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ABSTRACT: Prophylactic antiretroviral therapy (ART) in HIV
infected pregnant mothers and their newborns can dramatically
reduce mother-to-child viral transmission and seroconversion in the
neonate. The ritonavir-boosted lopinavir regimen, known as
Kaletra, has been associated with premature birth and transient
adrenal insufficiency in newborns, accompanied by increases in
plasma dehydroepiandrosterone 3-sulfate (DHEA-S). In the fetus
and neonates, cytochrome P450 CYP3A7 is responsible for the
metabolism of DHEA-S into 16α-hydroxy DHEA-S, which plays a
critical role in growth and development. In order to determine if
CYP3A7 inhibition could lead to the adverse outcomes associated
with Kaletra therapy, we conducted in vitro metabolic studies to determine the extent and mechanism of CYP3A7 inhibition by both
ritonavir and lopinavir and the relative intrinsic clearance of lopinavir with and without ritonavir in both neonatal and adult human
liver microsomes (HLMs). We identified ritonavir as a potent inhibitor of CYP3A7 oxidation of DHEA-S (IC50 = 0.0514 μM), while
lopinavir is a much weaker inhibitor (IC50 = 5.88 μM). Furthermore, ritonavir is a time-dependent inhibitor of CYP3A7 with a KI of
0.392 μM and a kinact of 0.119 min−1, illustrating the potential for CYP3A mediated drug−drug interactions with Kaletra. The
clearance rate of lopinavir in neonatal HLMs was much slower and comparable to the rate observed in adult HLMs in the presence
of ritonavir, suggesting that the addition of ritonavir in the cocktail therapy may not be necessary to maintain effective concentrations
of lopinavir in neonates. Our results suggest that several of the observed adverse outcomes of Kaletra therapy may be due to the
direct inhibition of CYP3A7 by ritonavir and that the necessity for the inclusion of this drug in the therapy may be obviated by the
lower rate of lopinavir clearance in the neonatal liver. These results may lead to a reconsideration of the use of ritonavir in neonatal
antiretroviral therapy.

■ INTRODUCTION

Prevention of mother-to-child human immunodeficiency virus
(HIV) transmission during pregnancy, delivery, and breast-
feeding by using antiretroviral therapy (ART) has proven to be
extremely beneficial in reducing the number of new HIV-1
infections in children.1−3 The antiretroviral (ARV) drug
regimens used for pregnant women and neonates include
nucleoside reverse transcriptase inhibitors (NRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTIs), protease
inhibitors (PIs), or integrase strand transcriptase inhibitors
(INSTIs) with treatment frequency and duration dependent
on the risk factors involved.4,5 However, these treatments have
their challenges with modulating metabolic pathways in both
the mother and the newborn resulting in dyslipidemia, glucose
intolerance, and abnormal mitochondrial function or adrenal
dysfunction.6−9 The PI ritonavir-boosted lopinavir regimen,
also known as Kaletra, is used during pregnancy or as a
prophylactic treatment for neonates and has been associated
with premature birth and transient adrenal insufficiency in
newborns.7,10−12 Previous studies have shown elevated plasma

concentrations of adrenal steroid hormones including 17α-
hydroxy progesterone (17-OHP), dehydroepiandrosterone
(DHEA), and dehydroepiandrosterone 3-sulfate (DHEA-S)
in neonates receiving the Kaletra treatment (Figure 1).7,8,13

Several hypotheses regarding the mechanism of adrenal
hormonal imbalance and the associated life-threatening
symptoms observed in newborns subjected to Kaletra therapy
have been proposed. One of the excipients of Kaletra is
propylene glycol, and while it is not known to effect
steroidogenesis,14 it has been proposed that the alcohol
properties of the compound may be responsible for some of
the harmful effects including heart, kidney, and breathing
complications.12 A mechanism for the alteration of the adrenal
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hormonal profile was proposed by Kariyawasam et al. in 2020
who demonstrated moderate inhibition by lopinavir, but not
ritonavir, of two adrenal cytochrome P450 (CYP) enzymes,
CYP17A1 and CYP21A2, in NCI-H295R cells.13 This could
point to a mechanism that may explain many of the clinical
pathologies associated with Kaletra treatment. However,
ritonavir and lopinavir are much more effective inhibitors of
CYP3A4, the CYP enzyme predominantly associated with their
clearance in vivo, than other CYP enzymes.11,15−17 Interest-
ingly, CYP3A4 is virtually absent in the neonate, while
CYP3A7 is the dominant CYP3A subfamily enzyme present
and is responsible for the clearance of drugs through the
CYP3A enzymatic pathway.18−23 Nevertheless, the primary
role of CYP3A7 is the oxidation of DHEA-S to 16α-
hydroxydehydroepiandrosterone 3-sulfate (16α-hydroxy
DHEA-S),24,25 an important intermediate in the estriol
biosynthetic pathway. In the pregnant mother, 16α-hydroxy
DHEA-S is exported to the placenta where it subsequently
undergoes desulfation and a series of oxidations to ultimately
form estriol, which is critically important in bringing the
pregnancy to full term.26,27 Women with low estriol levels are
far more likely to give birth to premature and even stillborn
infants.28 Furthermore, the level of 16α-hydroxy DHEA-S is an
important indicator for normal growth and development of the
neonate.29 Inhibition of CYP3A7, therefore, could cause
irrevocable harm to the developing fetus. While the
involvement of the hepatic CYP3A enzymes in the deleterious
side effects of Kaletra has been postulated in previous
studies,7,8 to our knowledge no research has been conducted
to examine the impact of CYP3A7 inhibition by lopinavir and
ritonavir on endogenous DHEA-S metabolism. Given that
ritonavir is a potent inhibitor of CYP3A4, it is a reasonable
hypothesis that it is highly likely to also inhibit CYP3A7 and

interfere with the oxidation of DHEA-S. Therefore, we set out
to test if this was indeed the case and, if so, to determine the
mode and quantitative extent of the inhibition. Similarly, since
both ritonavir and lopinavir are dosed together, we also sought
to determine the CYP3A7 inhibition parameters associated
with lopinavir as well. In the adult, lopinavir is primarily
cleared by CYP3A4. Ritonavir is included as an adjuvant for its
properties as a potent CYP3A4 inhibitor, thereby improving
the pharmacokinetic profile of lopinavir.11,30 However, there is
no data currently available in the literature regarding lopinavir
clearance in the neonatal liver. Given that CYP3A7 is the main
CYP3A isoform present in the neonatal liver, and that it has
critical physiological functions, it is important to understand if
differences in lopinavir clearance exist between the CYP3A4
and CYP3A7 enzymes. Therefore, in this study we also
characterized the intrinsic clearance of lopinavir for the
recombinant CYP3A4 and CYP3A7 enzymes and for adult
and neonatal pooled human liver microsomes.

■ EXPERIMENTAL PROCEDURES
Materials. The DHEA-S standard was purchased from Cayman

Chemical (Ann Harbor, MI). The metabolite standard, 16α-hydroxy
DHEA-S, was purchased from Steraloids (Newport, RI). Glucose-6-
phosphate, glucose-6-phosphate dehydrogenase, β-nicotinamide ad-
enine dinucleotide phosphate (NADP+), and the internal standard,
dehydroepiandrosterone-d5-3-sulfate (DHEA-S-d5), were obtained
from Sigma-Aldrich (St. Louis, MO). Lopinavir, ritonavir, and
saquinavir mesylate were purchased from Toronto Research
Chemicals (North York, ON, Canada). All other chemicals and
solvents used were obtained from standard suppliers and were of
reagent or analytical grade. The CYP3A4 (catalog number: 456202)
and CYP3A7 Supersomes (catalog number: 456237) were purchased
from Corning (Corning, NY) where the recombinant CYP3A
enzymes were coexpressed with the human cytochrome P450

Figure 1. Neonatal adrenal steroid synthesis and hepatic metabolism of DHEA-S.
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reductase and the human cytochrome b5 in Sf9 insect cells using a
baculovirus expression system.
Adult and Neonatal Human Liver Microsomes. Adult human

liver microsomes (HLMs) were purchased from Sekisui XenoTech,
LLC (Kansas City, KS). XTreme 200 mixed gender adult HLMs
(catalogue number: H2610) were used for this study.
The neonatal liver tissues were donations from the Liver Center of

the University of Kansas, Medical Center and were between 5 and 10
days of age. Neonatal HLMs were prepared following the method
described by Pearce et al. (1996) with slight modifications.31 In brief,
frozen neonatal liver tissue samples were weighed and transferred in
homogenization buffer (50 mM Tris-HCl buffer, pH 7.4, 150 mM
potassium chloride, and 2 mM ethylenediaminetetraacetic acid
[EDTA]) to thaw. The liver tissues were minced thoroughly on ice
and further processed using a tissue Tearor (3 × 5 s). A Teflon-glass
homogenizer was used to further homogenize the liver tissues (6−8
strokes). The liver homogenate samples were then centrifuged for 20
min at 12,000 × g and 4 °C in an Eppendorf 5910R centrifuge to
remove unbroken cells, nuclei, mitochondria, and lysosomes. The
supernatants, corresponding to the cytosolic and microsomal
fractions, were then centrifuged for 1 h at 105,000 × g and 4 °C in
a Beckman L-80 ultracentrifuge with a Sorvall 50.2 Ti rotor (Sorvall,
Newton, CT). The upper lipid bilayer was removed with a cotton
swab, and the cytosolic supernatants were collected. The microsomal
pellets were resuspended in wash buffer (150 mM potassium chloride
and 10 mM EDTA) and homogenized with a Teflon-glass
homogenizer. The microsomal suspension samples were further
centrifuged for 1 h at 105,000 × g and 4 °C in a Beckman
ultracentrifuge with a Sorvall 50.2 Ti rotor. The resulting microsomal
pellets were homogenized in 250 mM sucrose and stored at −80 °C.
The neonatal HLM protein concentrations were determined using a
Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific, Waltham MA). A pool of three neonatal HLMs was
prepared by combining microsomes based on an equal protein
amount for each. The neonatal HLMs were assessed for CYP3A and
CYP4A11 enzyme activities using midazolam and lauric acid as probe
substrates, respectively, and metabolite formation was determined by
liquid chromatography tandem mass spectrometry (LC-MS/MS)
analysis (data not shown).
Recombinant CYP3A7 in Vitro Activity and Inhibition

Assays for DHEA-S. The kinetic reactions (250 μL) evaluating
DHEA-S metabolism by the recombinant CYP3A7 Supersomes
contained various concentrations of DHEA-S (2.5−120 μM)
dissolved in methanol (0.5% v/v), CYP3A7 Supersomes (10 pmol/
mL), 100 mM potassium phosphate buffer (pH 7.4), and 3 mM
MgCl2. After an equilibration at 37 °C for 3 min, the reactions,
prepared in triplicate, were initiated by the addition of a NADPH-
regenerating system mix consisting of NADP+ (1 mM), glucose-6-
phosphate (10 mM), and glucose-6-phosphate dehydrogenase (2 IU/
mL). The reactions were incubated for 10 min at 37 °C under
agitation and were stopped by the addition of ice-cold methanol (250
μL) containing 100 ng/mL DHEA-S-d5 internal standard. The
reactions were done under steady state kinetics based on a prior time
and protein experiment establishing linearity up to a 20 min
incubation time (data not shown). Incubations without the
NADPH-regenerating system mix served as negative controls.
Precipitated proteins were collected by centrifugation of the stopped
reaction samples for 10 min at 1,800 × g and 4 °C. Supernatants were
transferred to high performance liquid chromatography (HPLC) vials,
and aliquots of 5 μL were analyzed by LC-MS/MS. The 16α-hydroxy
DHEA-S metabolite was quantified based on a calibration curve
ranging from 0.025 to 10 μM.
Similar assay conditions were used for the inhibition reactions with

the HIV protease inhibitors and the recombinant CYP3A7 Super-
somes except that the concentration of DHEA-S was set to 5 μM, and
the reaction volume was 200 μL. The concentration ranges tested for
lopinavir and ritonavir, dissolved in methanol, were 0.05 to 100 μM
and 0.0005 to 1 μM, respectively. Solvent control (methanol) was
used as the 100% control activity. Methanol concentration in the final
incubation reactions was 1% (v/v).

For ritonavir time-dependent inhibition, recombinant CYP3A7
Supersomes (100 pmol/mL) were preincubated in triplicate with
ritonavir at 0.01, 0.05, 0.1, 0.25, 0.5, and 1 μM in 100 mM potassium
phosphate buffer (pH 7.4) and 3 mM MgCl2. Ritonavir was dissolved
in methanol (0.4%, v/v), and solvent control (methanol) was used as
the 100% control activity. The preincubation reactions (final volume
of 240 μL) were started by the addition of the NADPH-regenerating
system mix. After 0, 8, 16, 24, and 32 min at 37 °C, a 20 μL aliquot of
the recombinant CYP3A7/ritonavir preincubation was transferred to
a 50 μM DHEA-S reaction (180 μL) containing 100 mM potassium
phosphate buffer (pH 7.4), 3 mM MgCl2, and the NADPH-
regenerating system mix. The DHEA-S incubations were stopped
after 8 min at 37 °C by the addition of ice-cold methanol (200 μL)
containing 100 ng/mL DHEA-S-d5 internal standard. Precipitated
proteins were collected by centrifugation of the stopped reaction
samples for 10 min at 1,800 × g and 4 °C. Supernatants were
transferred to HPLC vials, and aliquots of 5 μL were analyzed by LC-
MS/MS for formation of the 16α-hydroxy DHEA-S metabolite.

Inhibition of DHEA-S Metabolism in Neonatal Human Liver
Microsomes by Lopinavir and Ritonavir. DHEA-S (50 μM) was
incubated with neonatal pooled HLMs (0.05 mg/mL) in 1.8 mL
reactions containing 100 mM potassium phosphate buffer (pH 7.4)
and 3 mM MgCl2. The inhibition effect of lopinavir (8 μM) without
and with ritonavir (0.5 μM) was assessed for the formation of the
16α-hydroxy DHEA-S metabolite. The lopinavir concentration tested
was near the Cmax reported by Foissac et al. (2017), and ritonavir was
about a 16-fold lower concentration than lopinavir as reported in the
Kaletra package insert.32,33 After an equilibration at 37 °C for 3 min,
the reactions, prepared in triplicate, were initiated by the addition of
the NADPH-regenerating system mix. Incubation aliquots of 150 μL
were transferred at 0, 5, 10, 15, 20, 25, and 30 min into ice-cold
methanol (150 μL) (containing 50 ng/mL DHEA-S-d5 as internal
standard) to stop the enzymatic reaction. Solvent control incubations
were prepared with a final methanol concentration at 0.5% (v/v).
Additional incubations without the NADPH-regenerating system mix
were done in parallel as negative controls. The samples were
centrifuged for 20 min at 3,400 × g and 4 °C to remove precipitated
proteins. Supernatants were transferred to HPLC vials, and aliquots of
2 μL were analyzed by LC-MS/MS. The 16α-hydroxy DHEA-S
metabolite was quantified based on a calibration curve ranging from
0.01 to 10 μM.

Analytical Method for DHEA-S Hydroxylation. The DHEA-S
incubation samples with the recombinant CYP3A7 enzyme and the
neonatal HLMs were analyzed by LC-MS/MS with a Waters Acquity
Ultra-Performance Liquid Chromatography (UPLC) system inter-
faced by electrospray ionization with a Waters Quattro Premier XE
triple quadrupole (or a Xevo TQ-S micro tandem quadrupole) mass
spectrometer (Waters Corp., Milford, MA) in negative ionization
mode and with the multiple reaction monitoring (MRM) scan type.
The following source conditions were applied: 3.5 (or 0.5) kV for the
capillary voltage, 120 °C for the source temperature, 400 °C (or 450
°C) for the desolvation temperature, 50 L/h for the cone gas flow,
and 600 (or 900) L/h for the desolvation gas flow. The following
mass transitions, collision energies (CEs), and cone voltages (CVs)
were used to detect the respective analytes: 383 > 97, CE = 30 V, CV
= 50 V (or CE = 26 V, CV = 75 V) for the 16α-hydroxy DHEA-S
metabolite, 367 > 97, CE = 30 V, CV = 45 V (or CE = 34 V, CV = 80
V) for DHEA-S, and 372 > 98, CE = 30 V, CV = 50 V (or CV = 75
V) for the internal standard DHEA-S-d5. DHEA-S and its
hydroxylated metabolite were separated on a Waters BEH C18
column (1.7 μm, 2.1 × 100 mm) by flowing 5 mM ammonium
acetate in water and methanol at 0.4 mL/min. The following gradient
was used: 30% organic (methanol) held for 0.5 min, increased to 98%
over 3.5 min, and held at 98% for 0.9 min. The MS peaks were
integrated using the QuanLynx software (version 4.1, Waters Corp.,
Milford, MA), and the analyte/internal standard peak area ratios were
used for relative quantification. For determination of the hydroxy
metabolite concentration, the regression fit was based on the analyte/
internal standard peak area ratios calculated from the calibration
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standards, and the analyte concentration in the incubations was back-
calculated using a weighted (1/x) linear least-squares regression.
Enzyme Activity and Inhibition Kinetic Analysis. For the

recombinant CYP3A7 DHEA-S kinetics experiment, mean metabolite
formation rate values obtained from triplicate determinations were fit
to the Michaelis−Menten (hyperbolic) and Hill (sigmoidal)
equations using GraphPad Prism software (version 9.0.0, GraphPad
Software, La Jolla, CA). For the lopinavir and ritonavir IC50
experiments with the recombinant CYP3A7 enzyme, the mean
analyte/internal peak area ratio for the 16α-hydroxy DHEA-S
metabolite was determined for the solvent control samples and was
referred to as 100% control activity to calculate the percent remaining
activity in samples containing increasing concentrations of HIV
protease inhibitors. GraphPad Prism software was used for dose−
response curve fitting. The mechanism-based inactivation data were
analyzed using the standard replot method, although other modeling
methods have emerged for determination of the inactivation kinetic
parameters.34−37 The percentage of CYP3A7 remaining activity was
determined based on the analyte/internal peak area ratios using the
solvent control at a corresponding preincubation time as the 100%
activity. The observed inactivation rate constant (kobs) was estimated
using linear fit of the mean natural logarithm of the remaining activity
versus the preincubation time. The mechanism-based inactivation
constants kinact and KI were determined based on the kobs versus the
ritonavir concentration in the preincubation using GraphPad Prism
for curve fitting.
Lopinavir Intrinsic Clearance by Recombinant CYP3A

Enzymes. Lopinavir (1 μM) was incubated in triplicate with
recombinant CYP3A7 or CYP3A4 Supersomes (2 or 40 pmol/mL)
in a 2.2 mL reaction containing 100 mM potassium phosphate buffer
(pH 7.4) and 3 mM MgCl2. Methanol concentration in the final
incubation reactions was 1% (v/v). The difference in the protein
content was corrected by the addition of Supersomes insect cell
control microsomes (catalog number: 456200) to obtain a constant
protein concentration of 0.48 mg/mL. After a 3 min equilibration at
37 °C, the reactions were started by the addition of the NADPH-
regenerating system mix. Incubation aliquots of 150 μL were
transferred at 0, 10, 20, 30, 40, and 50 min into ice-cold methanol
(150 μL) (containing 25 ng/mL saquinavir as internal standard) to
stop the enzymatic reaction. Incubations without the NADPH-
regenerating system mix served as negative controls. Additional
incubations containing ritonavir at 62.5 nM were done to evaluate the
effect on lopinavir clearance. Precipitated proteins were collected by
centrifugation of the stopped reaction samples for 10 min at 1,800 × g
and 4 °C. Supernatants were transferred to HPLC vials, and aliquots
of 5 μL were analyzed by LC-MS/MS.
Lopinavir Intrinsic Clearance by Neonatal and Adult

Human Liver Microsomes. Lopinavir (1 μM) was incubated in
triplicate with neonatal or adult pooled human liver microsomes at
0.02 and 0.1 mg/mL in 1.8 mL reactions containing 100 mM
potassium phosphate buffer (pH 7.4) and 3 mM MgCl2. Methanol
concentration in the final incubation reaction was 1% (v/v). After a 3
min equilibration at 37 °C, the reactions were started by the addition
of the NADPH-regenerating system mix. Incubation aliquots of 150
μL were transferred at 0, 5, 10, 15, 20, and 30 min into ice-cold
methanol (150 μL) (containing 25 ng/mL saquinavir as internal
standard) to stop the enzymatic reaction. Additional incubations
without the NADPH-regenerating system mix were done in parallel as
negative controls. Adult HLM incubations containing ritonavir at 62.5
nM were carried out to assess the effect on lopinavir clearance. The
samples were centrifuged for 20 min at 3,400 × g and 4 °C to remove
precipitated proteins. Supernatants were transferred to HPLC vials,
and aliquots of 1 μL were analyzed by LC-MS/MS.
Analytical Method for Lopinavir Clearance. The Waters

Acquity UPLC system interfaced by electrospray ionization with a
Waters Quattro Premier XE triple quadrupole (or a 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: 1.5 (or 1) kV for
the capillary voltage, 120 °C for the source temperature, 450 °C for

the desolvation temperature, 50 L/h for the cone gas flow, and 600
(or 900) L/h for the desolvation gas flow. The following mass
transitions, CEs, and CVs were used to detect the respective analytes:
629.5 > 183 (CE = 22 V; CV = 30 V) for lopinavir, 721.5 > 296 (CE
= 20 V; CV = 35 V) for ritonavir, and 672 > 570 (CE = 32 V; CV =
40 V) for saquinavir, used as the internal standard. Protease inhibitors
were separated on a Waters BEH C18 column (1.7 μm, 2.1 × 100
mm) by flowing 0.1% formic acid in water and acetonitrile at 0.5 mL/
min. The following gradient was used: 30% organic (acetonitrile) held
for 0.5 min, increased to 98% over 3.5 min, and held at 98% for 1.4
min. The MS peaks were integrated using QuanLynx software
(version 4.1, Waters Corp., Milford, MA), and the analyte/internal
standard peak area ratios were used for further calculations.

Intrinsic Clearance Analysis. In brief, the elimination rate
constant (k) was estimated using a linear fit (GraphPad Prism
software, v. 9.0.0) of the natural logarithm of the percent of lopinavir
remaining versus time. Equations 1, 2, and 3 were used to calculate
the in vitro half-life (t1/2), intrinsic clearance for recombinant CYP
(CLint,rCYP), and intrinsic clearance for HLMs (CLint,HLM), respec-
tively, with V representing the incubation volume, MP450 representing
the moles of CYP enzyme in the recombinant incubations, and PHLM
representing the amount of protein in the HLM incubations.

=
−
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k

ln 2
( )1/2
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= ×
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V
M
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ln 2

( ) P
int,Rec
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( )int,HLM
1/2 HLM (3)

■ RESULTS
Ritonavir and Lopinavir Inhibition of CYP3A7 DHEA-

S 16α-Hydroxylation. Kinetic parameters for the metabolism
of DHEA-S to its 16α-hydroxy metabolite by recombinant
CYP3A7 Supersomes were determined based on a direct and
sensitive LC-MS/MS analytical assay. Under our steady state
assay conditions, the kinetic data (Figure 2) were fit to the
Michaelis−Menten equation, and we obtained a Km of 5.44
μM and a Vmax of 9.40 nmol/min/nmol P450. The fit of the
16α-hydroxy DHEA-S metabolite formation data was also
assessed using the Hill equation, which provided comparable
kinetic parameters to the Michaelis−Menten fit (Table S1).

Figure 2. Kinetics of DHEA-S 16α-hydroxylation by the recombinant
CYP3A7 enzyme. DHEA-S 16α-hydroxylation by CYP3A7 Super-
somes fitted using the Michaelis−Menten equation, obtaining a Km of
5.44 μM and a Vmax of 9.40 nmol/min/nmol P450. Each data point
represents the average of triplicate measurements, with error bars
representing the standard deviations. The coefficient of determi-
nation, R2, for the regression model fit of DHEA-S metabolism
kinetics was 0.986.
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The in vitro inhibitory potency of lopinavir and ritonavir was
then assessed for CYP3A7 DHEA-S 16α-hydroxylation by
determination of their respective IC50 values, the protease
inhibitor concentrations leading to 50% enzyme inhibition.
DHEA-S, at the Km concentration of 5 μM, was incubated with
the recombinant CYP3A7 enzyme and different concentration
ranges of lopinavir (Figure 3) or ritonavir (Figure 4). An IC50

value of 5.88 μM was estimated for lopinavir, and an IC50 value
of 0.0514 μM was estimated for ritonavir, thus leading to a
110-fold difference in CYP3A7 inhibition potency between the
two HIV protease inhibitors. CYP3A7 time-dependent
inhibition was further assessed for ritonavir and DHEA-S
16α-hydroxylation. Loss of CYP3A7 activity was measured as a
function of time and ritonavir concentrations and by applying a
10-fold dilution to the preincubation samples (Figure 5). The
decrease in activity of the recombinant CYP3A7 enzyme was
preincubation time-dependent and concentration-dependent
for ritonavir (Figure 5A). The derived kobs values with the
corresponding ritonavir concentrations (Figure 5B) allowed
the estimation of the following kinetic inactivation constants: a
kinact value of 0.119 min−1 as the maximum rate of inactivation
and a KI of 0.392 μM as the ritonavir concentration leading to

50% maximal inactivation. As a result, an inhibition rate
constant, kinact/KI, of 0.304 min−1·μM−1 was determined.

Inhibition of DHEA-S Metabolism by Lopinavir and
Ritonavir in Neonatal Human Liver Microsomes. To
assess the impact of the HIV protease inhibitors, lopinavir and
ritonavir, on the metabolism of the endogenous androstane
steroid DHEA-S by neonatal HLMs, DHEA-S was incubated
in the presence of 8 μM lopinavir without and with 0.5 μM
ritonavir (Figure 6). Solvent control incubations were carried
out in parallel to establish the formation rate of the 16α-
hydroxy DHEA-S metabolite by neonatal HLMs. The
formation rate of the 16α-hydroxy DHEA-S in neonatal
HLMs was determined as 2.08 nmol/min/mg protein for the
solvent control, 1.19 nmol/min/mg protein with lopinavir, and
0.291 nmol/min/mg protein with lopinavir plus ritonavir.
According to the change in the formation rate of the 16α-
hydroxy DHEA-S metabolite over the 30 min incubation,
lopinavir inhibited the formation of the hydroxy metabolite by
41%, and lopinavir plus ritonavir inhibited metabolite
formation by 86% in the neonatal HLMs.

Lopinavir Clearance by Recombinant CYP3A4 and
CYP3A7 Enzymes. Lopinavir clearance by recombinant
CYP3A4 and CYP3A7 enzymes was initially assessed with 2
pmol CYP enzyme/mL and with normalization of the protein
content using the Supersomes insect cell control microsomes.
After a 50 min incubation, the mean lopinavir percent loss was
over 80% for CYP3A4 Supersomes and less than 10% for
CYP3A7 Supersomes. The in vitro half-life (t1/2) and intrinsic
clearance (CLint,Rec) for lopinavir were determined for the

Figure 3. Lopinavir IC50 for DHEA-S 16α-hydroxylation by
recombinant CYP3A7 enzyme. Each data point represents the average
of triplicate measurements with error bars representing standard
deviations, except for the 10−7 M data point which represents the
average of only duplicate measurements (no standard deviation bar
shown for that data point). The coefficient of determination, R2, for
the regression model fit of lopinavir inhibition was 0.993. The IC50
value for lopinavir was 5.88 μM.

Figure 4. Ritonavir IC50 for DHEA-S 16α-hydroxylation by
recombinant CYP3A7 enzyme. Each data point represents the average
of triplicate measurements with error bars representing standard
deviations. The coefficient of determination, R2, for the regression
model fit of ritonavir inhibition was 0.994. The IC50 value for ritonavir
was 0.0514 μM.

Figure 5. Time-dependent inhibition of CYP3A7 DHEA-S 16α-
hydroxylation by ritonavir. Pseudo-first-order kinetic plots (A) at six
ritonavir concentrations based on the percent CYP3A7 remaining
activity versus the preincubation time which led to the nonlinear
regression fit (B) of the inactivation rate constants (kobs) at the six
ritonavir concentrations assessed. The KI was determined to be 0.392
μM, and the kinact was determined to be 0.119 min−1.
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recombinant CYP3A4 based on the slope of the linear fit for
the natural logarithm of the percent remaining over time
(Figure 7). The lopinavir in vitro half-life and intrinsic

clearance rate for the recombinant CYP3A4 were 20.0 min
and 17.4 μL/min·pmol, respectively (Table 1). In contrast,
when the inhibitor ritonavir was present (at a 16-fold lower
concentration than lopinavir33), the lopinavir percent loss by
the recombinant CYP3A4 was less than 15%. This low

metabolic clearance expected for the CYP3A4 Supersomes
incubated in the presence of ritonavir was, in fact, comparable
to the clearance observed with the CYP3A7 Supersomes only.
A substrate loss of 20% or less is in the range of the analytical
variability and did not allow the establishment of the in vitro
half-life and intrinsic clearance rate for CYP3A7 under these
conditions. To circumvent the limitation of the assay, lopinavir
clearance was assessed in the presence of 40 pmol P450
enzyme/mL of the recombinant CYP3A7 (Figure S1). After a
50 min incubation, a mean lopinavir percent loss of 63.4% was
measured for CYP3A7 Supersomes. The lopinavir in vitro half-
life and intrinsic clearance rate were then determined for the
recombinant CYP3A7 as 31.2 min and 0.555 μL/min·pmol,
respectively (Table 1). When comparing the lopinavir intrinsic
clearance rate of the recombinant CYP3A4 and CYP3A7, a 31-
fold lower rate was observed for the CYP3A7 enzyme.

Lopinavir Clearance by Neonatal and Adult Human
Liver Microsomes. Lopinavir clearance by adult and neonatal
HLMs was assessed using 0.02 mg HLM protein/mL. After a
30 min incubation, the mean lopinavir percent loss was about
94% for the adult HLMs and 21% for the neonatal HLMs. The
in vitro half-life (t1/2) and intrinsic clearance (CLint,HLM) for
lopinavir were determined for the adult HLMs based on the
slope of the linear fit for the natural logarithm of the percent
remaining over time (Figure 8). The lopinavir in vitro half-life

and intrinsic clearance rate for the adult HLMs were estimated
as 7.18 min and 4830 μL/min·mg, respectively. When the
inhibitor ritonavir (62.5 nM) was added to the adult HLM
incubation, the lopinavir loss was less than 20% and thus
comparable to the limited clearance observed with neonatal

Figure 6. Effect of lopinavir and ritonavir on DHEA-S hydroxylation
by neonatal human liver microsomes. Pooled neonatal human liver
microsomes (0.05 mg/mL) were incubated with DHEA-S (50 μM) in
the presence of lopinavir and ritonavir to assess formation in vitro of
the 16α-hydroxy DHEA-S metabolite. Each data point represents the
average of triplicate measurements with error bars representing
standard deviations. The formation rate of the 16α-hydroxy DHEA-S
in neonatal HLMs was determined as 2.08 nmol/min/mg protein for
the solvent control, 1.19 nmol/min/mg protein with lopinavir, and
0.291 nmol/min/mg protein with lopinavir plus ritonavir.

Figure 7. Lopinavir intrinsic clearance by recombinant CYP3A4 and
CYP3A7 enzymes. CYP3A Supersomes (2 pmol/mL) were incubated
with lopinavir (1 μM) to assess the in vitro half-life and intrinsic
clearance rate. The effect of ritonavir on lopinavir clearance by
CYP3A4 was assessed at 0.0625 μM. Each data point represents the
average of triplicate measurements with error bars representing
standard deviations.

Table 1. Lopinavir Intrinsic Clearance Data for Recombinant CYP3A4 and CYP3A7 Supersomes and Adult and Neonatal
Human Liver Microsomes

CLint
b

test system test system concentration slope t1/2
a (min) (μL/min·pmol) (μL/min·mg)

recombinant CYP enzymes CYP3A4 Supersomes 2 pmol/mL −0.0347 20.0 17.4
CYP3A7 Supersomes 40 pmol/mL −0.0222 31.2 0.555

human liver microsomes pooled adult HLMs 0.02 mg/mL −0.0965 7.18 4830
pooled neonatal HLMs 0.1 mg/mL −0.0133 52.1 133

at1/2, in vitro half-life. bCLint, intrinsic clearance.

Figure 8. Lopinavir intrinsic clearance by adult and neonatal human
liver microsomes. Human liver microsomes (0.02 mg/mL) were
incubated with lopinavir (1 μM) to assess the in vitro half-life and
intrinsic clearance rate. The effect of ritonavir on lopinavir clearance
by adult human liver microsomes was assessed at 0.0625 μM. Each
data point represents the average of triplicate measurements with
error bars representing standard deviations.
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HLMs. Due to the limited substrate loss observed with the
neonatal HLM at 0.02 mg/mL, lopinavir clearance measure-
ments were done in the presence of 0.1 mg/mL neonatal
HLMs (Figure S2). After a 30 min incubation, a mean
lopinavir percent loss of 32% was measured with the neonatal
HLMs. The lopinavir in vitro half-life and intrinsic clearance
were determined for the neonatal HLMs as 52.1 min and 133
μL/min·mg, respectively (Table 1). When comparing the
lopinavir intrinsic clearance rate of the adult and neonatal
HLMs, a 36-fold lower rate was observed for the neonatal
HLMs.

■ DISCUSSION
The use of ritonavir-boosted lopinavir as a prophylactic ARV
treatment for pregnant women and neonates has been assessed
in several clinical settings, uncovering adrenal hormonal
imbalance and leading, in some cases, to transient adrenal
dysfunction, in particular, for preterm and previously in utero
exposed infants.7,8,13 Abnormal plasma levels of 17-OHP,
DHEA, and DHEA-S have been measured in neonates
receiving the protease inhibitor combination with mean
increases of about 3-, 5-, and 20-fold the normal values,
respectively.7,8 The ritonavir-boosted lopinavir regimen has
been well characterized in adults, with both drugs acting as
substrates and inhibitors of the CYP3A enzymes.11,15,16,38,39

However, understanding the effect of this ARV regimen on the
metabolism of the endogenous androstane steroid hormone
DHEA-S by the hepatic CYP3A7, the predominant cyto-
chrome P450 enzyme in the fetal and neonatal liver,
necessitated our scientific consideration. Interestingly, during
the fetal period, the 16α-hydroxylation of DHEA-S by
CYP3A7 is thought to be important in controlling placental
estriol synthesis and full-term gestation.26−28 During the
neonatal phase, CYP3A7 activity, maximal at birth, starts to
decline after the first week of life, progressively switching to the
CYP3A4 isoform throughout the first year.20−23 Despite the
changes in expression and activity level, CYP3A7 is the major
CYP3A isoform in the neonatal liver and is thought to be
important in both drug and steroid metabolism pro-
cesses.18,22,23 Inhibition of CYP3A7 by protease inhibitors
has been previously assessed in vitro using testosterone as the
probe substrate, and it revealed ritonavir as a potent inhibitor
with an IC50 of 0.6 μM.16 Although the CYP3A isoforms
overlap in substrate specificity, these enzymes have different
kinetic properties depending on the substrate.25,40 CYP3A7 is
often considered to be a less metabolically active isoform, but
in the case of the androstane hormones, DHEA and DHEA-S,
CYP3A7 has demonstrated higher reaction velocities (Vmax)
and affinities (Km) than CYP3A4.25 In this study, we evaluated
the in vitro inhibition potency of lopinavir and ritonavir for
CYP3A7 DHEA-S 16α-hydroxylation using the recombinant
enzyme and determined an IC50 of 0.0514 μM for ritonavir,
about 10-fold higher inhibition potency than for testosterone
6β-hydroxylation. Lopinavir was a 100-fold less potent
CYP3A7 inhibitor with an IC50 of 5.88 μM for DHEA-S
16α-hydroxylation. Furthermore, ritonavir has been identified
as a potent mechanism-based inactivator (MBI) of CYP3A4
and CYP3A5,34 but no evaluation of it as an MBI has yet been
done for the CYP3A7 isoform. Here, we demonstrated for the
first time that ritonavir was a potent time-dependent inhibitor
(TDI) of CYP3A7 with a KI of 0.392 μM and an inhibition
rate constant of 0.304 min−1·μM−1. The KI and inhibition rate
constant were about 4- and 10-fold lower, respectively,

compared to ritonavir inhibition of CYP3A4 testosterone 6β-
hydroxylation.34 TDI is considered as a (quasi-) irreversible
type of enzyme inhibition, and thus, it could have a persistent
effect on CYP3A7 activity in neonates since only de novo
synthesis of the enzyme would overcome the time-dependent
inhibition after the treatment is discontinued. This could lead
to further risks for drug−drug interactions and metabolic
insufficiencies in the treated neonates. To further understand
the impact of lopinavir and ritonavir inhibition on endogenous
CYP3A7 metabolic activity, formation of the 16α-hydroxy
DHEA-S metabolite was monitored in neonatal pooled human
liver microsomes in the absence and presence of lopinavir and
lopinavir plus ritonavir. Both protease inhibitors were tested at
clinically relevant concentrations in the presence of a saturating
concentration of DHEA-S. The concentration of DHEA-S (50
μM) used for the neonatal pooled human liver microsome
inhibition assessment is apropos according to the study by
Simon et al. in 2011 observing an increase in the median
plasma concentration of DHEA-S in ritonavir-boosted
lopinavir term newborns to 25.1 μM (with an interquartile
range of 3.7−70.5 μM). For lopinavir, the concentration used
was near the Cmax reported by Foissac et al. in 2017, and
ritonavir was about 16-fold lower than the lopinavir
concentration, as reported in the Kaletra package insert.32,33

Our measurement indicated that lopinavir plus ritonavir was
nearly completely inhibiting the metabolism of DHEA-S to its
16α-hydroxyl derivative in neonatal human liver microsomes.
The mechanism leading to the adrenal hormone imbalance

observed in neonates receiving ritonavir-boosted lopinavir is
not well understood. Kariyawasam et al. proposed in 2020 that
the inhibition of two adrenal cytochrome P450 enzymes,
CYP21A2 and CYP17A1, by lopinavir may result in the
adrenal hormonal changes.13 Effectively, mutations in the
CYP21A2 gene triggering deficiency in 21-hydroxylase activity
(21OHD) is a common cause for congenital adrenal
hyperplasia (CAH).41 In 21OHD, production of cortisol and
aldosterone is impaired and necessitates corticosteroid
replacement therapy. The deficiency in cortisol triggers
corticotropin (ACTH) synthesis by disruption of the cortisol
negative feedback loop which stimulates production by the
adrenal glands of cortisol precursors (e.g., 17-OHP). These
precursors are then shunted toward excess production of
androgenic hormones, as seen in neonates receiving the
lopinavir-ritonavir treatment. In the case of the CYP17A1
enzyme, mutations resulting in 17-hydroxylase/17-20-lyase
deficiency, a rare condition linked to congenital adrenal
hyperplasia, alter synthesis of cortisol and production of
androgenic hormones.42 Deficiency in the adrenal enzymatic
activity of CYP17A1 results in low levels of DHEA and DHEA-
S which would be inconsistent with the biochemical hormonal
signature observed in neonates receiving the protease inhibitor
combination. Simon et al. in 2011 released data about twin
preterm infants that were exposed in utero to lopinavir-ritonavir
combination and received the same PI treatment from birth.7

Both neonates presented symptoms of adrenal insufficiency
with severe electrolytic disorders after the PI treatment started.
Interestingly, the twins had normal values for 17OHP but
extremely elevated blood levels of DHEA-S. The normal values
of 17OHP would conflict with an impairment of CYP21A2
activity. However, these biochemical data would be consistent
with impairment of DHEA-S metabolism. Thus, here we are
proposing an alternative mechanism for the adrenal hormonal
imbalance observed in neonates treated with ritonavir-boosted
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lopinavir entailing the inhibition of CYP3A7 by ritonavir (and
to a lesser extent lopinavir) that would hinder DHEA-S (and
DHEA) metabolism and cause accumulation of the androgen
hormone(s) and their precursors. This alternative mechanism
is in agreement with the study by Kariyawasam et al. in 2014
where neonates receiving the ritonavir-boosted lopinavir had
normal cortisol levels before and after ACTH stimulation
(conflicting with CYP21A2 involvement), whereas 17-OHP,
DHEA, and DHEA-S plasma levels were elevated.8 An
interesting case report was published regarding a 10-day-old
full-term neonate who, after receiving an ARV combinatorial
treatment of two NRTIs and the NNRTI nevirapine, presented
severe symptoms of lethargy and respiratory distress.9 The
adrenal hormonal profile of the neonate was abnormal with
elevated levels of 17-OHP, DHEA-S, androstenedione, and
aldosterone. Although nevirapine is a known substrate,
inhibitor, and inducer of CYP3A4 in adults, limited
information is available about nevirapine effects on CYP3A7
in neonates.43−45 Recent work in our laboratory has indicated
the potential for nevirapine to inhibit CYP3A7 (data not
shown). Therefore, inhibition of CYP3A7 by ritonavir-
lopinavir or nevirapine could suggest a common mode of
action of these drugs hindering DHEA and DHEA-S
metabolism in the neonatal liver and leading to an increase
in circulating concentrations of these androgenic hormones
and their precursors. It is notable that the neonates presenting
adrenal hormonal imbalance after receiving the ARV treatment
generally returned to normal levels a few days after stopping
the treatment.7−9 The early postnatal period is a transitional
phase for the adrenal glands undergoing important structural
remodeling with rapid involution of the inner fetal zone, the
region of the adrenal cortex producing a large quantity of
androgens that are essential for fetal development.46 With the
involution of the fetal zone, DHEA-S production by the
adrenal is decreased, and the zona glomerulosa and fasciculata
are rapidly developing. This maturation process is gestational
age-dependent and can have profound effects on preterm
infants and their survival rate.47,48 Interestingly, the hepatic
activity of CYP3A7 mirrors the adrenal DHEA-S production
during the fetal and neonatal periods,23,49 both increasing
throughout the fetal life and reaching maximal level at birth
only then to decrease rapidly over the first few weeks of life.
This suggests an essential role for the hepatic CYP3A7 enzyme
for controlling DHEA-S plasma concentration via metabolism
during the pre- and postnatal periods and, hence, maintaining
the cortisol/DHEA(-S) ratio.50,51

Neonates are a fragile population for which the mechanisms
of absorption, distribution, metabolism, and elimination
(ADME) of drugs are understudied and the dosing of drugs
is largely extrapolated from adult data using weight adjustment
and allometric scaling factors.52,53 Only limited ADME data
have been obtained for neonates receiving the ritonavir-
boosted lopinavir regimen as a prophylactic ARV treat-
ment.32,54−56 In adults, lopinavir, like other protease inhibitors,
is rapidly metabolized by the liver through the CYP3A4
pathway, and therefore, dosing requires the addition of the
pharmacokinetic enhancer ritonavir, a potent CYP3A4
inhibitor.30 The neonatal period is a time where many
developmental changes occur, including those taking place in
the liver.57,58 As previously mentioned, CYP3A7 is the major
cytochrome P450 in the neonatal liver and is considered to
have the lowest metabolizing activity among the CYP3A
isoforms.40 To understand the efficiency of CYP3A7 to

metabolize lopinavir, we investigated the clearance of lopinavir
using the recombinant CYP3A7 enzyme and compared it to
the CYP3A4 isoform. Lopinavir clearance by CYP3A7 was
characterized by a low intrinsic clearance rate equivalent to
CYP3A4 incubated with the inhibitor ritonavir. Effectively, a
difference of over 30-fold was measured for lopinavir clearance
between CYP3A4 and CYP3A7. When assessing the intrinsic
clearance rate for neonatal pooled HLMs, we also measured a
low metabolic rate for lopinavir metabolism, analogous to the
adult HLMs incubated with ritonavir. This study illustrates the
differences in metabolic potential between the adult and
neonatal liver which needs to be taken into consideration
before dosing drugs in this fragile patient population. Our data
specifically raise the question for the need of the pharmaco-
logical enhancer ritonavir with the lopinavir treatment of
neonates, at least until the hepatic expression of CYP3A4 is
high enough to impact clearance of the protease inhibitor.
Currently, more studies are required to obtain a comprehen-
sive understanding of the temporal expression of the CYP3A
isoforms in the liver of the developing infant, especially during
the first 6 months of life, and to estimate the individual
variability in expression of these important enzymes and their
impact on drug metabolism. As a potent TDI of CYP3A7,
ritonavir may further hinder the clearance of lopinavir by the
neonatal liver, potentially causing it to accumulate to a toxic
level.12

In 2011, the Food and Drug Administration (FDA) issued a
drug safety warning for the Kaletra formulation not
recommending the drug for infants <14 days of age (or
preterm babies <42 weeks postmenstrual age) due to increased
risks for metabolic and cardiac toxicities, including transient
symptomatic adrenal insufficiency.12 Although the toxicities
observed in neonates may be associated with some of the
inactive ingredients (propylene glycol and ethanol), our data
suggest that ritonavir, a potent CYP3A7 time-dependent
inhibitor, has a profound impact on lopinavir clearance
(being more slowly metabolized by neonatal than adult
HLMs) and on metabolism of the endogenous androgenic
hormone DHEA-S. The requirement of this pharmacokinetic
enhancer for lopinavir prophylactic ARV treatment of neonates
should be carefully reassessed.
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scriptase inhibitor(s); PI(s), protease inhibitor(s); t1/2, in
vitro half-life; TDI, time-dependent inhibitor; UPLC, ultra-
performance liquid chromatography; V, incubation volume
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