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ABSTRACT

The CYP3A7 enzyme accounts for ~50% of the total cytochrome
P450 (P450) content in fetal and neonatal livers and is the predomi-
nant P450 involved in neonatal xenobioticmetabolism. Additionally,
it is a key player in healthy birth outcomes through the oxidation of
dehydroepiandrosterone (DHEA) and DHEA-sulfate. The amount of
the other hepatic CYP3A isoforms, CYP3A4 and CYP3A5, ex-
pressed in neonates is low but highly variable, and therefore the ac-
tivity of individual CYP3A isoforms is difficult to differentiate due to
their functional similarities. Consequently, a better understanding
of the contribution of CYP3A7 to drug metabolism is essential to
identify the risk that drugsmay pose to neonates and developing in-
fants. To distinguish CYP3A7 activity from CYP3A4/5, we sought to
further characterize the selectivity of the specific CYP3A inhibitors
CYP3cide, clobetasol, and azamulin. We used three substrate
probes, dibenzylfluorescein, luciferin-PPXE, and midazolam, to de-
termine the IC50 and metabolism-dependent inhibition (MDI) proper-
ties of the CYP3A inhibitors. Probe selection had a significant effect

on the IC50 values and P450 inactivation across all inhibitory com-
pounds and enzymes. CYP3cide and azamulin were both identified
as MDIs and were most specific for CYP3A4. Contrary to previous
reports, we found that clobetasol propionate (CP) was not an MDI of
CYP3A5 but wasmore selective for CYP3A5 over CYP3A4/7. We fur-
ther investigated CYP3cide and CP’s ability to differentiate CYP3A7
activity in an equal mixture of recombinant CYP3A4, CYP3A5, and
CYP3A7, and our results provide confidence of CYP3cide’s and
CP’s ability to distinguish CYP3A7 activity in the presence of the
other CYP3A isoforms.

SIGNIFICANCE STATEMENT

These findings provide valuable insight regarding in vitro testing
conditions to investigate the metabolism of new drug candidates
and help determine drug safety in neonates. The results presented
here also clearly demonstrate the effect that probe selection may
have on CYP3A cytochrome P450 inhibition studies.

Introduction

Cytochrome P450 (P450) enzymes are responsible for the metabo-
lism of many drugs as well as endogenous substrates and environmental
toxins. Of the P450 enzymes, the CYP3A subfamily is the most abundant
in the liver and metabolizes over 50% of marketed drugs (Shankar and
Mehendale, 2014). The CYP3A subfamily consists of four isoforms—
CYP3A4, CYP3A5, CYP3A7, and CYP3A43. In the adult liver,
CYP3A4 accounts for 10%–50% of the total P450 content, whereas
CYP3A5 is highly polymorphic and primarily expressed in individ-
uals of African and Asian descent (Stewart and Hampton, 1987;
Maldonado et al., 2017). In general, CYP3A43 is not considered to
be significantly involved in drug metabolism, whereas CYP3A7 is
predominantly expressed in fetal and neonatal livers, accounting for

�50% of the total hepatic P450 content and 87%–100% of the he-
patic CYP3A content (Li and Lampe, 2019). The hepatic expression
levels of CYP3A7 have been found to increase until around birth and
then begin to rapidly decline. Simultaneously, CYP3A4 expression
increases (Zane et al., 2018). This makes expression levels of
CYP3A4 and CYP3A7 highly variable during the first month of life.
CYP3A5 seems to be consistently expressed but at significantly lower
levels than CYP3A4 and CYP3A7 (Leeder et al., 2005; Zane et al.,
2018). Thus, CYP3A7 is the predominant CYP3A enzyme expressed
during the first month postgestation and therefore contributes an out-
sized role in the metabolism of CYP3A substrates during this time period
(Morselli et al., 1980).
The variability in CYP3A isoform expression can consequently cause

changes in the pharmacokinetics and toxicity of a number of prescribed
drugs. This, in turn, frequently exposes neonates to potential drug-drug
interactions (DDIs) due to the high occurrence of polypharmacy in these
patients (Fabiano et al., 2012; Van den Anker et al., 2020). In a cohort
study of 220 pediatric patients in the neonatal intensive care unit
(NICU), fentanyl administration led to DDIs in 22.3% of neonates ad-
mitted to the NICU, causing serious adverse reactions (Costa et al.,
2021). In adults, fentanyl is metabolized by CYP3A4; however, the ex-
tent to which CYP3A7 metabolizes fentanyl in neonates is unknown.
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On average, CYP3A7 has a much slower rate of metabolism and an ap-
proximately 10-fold lower turnover rate (kcat) for most drug substrates
when compared with CYP3A4 (Williams et al., 2002). Pacifici (2015)
concluded that the longer half-life and lower rate of fentanyl elimination
in neonates is due to the high expression levels of CYP3A7 and low ex-
pression levels of CYP3A4. These effects were exacerbated when fentanyl
was concurrently administered with midazolam (MDZ) or fluconazole, a
substrate and an inhibitor of CYP3A, respectively.
Thus, understanding the contribution of CYP3A7 to drug metabolism

is essential to identifying the risk that drugs may pose to neonates and
developing infants. Traditionally, the gold standard for assessing drug
metabolism is human liver microsomes (HLMs). However, due to struc-
tural and amino acid sequence similarities, all CYP3A enzymes have
overlapping substrate specificities. Therefore, no single probe exists that
can differentiate the activity of these enzyme isoforms. However, recent
studies have identified three CYP3A-specific inhibitors: CYP3cide (Walsky
et al., 2012), clobetasol propionate (CP) (Wright et al., 2020), and
azamulin (Chanteux et al., 2020) (Fig. 1).
Walsky et al. (2012) previously identified CYP3cide to be a mecha-

nism-based inactivator of CYP3A4. A concentration of 0.05 mM CY-
P3cide reportedly inhibited CYP3A4 midazolam hydroxylation by 84%.
Similarly, CP is reported to be a selective inhibitor of CYP3A5, with a
potent IC50 value roughly 100-fold lower than that of CYP3A4 (0.206
mM versus 15.6 mM, respectively) based upon testing of recombinant
CYP3A enzymes using the substrate luciferin-isopropyl acetal (IPA).
However, the effect CP has on CYP3A7 was not investigated nor was
its ability to inactivate CYP3A4 or CYP3A5 (Wright et al., 2020). Sim-
ilarly, azamulin has been reported to be a specific CYP3A4/5 inhibitor,
with an IC50 value of �0.5 mM as determined in primary human hepa-
tocytes (Chanteux et al., 2020). However, examination of the individ-
ual recombinant CYP3As was not reported, and CYP3A7 was not
included in the previous studies (Chanteux et al., 2020).
Herein, we tested all three inhibitors with a variety of substrate probes

and measured the effect they have on the activity of CYP3A4, CYP3A5,
and CYP3A7 to determine their adequacy in distinguishing CYP3A7 ac-
tivity. Enzyme activities were assessed using three specific substrate
probes—dibenzylfluorescein (DBF) (fluorescence-based assay), lucif-
erin-PPXE (luminescence-based assay), and midazolam [liquid chroma-
tography tandem mass spectrometry (LC-MS/MS)-based assay]. The
mixed inhibitor system reported here could be used to reduce off-target
inhibitory effects on CYP3A7 to characterize the specific contribution of
CYP3A7-mediated metabolism in neonatal HLMs (nHLMs).

Materials and Methods

Chemicals and Recombinant Enzymes. Insect cell microsomes prepared
from baculovirus-infected Sf9 cells (Supersomes) expressing human CYP3A4
(catalog #456202), CYP3A5 (catalog #456256), or CYP3A7 (catalog # 456237)

enzymes and insect controls (catalog #456200) were purchased from Corning
(Corning, NY). These Supersomes contain recombinant P450 enzyme coex-
pressed with human NADPH–cytochrome P450 reductase and human cyto-
chrome b5. Midazolam (CAS: 59467-70-8) prepared in methanol (1 mg/mL),
a-hydroxymidazolam-d4 prepared in methanol (100 mg/mL, catalog #H-921),
dehydroepiandrosterone (DHEA)-d5 (CAS:97453-25-3) prepared in methanol
(100 mg/mL), CYP3cide (catalog #PZ0195), CP (CAS: 25122-46-7), azamulin
(CAS: 76530-44-4), 1’-hydroxy-midazolam (1’-OH-MDZ; CAS: 59468-90-5),
4-hydroxy-midazolam (4-OH-MDZ; CAS: 59468-85-8), glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, and NADP1 were all obtained from Sigma-
Aldrich (St. Louis, MO). Dibenzylfluorescein (CAS: 97744-44-0) was obtained
from Cayman Chemical (Ann Arbor, MI). DHEA (CAS: 53-43-0), 16a-hydroxy-
DHEA (CAS: 1232-73-1), 7a-hydroxy-DHEA (CAS: 53-00-9), and 7b-hydroxy-
DHEA (CAS: 2487-48-1) were purchased from Steraloids (Newport, RI). The
P450-Glo CYP3A4 assay kit with luciferin-PPXE (catalog #V8912) was pur-
chased from Promega (Madison, WI); this kit includes the luciferin-PPXE probe
and the luciferin detection reagent. All other chemicals and solvents used were
obtained from standard suppliers and were of reagent or analytical grade.

Testing Selectivity of CYP3A Inhibitors and Probe Substrate Effects
Using the Nondilution IC50 Method. Assays were conducted in triplicate in
96-well polystyrene plates: flat black microtiter plates (Corning, catalog #3915)
for fluorescent assays, flat white plates (Corning, catalog #3912) for lumines-
cent assays, and clear deep-well plates (Sigma, catalog #BR01352) for liquid
chromatography–mass spectrometry assays. The testing conditions and reaction
parameters are presented in Supplemental Table 1. To assess time and NADPH
dependence, the nondilution method was performed as previously described
(Parkinson et al., 2011; https://www.cyprotex.com/admepk/in-vitro-metabolism/
cytochrome-p450-tdi-ic50-shif). In brief, individual CYP3As (2–20 pmol/ml final)
and inhibitors were preincubated in the presence and the absence of an NADPH
regeneration mixture for 30 minutes at 37 ˚ C before adding the probe substrate
(�Km) to all wells, and NADPH regeneration mixture (at final concentrations in
the incubations of 1 mM NADP1, 10 mM glucose-6-phosphate, and 2 IU/mL
glucose-6-phosphate dehydrogenase) was added to the reactions not preincubated
with NADPH. The reaction buffer consisted of 0.1 M potassium phosphate (Kpi)
buffer (pH 7.4) and 3.3 mM magnesium chloride (MgCl2). Samples were further
incubated with the probe substrate before subsequently stopping the reaction at
the indicated timepoints, either by 2 M NaOH (75 ml, DBF), luciferin detection
reagent (50 ml, luciferin-PPXE), or methanol containing 100 ng/mL a-hydroxymi-
dazolam-d4 internal standard (200 ml). Standard-condition IC50 assays were con-
ducted with no 30-minute preincubation step (i.e., 0 minutes preincubation). All
assays included incubations without the CYP3A enzyme(s) and were used as neg-
ative controls. Incubations with 0.25 mM ritonavir (1/� NADPH preincubation)
were used as a positive control for inhibition. Inhibitors were prepared at a stock
concentration of 30–60 mM in DMSO and serially diluted twofold. DMSO con-
centrations in vials were kept below 0.1% (v/v). Metabolite formation was mea-
sured at an excitation and emission wavelength of 485/538 nm for DBF, and
luminescent signal was detected using the Tecan Infinite 200 PRO. For the midazo-
lam assays, plates were centrifuged for 20 minutes at 2000g and 4 ˚ C to precipitate
proteins, and 5 mL aliquots of the supernatants were analyzed by LC-MS/MS.
Metabolites of midazolam (1’-OH- and 4-OH-MDZ) were detected by multiple
reaction monitoring (MRM) scans as described below.
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Fig. 1. Chemical structures of (A) CYP3cide, (B) clobetasol propionate, and (C) azamulin.
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Analytical Method for Midazolam Hydroxylation. The Waters Acquity
UPLC system interfaced by electrospray ionization with a Waters Xevo TQ-S
micro tandem quadrupole mass spectrometer (Waters Corp., Milford, MA) was
used in the positive ionization mode and with the MRM scan type. The following
source conditions were applied: 0.5 kV for the capillary voltage, 150�C for the
source temperature, 500�C for the desolvation temperature, 0 L/h for the cone
gas flow, and 900 L/h for the desolvation gas flow. The following mass transi-
tions, collision energies (CEs), and cone voltages (CVs) were used to detect the
respective analytes: 326 > 291 (CE, 28 V; CV, 10 V) for midazolam, 342 > 203
(CE, 28 V; CV, 15 V) for 1’-OH-MDZ, 342 > 234 (CE, 20 V; CV, 25 V) for
4-OH-MDZ, and 346 > 203 (CE, 26; CV, 25 V) for a-hydroxy-midazolam-d4,
used as the internal standard. Analytes were separated on a Waters BEH C18
column (1.7 mm, 2.1 × 50 mm) by flowing 0.1% formic acid in water and meth-
anol at 0.5 mL/min. The following gradient was used: 10% organic (methanol)
held for 0.5 minutes, increased to 98% over 2.5 minutes, and held at 98% for
1.0 minutes. The mass spectrometry peaks were integrated using QuanLynx soft-
ware (version 4.1, Waters Corp.), and the analyte:internal standard peak area ra-
tios were used to quantify the percentage of inhibition compared with the solvent
control peak area ratios.

DHEA Inhibition by CYP3cide and CP in Recombinant CYP3A
Mixtures. Assays were conducted in triplicate in clear deep-well plates (Sigma,
catalog #BR01352) with volumes of 200 mL. Reactions consisted of 0.1 M Kpi
(pH 7.4), 3.3 mM MgCl2, and varying mixtures of CYP3A enzymes containing
equal amounts of CYP3A enzymes (5 pmol/mL CYP3A7, 5 pmol/ml CYP3A7
and CYP3A4, 5 pmol/ml CYP3A7 and CYP3A5, and 5 pmol/ml CYP3A7,
CYP3A4, and CYP3A5). Insect cell control microsomes were added to the incu-
bations to ensure consistency of the protein concentrations between the different
CYP3A mixtures. For samples that included CYP3cide (1 mM final), CYP3cide
and enzyme mixtures were preincubated at 37�C in the presence of NADPH re-
generation mixture (1 mM NADP1, 10 mM glucose-6-phosphate, and 2 IU/mL
glucose-6-phosphate dehydrogenase final) for 30 minutes before adding the
probe substrate DHEA (5 mM final) or DHEA and CP (5 mM and 0.5 mM final,
respectively) to individual tubes. For reactions only containing CP, enzyme mix-
tures were preincubated at 37�C for 3 minutes before adding the probe substrate
and inhibitor, after which the incubation was started by the addition of NADPH
regeneration mix. All incubations were further incubated at 37�C for 8 minutes
and then stopped by the addition of 200 mL methanol containing 200 ng/mL
DHEA-d5 as internal standard. DMSO and methanol concentrations were kept
below 0.2% (v/v). Samples were incubated under steady-state kinetic conditions
as determined from a prior experiment establishing linearity up to a 20-minute
incubation time (data not shown). Incubations without NADPH served as nega-
tive controls. Precipitated proteins were collected by centrifugation of the
stopped samples for 20 minutes at 2000g and 4�C. Supernatants were transferred
to high-performance liquid chromatography vials, and aliquots of 5 mL were ana-
lyzed by LC-MS/MS. The 7a-, 7b-, and 16a-hydroxy-DHEA metabolites were
quantified based on a calibration curve ranging from 0.015 mM to 3.75 mM.

Analytical Method for Detection of DHEA Hydroxylation. The Waters
Acquity UPLC system, interfaced by electrospray ionization with a Waters Xevo
TQ-S micro tandem quadrupole mass spectrometer (Waters Corp.), was used in
the positive ionization mode and with the MRM scan type. The following source
conditions were applied: 1.0 kV for the capillary voltage, 150�C for the source
temperature, 500�C for the desolvation temperature, 50 L/h for the cone gas
flow, and 900 L/h for the desolvation gas flow. The following mass transitions,
CEs, and CVs were used to detect the respective analytes: 289.3 > 253.25 (CE,
10.0 V, CV, 20.0 V) for DHEA, 287.2 > 211.2 (CE, 18.0 V, CV, 10.0) for 7a-,
7b- and 16a-hydroxy DHEA, and 294.2 > 258.2 (CE, 12.0 V, CV, 10.0 V) for
DHEA-d5, used as the internal standard. Analytes were separated on a Waters
BEH C18 column (1.7 mm, 2.1 × 100 mm) by flowing 0.1% formic acid in wa-
ter and acetonitrile at 0.4 mL/min. The following gradient was used: 20% or-
ganic (acetonitrile) held for 0.5 minutes, increased to 70% over 3.5 minutes,
further increased to 98% over 0.5 minutes, and held at 98% for 1 minute. The
mass spectrometry peaks were integrated using QuanLynx software (version 4.1,
Waters Corp.), and the analyte:internal standard peak area ratios were used to
quantify metabolite formation. For determination of the hydroxy metabolite con-
centrations, the regression fits were based on the analyte:internal standard peak
area ratios calculated from the calibration standards, and the analyte concentra-
tions in the incubations were back-calculated using a weighted (1/x) linear least-
squares regression.

Data Analysis. Inhibition percentages were calculated based on the retrieved
signal without inhibitor present (solvent control, 0% inhibition). Data were fitted
to a nonlinear regression model [(Inhibitor) versus response (three parameters)]
in GraphPad Prism (version 9.5.0), considering only the mean Y value of each
point. The bottom and top of the curve were constrained to constants equal to 0
and 100, respectively. For experiments evaluating the effect of NADPH in the
preincubation, the best-fit IC50 values were compared using the extra sum-of-
squares F test. DHEA metabolism by various CYP3A mixtures was compared
with the CYP3A7 control by multiple unpaired t tests with Welch correction to
account for differences in standard deviation across groups. A P value of 0.05
was considered the threshold for significance.

Results

CYP3cide Inhibition Selectivity for CYP3A Isoforms. Examina-
tion of recombinant CYP3A4, CYP3A5, and CYP3A7 revealed that
CYP3cide was selective for CYP3A4 across all probes tested (Fig. 2;
Table 1). Initially, experiments were done to assess the impact of the
absence of NADPH in the preincubation reaction. Using DBF as a
probe (Fig. 2, A–C), the mean IC50 values for CYP3A4, CYP3A5, and
CYP3A7 were 0.273 mM, 27.0 mM, and 55.7 mM, respectively. Luciferin-
PPXE (Fig. 2, D–F) resulted in lower IC50 values across all enzymes:
0.0960 mM, 4.52 mM, and 30.4 mM for CYP3A4, CYP3A5, and
CYP3A7, respectively. Assessment with midazolam (Fig. 2, G–I) gener-
ated comparable, albeit slightly increased, IC50 values as DBF and lucif-
erin across all enzymes, with IC50 values of 0.119 mM, 20.2 mM, and
72.8 mM for CYP3A4, CYP3A5, and CYP3A7, respectively. Excluding
CYP3A5 testing with luciferin-PPXE, these results are consistent with
previous reports (Williams et al., 2002; Walsky et al., 2012; Wright
et al., 2020).
IC50 shifts, suggesting metabolism-dependent inhibition (MDI), were

only observed in the CYP3A4 experiments, with the exception once
again of CYP3A5 and luciferin-PPXE (Fig. 2E); however, the shift
observed with CYP3A5/luciferin-PPXE was not statistically significant
(P 5 0.08), and the time/NADPH-dependent IC50 value (1.94 mM) is
still 100 times greater than that determined in the CYP3A4 experiments
(0.0378 mM). CYP3A4 metabolism-dependent IC50 values were 0.00413 mM,
0.0378 mM, and 0.0665 mM in CYP3A4 experimentation with midazo-
lam, luciferin-PPXE, and DBF, respectively. To account for the effects
of nonspecific protein binding, a control experiment adjusting for pro-
tein content was conducted to ensure that the significant change in time/
NADPH-dependent IC50 values was not due to nonspecific protein
binding in the incubations that could affect the free concentration of the
inhibitor (Supplemental Fig. 1). Overall, the CYP3cide IC50 values for
CYP3A4 were at least 100-fold lower compared with CYP3A5 and
CYP3A7 across all probe substrates, making this a promising inhibitor
for our intended purposes.
CP Inhibition Selectivity for CYP3A Isoforms. Our assessment

of CP with CYP3A4, CYP3A5, and CYP3A7 demonstrated that the
compound was most selective for CYP3A5 inhibition (Fig. 3; Table 2).
Across all probes tested, no significant IC50 shift was measured with
CYP3A5, indicating no metabolism dependency for the inhibition ob-
served. Using DBF as a probe (Fig. 3, A–C), CP was at least one order
of magnitude more potent at inhibiting CYP3A5 than CYP3A4 and
CYP3A7, with IC50 values of 0.157 mM, 9.29 mM, and 2.55 mM, re-
spectively. Similar inhibition values were observed for CYP3A4 and
CYP3A5 when testing with midazolam (Fig. 3, G–I), with IC50 values
of 3.16 mM and 0.128 mM, respectively. Conversely, CYP3A7 inhibition
by CP resulted in reduced inhibitory potency with midazolam (15.83 mM)
compared with the other probe substrates.
Although activity testing using luciferin-PPXE as a probe did not sig-

nificantly change the IC50 value retrieved for CYP3A4 or CYP3A7
(3.16 mM and 3.78 mM, respectively; Table 2), a significantly different

1226 Work et al.
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value was observed with CYP3A5. The resulting IC50 value was
0.0382 mM (Fig. 3E). This is most likely due to the poor capabilities of
CYP3A5 to metabolize luciferin-PPXE. Upon characterization, we dis-
covered that CYP3A5 was the least catalytically active metabolizer of
luciferin-PPXE, requiring higher concentrations of CYP3A5 and the
luciferin probe to quantify CYP3A5 activity (Supplemental Fig. 2).
Luciferin-PPXE also generated data that did not fit the standard slope
equation when testing CYP3A4 inhibition by CP (R2, 0.766). Refitting
the data to the variable slope equation results in an improved fit (Fig. 3D;
R2, 0.998) and an IC50 value of 4.95 mM when adjusting the Hill slope
from 1.0 to 0.528, suggesting negative cooperativity toward CYP3A4
versus CYP3A5. These results highlight the importance of probe selection
on P450 inhibition studies. However, across all probe substrates tested,
CP was more selective for CYP3A5 by 1 to 2 orders of magnitude com-
pared with CYP3A4 and CYP3A7. At lower concentrations, CP could
possibly be used to inhibit CYP3A5 activity without significantly reduc-
ing CYP3A7 activity.
Azamulin Inhibition Selectivity for CYP3A Isoforms. Upon

testing azamulin for its selectivity, we found that azamulin was most se-
lective for CYP3A4 across all probe substrates tested; however, the
value varied based on probe selection (Fig. 4; Table 3). Although IC50

values were similar among all three probes, the metabolism-dependent
IC50 differed greatly. No significant IC50 shift was detected with DBF

(Fig. 4A) (0.171 mM versus 0.104 mM); however, both luciferin-PPXE
(Fig. 4D) and midazolam (Fig. 4G) produced more significant IC50

shifts, albeit to different extents. Using luciferin-PPXE as a probe, the
IC50 value shifted from 0.156 mM to 0.0573 mM, a 2.7-fold shift. Mid-
azolam testing produced a 52-fold shift, from 0.0585 mM to 0.00112 mM.
A similar pattern was observed with CYP3A7 (Fig. 4, C, F, and I). DBF
did not exhibit a significant IC50 shift (>1.5-fold) resulting from NADPH
preincubation with CYP3A7, but it demonstrated a general trend in that
direction; the standard-condition and metabolism-dependent IC50 values
were 0.614 and 0.427 mM, respectively, resulting in a 1.4-fold shift.
Luciferin-PPXE and midazolam led to comparable values for CYP3A7,
1.10 mM and 1.31 mM, respectively, and a greater than twofold IC50 shift
was observed with these probe substrates.
In contrast to CYP3A4 and CYP3A7, CYP3A5 produced substan-

tially different results across all probe substrates tested. No IC50 shift
was observed with either the DBF or midazolam substrate probes; how-
ever, the amount of inhibition detected with DBF was approximately
twofold less than midazolam, the values being 1.07 and 0.580 mM,
respectively. On the other hand, luciferin-PPXE did demonstrate an
IC50 shift with azamulin from 2.34 mM to 0.901 mM, an approximately
2.6-fold shift. Nevertheless, the time/NADPH-dependent IC50 detected
with luciferin-PPXE is comparable to the standard-condition IC50 val-
ues detected with midazolam and DBF as probe substrates. Although
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Fig. 2. CYP3A4, CYP3A5, and CYP3A7 selectivity for CYP3cide inhibition using dibenzylfluorescein (A–C), luciferin-PPXE (D–F), and midazolam (G–I) as probes.
Data points represent the average of triplicate incubations, with error bars representing the standard deviations. Filled circles, 30-minute preincubation in the presence
of NADPH; closed squares, 30-minute preincubation in the absence of NADPH. Complete IC50 curves for CYP3A5 and CYP3A7 testing could not be generated due
to solubility and DMSO solvent constraints. All curves were generated as described in Materials and Methods.
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azamulin is referenced to be a specific CYP3A inhibitor, our findings
indicate that it is most selective for CYP3A4 and cannot differentiate
between CYP3A5 and CYP3A7 activity.
Selectivity of CYP3cide and CP for CYP3A4/5 Inhibition in a

Recombinant CYP3A Mixture. To differentiate CYP3A7 activity in
a recombinant CYP3A mixture that might mimic nHLMs, we selected
the inhibitors CYP3cide and CP. Although azamulin was more selective
for CYP3A4 compared with CYP3A5 and CYP3A7, it was not as
selective for CYP3A4 compared with CYP3cide; IC50 values for
CYP3cide with CYP3A4 were �1000-fold lower compared with
CYP3A7, and in comparison, azamulin CYP3A4 IC50 values varied
between 10 and 100-fold lower than CYP3A7 depending on the
probe selection. Azamulin also could not be used to distinguish
between CYP3A5 and CYP3A7 activity without also inhibiting
CYP3A7 due to azamulin’s similar specificity for these CYP3A
isoforms. The CYP3cide and CP concentrations tested (1 mM and
0.5 mM, respectively) were selected to be at least 5 times the IC50

value of the corresponding specific P450 isoform but low enough to
limit potential inhibition of CYP3A7. Under these conditions, the
16a-OH-DHEA metabolite is highly representative of CYP3A7 activ-
ity. At the concentrations used, CYP3cide had minimal effects on
CYP3A7 activity across all DHEA metabolites measured (Fig. 5). The
formation of 16a-OH-DHEA, the main metabolite formed by
CYP3A7, was inhibited by CYP3cide by �8% compared with the sol-
vent control when CYP3A7 was the only P450 enzyme present; how-
ever, when CYP3A4 and CYP3A7 were both present in the reaction,
16a-OH-DHEA formation levels matched CYP3A7 control levels,
likely due to CYP3cide’s preference toward CYP3A4. CYP3A4 alone
was inhibited by �84% (data not shown), whereas CYP3A7 activity
was minimal (Fig. 5A). The same pattern was observed for metabolite
formation of 7b-OH- and 7a-OH-DHEA, both minor metabolites of
DHEA metabolism produced by CYP3A7; for these metabolites,
CYP3A7 was only inhibited by �5% compared with the solvent con-
trol and unaffected when in solution with CYP3A4 (Fig. 5, B and C).
CP inhibited CYP3A7 DHEA metabolism by 12%–16% when no other

P450 enzyme was in the reaction (Fig. 5, A–C). In reactions where
CYP3A5 and CYP3A7 were present, CYP3A5 did not significantly in-
crease DHEA metabolism; if we assume that CP inhibited 100% of DHEA
metabolism by CYP3A5 and the only formation observed is from CYP3A7
activity, CP appears to be inhibiting �15% of 16a-OH-DHEA formation
by CYP3A7 (Fig. 5A). The same pattern is observed when measuring
7a-OH-DHEA formation (Fig. 5C). Although formation of 7b-OH-DHEA
was detectable across all reactions, CP inhibited CYP3A5 and CYP3A7
activity to concentration levels below the level of quantification (Fig. 5B).
In solvent control reaction mixtures containing equal amounts of

CYP3A4, CYP3A5, and CYP3A7, the total formation of all three me-
tabolites decreased compared with solvent control reactions only con-
taining CYP3A4 and CYP3A7; this is likely due to the similar Km

values of DHEA and competitive binding between the three isoforms.
Thus, DHEA is distributed between the CYP3A enzymes and lowering the
overall observed metabolism. The effects of CYP3cide are similar to those
observed in CYP3A4/7 reaction mixtures; CYP3A4 activity is�85% inhib-
ited, and CYP3A7 activity is not significantly reduced (<5% inhibition). In-
terestingly, CP effects were not as inhibitory toward CYP3A7 when in the
presence of CYP3A4 and CYP3A5; CYP3A7 activity only decreased by
5%–10% compared with the CYP3A7 solvent control (Fig. 5A). Similar to
DHEA, this could be due to CP competing for binding between all the
CYP3A isoforms. CP appears to show more preference for CYP3A5 and
CYP3A4 than CYP3A7 in mixed solutions. The off-target effects of
CP are reduced depending on the ratio of CYP3A enzymes present.
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Discussion

The incidence of off-label medicines prescribed and administered in
the NICU population varies from 34% to 100% due to the fact that the
majority of drugs are tested for safety and efficacy only in the general
adult population and not in neonates. This high rate of off-label drug
use has, in turn, caused a high incidence rate of DDIs in neonates. In a
recent cohort study of 220 NICU patients, 70% experienced a DDI inci-
dent, almost 30% of which included major adverse reactions, such as re-
spiratory depression (Costa et al., 2021). The risk for metabolism-based
DDIs is most commonly assessed with pooled adult HLMs. However,
drug dosing and safety in neonates is often determined by extrapolating
from the dosing regimens validated in other pediatric and adult cohorts
and rarely incorporates neonatal physiology.
To better estimate drug safety in neonates, preclinical drug testing

ideally would be performed using nHLMs; however, these are a rare
resource and often not commercially available. As an alternative,
characterizing CYP3A7 enzyme activity in nHLMs and obtaining
an intersystem extrapolation factor for use with recombinant enzyme
could be a plausible solution to estimate relative rates of drug metabo-
lism and enzyme inhibition for drugs that are primarily metabolized
through the CYP3A pathway. Although neonates principally express

CYP3A7 in the liver, they also may have low levels of CYP3A4 and
CYP3A5. These three enzymes have similar affinities to drugs, which
makes it difficult to differentiate the activity of these enzymes
when they are present simultaneously. To distinguish CYP3A7 ac-
tivity, we investigated the use of three recently reported CYP3A in-
hibitors—CYP3cide, clobetasol propionate, and azamulin. To this
end, we tested a variety of probes ranging in sensitivity and ease of
detection as probe selection has previously been shown to influence
levels of enzyme inhibition. DBF is a CYP3A fluorescent substrate
routinely used as a probe for CYP3A activity. Luciferin-PPXE is
part of an enzyme assay kit sold by Promega (P450-Glo), is DMSO
tolerant, and is commonly used as a CYP3A4 high-throughput
screening probe. Midazolam is a standard CYP3A probe, both sen-
sitive and biologically relevant, as midazolam is administered both
to neonates and adults for anesthesia.
We conducted inhibition experiments using the nondilution

method over the more commonly employed dilution method to assess
metabolism-dependent inhibition (Parkinson et al., 2011). There is sub-
stantial variation in the literature reports, and between individual research
groups, regarding whether the IC50 shift is deduced from the predilution
or postdilution concentration when using the dilution method. When
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Fig. 3. CYP3A4, CYP3A5, and CYP3A7 selectivity for clobetasol propionate inhibition using dibenzylfluorescein (A–C), luciferin-PPXE (D–F), and midazolam (G–I) as probes.
Data points represent the average of triplicate incubations, with error bars representing the standard deviations. Filled circles, 30-minute preincubation in the absence of NADPH;
closed squares, 30-minute preincubation in the presence of NADPH. All curves were generated as described in Materials and Methods, except for CYP3A4/Luciferin-PPXE (D)
and CYP3A4/Midazolam (G), which were generated using a different nonlinear regression model [(Inhibitor) versus response—variable slope (four parameters)] in GraphPad
Prism (version 10.2.0).
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processed on the final or postdilution inhibitor concentration, IC50 values
typically decrease by the magnitude of the dilution factor. Additionally,
the dilution method requires using a high amount of enzyme, which can
lead to free inhibitor depletion due to nonspecific binding. These con-
siderations led us to choose the nondilution approach.
The results we obtained are in agreement with previous findings

regarding CYP3cide specificity for CYP3A4 (Walsky et al., 2012),
even though our probe substrates varied from those previously stud-
ied (testosterone and midazolam). CYP3cide was found to be an ir-
reversible inhibitor of only CYP3A4, with an IC50 value three
orders of magnitude lower than CYP3A5 and CYP3A7 across all
probe substrates tested. Testing metabolism-dependent inhibition of
CYP3A4 by CYP3cide using midazolam as a probe resulted in an
IC50 value 10-fold lower than that obtained by DBF and luciferin-PPXE.
Midazolam, as a substrate probe of enzyme activity, is more specific
for CYP3A4 and requires either a liquid chromatography or LC-MS as-
say, lending additional credence to the results obtained with this probe
substrate.
Although CP was most specific for CYP3A5, it did not exhibit an

NADPH dependence as would be indicative of an MDI. Previous work
suggests CP to be a heme-mediated inhibitor based on differences in
drug-induced Soret spectral shifts between CYP3A4 and CYP3A5 as
well as an in silico docking/molecular dynamics study (Wright et al.,
2020). However, none of the seven criteria for definitive MDI identifi-
cation were satisfied in this study (Silverman, 1995) nor were inactiva-
tion constant (Ki) and activation rate (Kinact) determined. Moreover, the
IC50 shift experiments conducted in this paper do not support this claim
as no shift was identified with recombinant P450 enzyme. In regard to
P450 MDI determination, Soret spectra and in silico docking/molecular
dynamics can be misleading, which underscores the importance of Sil-
verman’s seven criteria for definitive MDI determination. It is possible
that the inactivation is not dependent on metabolism and that CP may
simply be a tightly bound competitive inhibitor.
The IC50 values reported for CYP3A4 and CYP3A5 were 15.6 mM

and 0.206 mM, respectively, based upon activity assays using luciferin-
IPA as a probe substrate (Wright et al., 2020). Across all three probe
substrates we tested, no IC50 values obtained were in the same range for
CYP3A4 as the value previously reported by Wright et al. (2020), signi-
fying the importance of probe selection in P450 inhibition assays.
CYP3A4 and CYP3A7 had comparable IC50 values for CP across all
probe substrates, with the exception of CYP3A7 testing with midazolam,
which resulted in an IC50 value more than 10-fold greater than that of
CYP3A4. CYP3A7 activity was tested well below the Km value of mid-
azolam (15 mM versus �115 mM), which potentially distorted the
results. Furthermore, CYP3A4 inhibition by CP suggested negative coop-
erativity as evidenced through its activity with midazolam and luciferin-
PPXE (Fig. 3; Table 2). The resulting Hill coefficient for midazolam and
luciferin-PPXE testing were �0.778 and 0.584, respectively. Due to CP’s
structure, it is not entirely surprising that this compound had the lowest
specificity for any of the CYP3A enzymes. The structure is comprised of
the basic steroid skeleton, and CYP3A enzymes are well known to me-
tabolize endogenous steroids as well as play a significant role in their
synthesis (e.g., testosterone, estrogen, dehydroepiandrosterone, etc.).
This greatly explains all three enzymes’ capacity to interact with this
compound.
Across all three inhibitors, testing CYP3A5 inhibition with luciferin-

PPXE as an activity probe resulted in values that were significantly less
than the values generated with midazolam and DBF. This is likely
due to the poor metabolizing capabilities of CYP3A5 in regard to
luciferin-PPXE. No commercially available luciferin substrate is
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recommended specifically for CYP3A5; those indicated for CYP3A4
can also be used to assay CYP3A5 or CYP3A7, according to the
manufacturer (Promega). Although it would have been preferred to
use luciferin-IPA for easier comparison with Wright et al. (2020),
this probe is DMSO intolerant, which we found problematic since
the inhibitors and DHEA probe are dissolved in this solvent. There-
fore, Luciferin-PPXE was chosen instead because of its DMSO solubility
when compared with the other luciferin products and its selectivity for
the CYP3A enzymes. However, our data show that choosing this probe can
compromise the results obtained with CYP3A5. Interestingly, of all the en-
zymes tested, CYP3A5 seemed most sensitive to substrate probe selection.
Azamulin was previously reported to be a CYP3A4/5 inhibitor based

upon incubation with hepatocytes (Chanteux et al., 2020). However, the
degree of its specificity varied between the probes used. For instance,
incubations with DBF produced IC50 values within the same range for
CYP3A4 and CYP3A7, whereas midazolam produced IC50 values with
a 20-fold difference between CYP3A4 and CYP3A7. Interestingly, aza-
mulin was also found to be an MDI of CYP3A4 and CYP3A7 but not
CYP3A5 across all probe substrates tested. CYP3A4 and CYP3A7
have the highest sequence identity between these three CYP3A en-
zymes (�88%), which may help explain the similar results obtained
with these enzymes.
Although probe selection did not seem to influence IC50 values, it did

have a drastic effect on the metabolism-dependent IC50 values. Even

though all three inhibitors examined displayed various affinities to the
respective CYP3A enzymes, in all cases the most significant IC50 shifts
occurred with midazolam as a probe substrate. This suggests that mid-
azolam metabolism may be more sensitive to MDI than other probe
substrates.
CYP3cide and CP were evaluated further and were found to be

promising inhibitors for the purpose of probing CYP3A7 activity
in nHLMs. The abundance of CYP3A5 in fetal and neonatal sam-
ples has been reported to be significantly lower or nonexistent
compared with CYP3A7 (Hakkola et al., 2001; Fanni et al., 2014).
Thus, it is not as integral to have a specific inhibitor of CYP3A5 in
most nHLMs studies. Despite this consideration, at low concentra-
tions CP is a promising inhibitor to minimize CYP3A5 activity
without disturbing CYP3A7.
In contrast to CYP3A5, CYP3A4 abundance has been reported to in-

crease after �2 weeks postnatal age and can reach 30%–40% of adult
values by 4 weeks of age (Hines 2007; O’Hara et al., 2015). However,
the onset of CYP3A4 development can be delayed due to premature
birth, causing high interindividual variation. Thus, being able to differenti-
ate between CYP3A4 and CYP3A7 is critical for assessing CYP3A7’s
contribution to the metabolism of any particular drug. In conclusion, our
results signify CYP3cide and CP’s ability to inhibit CYP3A4 and
CYP3A5 without significantly disrupting CYP3A7 activity in systems
with mixed CYP3A enzymes, thus providing an important tool to assay
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Fig. 4. CYP3A4, CYP3A5, and CYP3A7 selectivity for azamulin inhibition using dibenzylfluorescein (A–C), luciferin-PPXE (D–F), and midazolam (G–I) as
probes. Data points represent the average of triplicate incubations, with error bars representing the standard deviations. Filled circles, 30-minute preincubation
in the presence of NADPH; closed squares, 30-minute preincubation in the absence of NADPH. All curves were generated as described in Materials and
Methods.
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for the specific contribution of CYP3A7 to the metabolism of individual
drugs.
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Fig. 5. DHEA hydroxylation to (A) 16a-OH-, (B) 7b-OH-, and (C) 7a-OH-
DHEA by various rCYP3A mixtures and inhibition by CYP3cide and CP. Data
points represent individual measurements from a single incubation, whereas
the bars represent the average of the three data points, with error bars repre-
senting the standard deviations. Some measurements were below the level of
quantification (BLQ) and are not shown (B). Groups were compared with the
CYP3A7 solvent control for statistical significance using Welsh’s t test. *P <
0.05; **P < 0.01; ***P < 0.001.
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