric site produces conformational changes in the enzyme active site that orient the MDZ substrate 

towards the heme and recapitulate the homotropic metabolite production of MDZ only observed at higher 

concentrations of the substrate (Fu, Zhang and Zheng, 2022; Rougée et al., 2023). The Michaelis-Menten 

constant (Km) or affinity of TST for the CYP3A4 active site ranges from 72 to 97 µM (Yamazaki and Shimada, 

1997), indicating that it is not a particular strong substrate for CYP3A4 (albeit a selective one). While TST 

could exert some competition for the initial binding to the active site at high concentrations, at lower 
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concentrations of TST (50 µM in the case of the work by Wei et al. (2024)), combined with the lower Km of 

MDZ (~4 µM) and more potent Ki values for erdafitinib and pemigatinib reported at 10.2 and 3.3 µM 

respectively, it is more likely that the difference in substrate-dependent metabolism or inhibition is a result of 

allosteric modulation by TST binding to the allosteric site. 

PGS also exhibits a low affinity for the CYP3A4 active site with Km estimates between 80 to 96 µM (Yamazaki 

and Shimada, 1997) and therefore its impact on MBI is likely through the allosteric binding site. The hypothesis 

that PGS only competes directly with the MBI for the active site appears unlikely because higher concentrations 

of inhibitor would be expected to outcompete the PGS and eventually lead to inactivation. This was not 

observed with inhibitors whose range tested was up to 2.5-fold higher than the PGS concentration in the assay 

yet yielded no inactivation up to 1 hour of pre-incubation. Combined with the simultaneous changes in both KI 

and kinact inhibition kinetic parameters for well-established MBI (clarithromycin, TAO, erythromycin), and lack 

of effect of PGS on the TDI by fidaxomicin, the impact of PGS appears to be predominantly at the allosteric site 

of CYP3A4.  

Translation of the in vitro finding observed for azithromycin, the disappearance of the TDI signal in the 

presence of PGS, aligns with the lack of observed clinical interaction (Yeates et al., 1997). In the case of 

fidaxomicin, no clinical DDI has been reported either, yet the TDI signal in vitro was maintained in the 

presence of PGS. Allosteric modulation has been shown to be dependent on the enzyme/substrate and 

enzyme/substrate/inhibitor combinations. Fidaxomicin findings indicates that the impact of PGS with the 

allosteric site of CYP3A4 may not interfere with the mechanism of inactivation of fidaxomicin which is not 

through MIC. Fidaxomicin serves as an example highlighting the importance of interpreting the TDI risk in 

context of the bigger picture. In the clinical interaction study conducted, fidaxomicin was administered at 200 

mg twice daily for 4 days (NDA-201699, 2010). After multiple dosing, fidaxomicin reached a maximum plasma 

concentration of ~4.9 nM (NDA-201699, 2010), which is well below the measured KI in vitro, indicating that 

the TDI in vitro is a true positive, but that the interaction is unlikely to occur in vivo as the exposure does not 

reach levels capable of eliciting a measurable inactivation.  
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The current study demonstrates the potential predictive improvement of the addition of the allosteric modulator 

PGS to the artifactual HLM matrix by eliminating false positives while retaining true MBI signal and 

potentially improving TDI kinetic values that may predict the extent of DDI using in vitro data a priori. 

Dynamic simulations for the well-established clinical TDIs, erythromycin and clarithromycin, suggest that the 

presence of ~45 µM PGS results in in vitro TDI parameters in HLM that capture the range of observed clinical 

DDIs for these inhibitors. However, this concentration is much higher than reported circulating concentrations 

of PGS that vary with age, gender and reproductive cycle peaking between ~31 to 110 nM (Elmlinger, Kühnel 

and Ranke, 2002; Taraborrelli, 2015). Incorporation of a mechanistic modeling approach including some of the 

complexities associated with atypical inactivation kinetics may reduce the concentration of PGS needed in vitro 

and warrants further consideration. However, the addition of PGS in the artificial HLM matrix is not meant to 

replicate circulating PGS levels in vivo, but to mimic the holistic interaction of all endogenous substrates and 

allosteric binders that may interact with the CYP3A4 allosteric site that would influence the inactivation in 

vivo. Other endogenous steroids including testosterone (6.34 nM), 17α-hydroxyprogesterone (1.84 nM), cortisol 

(264 nM), androstenedione (3.21 nM), pregnenolone (5.06 nM), aldosterone (0.14 nM), dehydroepiandrosterone 

(10.3 nM), and dehydroepiandrosterone-sulfate (4163 nM) have all demonstrated in vitro cooperativity towards 

CYP3A4 and may contribute to the allosteric modulation in vivo [values represent median plasma 

concentrations reported for combined adult males and females (Eisenhofer et al., 2017)]. It is worth noting that 

the levels reported for steroids are systemic circulating levels. As the liver is a major site of steroidogenesis and 

metabolism, it is possible that the concentrations of some steroids may be greater at the level of the tissue 

during intracrinology (the process by which a tissue uses blood precursors to produce steroids) and in the 

process of their elimination from circulation (Miller and Auchus, 2011; Schiffer et al., 2019). Further 

investigation using the identified representative PGS concentration across a variety of in vitro, identified 

CYP3A4 TDI compounds is needed to understand the translative power of adding the allosteric modulator PGS 

to in vitro HLM TDI assays. 
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Figure Legends  

Figure 1. Replot analysis of mechanism-based inhibitors in the absence and presence of 100 µM PGS 

using 1OH-MDZ formation to quantify CYP3A4 activity. (A) Azithromycin; (B) Erythromycin; (C) 

Clarithromycin; (D) Spiramycin; (E) Fidaxomicin; (F) Troleandomycin; (G) Tilmicosin; (H) Tylosin. Closed 

circles with solid line represent assays in the absence of PGS in the primary incubation and closed squares with 

a dashed line represent assays in the presence of 100 µM PGS in the primary incubation. 

 

Figure 2: Time-dependent inhibition of CYP3A4 by clarithromycin or erythromycin with varying PGS 

concentrations using 1-OH MDZ or 4-OH MDZ formation to quantify CYP3A4 activity. (A) 

Clarithromycin inhibition of CYP3A4 measured using 1OH-MDZ; (B) Erythromycin inhibition of CYP3A4 

measured using 1OH-MDZ; (C) Clarithromycin inhibition of CYP3A4 measured using 4OH-MDZ; (D) 

Erythromycin inhibition of CYP3A4 measured using 4OH-MDZ. Control (●), 1 µM progesterone (▪), 10 µM 

progesterone (◊), 20 µM progesterone (ꙩ), 40 µM progesterone (○), 60 µM progesterone (□), 80 µM 

progesterone (∆), 100 µM progesterone (×). 

 

Figure 3: Metabolic-intermediate complex formation of mechanism-based inhibitors in the absence or 

presence of 100 µM PGS. (A) Clarithromycin; (B) Erythromycin; (C) Azithromycin; (D) Spiramycin; (E) 

Roxithromycin; (F) Troleandomycin. The solid black line represents inhibitor alone, the dashed line represents 

the inhibitor in the presence of 100 µM PGS. 
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Figure 4: Predicted interactions of MDZ with clarithromycin or erythromycin using in vitro time-

dependent kinetic parameters established in varying concentrations of PGS. (A) Predicted interactions of 

MDZ with clarithromycin; (B) Predicted interactions of MDZ with erythromycin. Results presented for study 1 

listed in Table 1 for each inhibitor. Solid line represents the mean value for the linear regression while the 

dotted lines around it represent the 95% confidence intervals. The horizontal dashed line represents the 

clinically observed AUC ratio, with the vertical dashed line representing the interpolated concentration of 

progesterone.  
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Tables 

Table 1. Time-dependent CYP3A4 inhibition kinetic parameters in the absence and presence of 100 µM PGS using 1OH-MDZ or 4OH-MDZ 

formation to quantify CYP3A4 activity. 

 1OH-MDZ 4OH-MDZ 

Inhibitor 

Control 100 µM PGS Control 100 µM PGS 

KI,u (µM) kinact (h
-1

) KI,u (µM) kinact (h
-1

) KI,u (µM) kinact (h
-1

) KI,u (µM) kinact (h
-1

) 

Azithromycin 259 ± 238 1.07 ± 0.72 ND ND 277 ± 123 1.05 ± 0.34 ND ND 

Erythromycin 12.4 ± 2.45 2.21 ± 0.20 1168 ± 1117 5.92 ± 5.50 10.6 ± 2.40 2.11 ± 0.20 446 ± 306 3.26 ± 0.20 

Clarithromycin 8.41 ± 0.73 1.95 ± 0.90 47.7 ± 5.61 1.02 ± 0.60 5.52 ± 0.30 1.24 ± 0.02 44.6 ± 15.9 0.55 ± 0.11 

Troleandomycin 1.89 ± 1.72 6.18 ± 1.05 16.5 ± 8.17 0.91 ± 0.32 6.55 ± 2.25 7.69 ± 1.46 19.1 ± 12.6 1.11 ± 0.55 

Roxithromycin ND ND ND ND ND ND ND ND 

Fidaxomicin 75.7 ± 43.3 9.76 ± 3.90 88.9 ± 88.4 10.4 ± 7.58 30.5 ± 17.0 5.64 ± 1.68 53.4 ± 53.0 7.06 ± 4.44 

Spiramycin 61.7 ± 47.0 0.17 ± 0.01 ND ND 29.9 ± 19.9 0.19 ± 0.01 ND ND 

Tilmicosin 123 ± 128 0.24 ± 0.12 ND ND 321 ± 82.7 0.32 ± 0.06 ND ND 

Tylosin 127 ± 10.2 0.16 ± 0.01 ND ND 181 ± 80.5 0.17 ± 0.01 ND ND 

Mean best fit values and standard error are reported. 

Abbreviations:  h, hour, KI,u, unbound irreversible inhibition constant, inhibitor concentration at which half the maximal rate constant occurs; kinact, first order 

inactivation rate constant; PGS, progesterone; µM, micromolar; 1OH-MDZ, 1’-hydroxymidazolam; 4OH-MDZ, 4’-hydroxymidazolam; ND, not detected. 
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Table 2. Inactivation efficiency of time-dependent CYP3A4 inhibition in the absence and presence of 100 

µM PGS using 1OH-MDZ formation to quantify CYP3A4 activity.  

Inhibitor 

Inactivation Efficiency (nM
-1

·h
-1

) % Decrease from 

Control Control 100 µM PGS 

Azithromycin 4.12 0.00 100 

Erythromycin 178 5.07 97.2 

Clarithromycin 232 21.4 90.8 

Troleandomycin 3270 55.3 98.3 

Roxithromycin ND ND ND 

Fidaxomicin 129 117 8.98 

Spiramycin 2.75 0.00 100 

Tilmicosin 1.94 0.00 100 

Tylosin 1.26 0.00 100 

Abbreviations: h, hour; ND, not detected; nM, nanomolar; PGS, progesterone.
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Table 3. Time-dependent CYP3A4 inhibition kinetic parameters for clarithromycin and erythromycin in the absence and presence of 

varying concentrations of PGS using 1OH-MDZ formation to quantify CYP3A4 activity. 

PGS Conc. 

(µM) 

Erythromycin Clarithromycin 

KI,u  

(µM) 

kinact  

(h
-1

) 

Inactivation efficiency 

(nM
-1

·h
-1

) 

KI,u  

(µM) 

kinact  

(h
-1

) 

Inactivation efficiency 

(nM
-1

·h
-1

) 

Control 12.5 ± 2.45 2.21 ± 0.20 176.04 8.41 ± 0.73 1.95 ± 0.89 231 

1 12.0 ± 2.11 2.06 ± 0.10 170.49 8.00 ± 1.42 1.75 ± 0.91 219 

10 15.3 ± 3.02 1.89 ± 0.20 123.29 11.3 ± 2.00 1.80 ± 0.61 160 

20 15.6 ± 4.94 1.58 ± 0.20 105.64 14.3 ± 2.30 1.90 ± 0.80 133 

40 19.6 ± 2.45 0.91 ± 0.10 43.76 20.3 ± 3.42 2.09 ± 0.50 103 

60 30.1 ± 5.67 0.89 ± 0.10 29.30 35.3 ± 4.83 2.32 ± 0.50 66.0 

80 56.2 ± 23.6 0.92 ± 0.20 16.35 40.6 ± 6.79 2.52 ± 0.60 62.2 

100 1168 ± 1117
a
 5.92 ± 5.50

a
 5.04

a
 47.7 ± 5.61 1.02 ± 0.60 21.4 

a  Asymptotic curve was poorly defined. Slope of the linear plot was 2.43 nM-1·h-1. 

Mean best fit values and standard error are reported.  

Abbreviations:  h, hour; KI,u, unbound irreversible inhibition constant, inhibitor concentration at which half the maximal rate constant occurs; kinact, first order 

inactivation rate constant; nM, nanomolar; PGS, progesterone; µM, micromolar; 1OH-MDZ, 1’-hydroxymidazolam 
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Table 4. Interpolated in vitro progesterone assay concentrations needed to recapitulate observed 

clinical inhibition for erythromycin and clarithromycin. 

Inhibitor Study No. Progesterone Conc (µM) Reference 

Erythromycin 

1 41.2 (Olkkola et al., 1993) 

2 55.4 (Olkkola et al., 1993) 

3 60.0 (Zimmermann et al., 1996) 

4 52.1 (Okudaira et al., 2007) 

5 42.9 (Okudaira et al., 2007) 

Clarithromycin 

1 54.0 (Gurley et al., 2008) 

2 33.0 (Gorski et al., 1998) 

3 43.1 (Quinney et al., 2008) 

4 38.2 (Lee et al., 2021) 

5 57.6 (Prueksaritanont et al., 2017) 

6 33.6 (Gorski et al., 1998) 

7 35.5 (Quinney et al., 2008) 

Average (±SD) 45.5 ± 9.78  
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