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ABSTRACT: Idiosyncratic drug reactions (IDRs) in their most
deleterious form can lead to serious medical complications and
potentially fatal events. Nevirapine (NVP), still widely used in
developing countries for combinatorial antiretroviral and prophy-
lactic therapies against HIV infection, represents a prototypical
example of IDRs causing severe skin rashes and hepatotoxicity.
Complex metabolic pathways accompanied by production of
multiple reactive metabolites often complicate our understanding
of IDR’s origin. While assessment of NVP analogs has helped
characterize the pathways involved in IDRs for NVP, which are
largely driven by metabolism at the 12-methyl position, it has yet
to be investigated if some of these analogs could be valuable replacement drugs with reduced reactive metabolite properties and
drug−drug interaction (DDI) risks. Here, we evaluated a set of eight NVP analogs, including the deuterated 12-d3-NVP and two
NVP metabolites, for their efficacy and inhibitory potencies against HIV reverse transcriptase (HIV-RT). A subset of three analogs,
demonstrating >85% inhibition for HIV-RT, was further assessed for their hepatic CYP induction-driven DDI risks. This led to a
closer investigation of the inactivation properties of 12-d3-NVP for hepatic CYP3A4 and a comparison of its propensity in generating
reactive metabolite species. The metabolic shift triggered with 12-d3-NVP, increasing formation of the 2-hydroxy and glutathione
metabolites, emphasized the importance of the dynamic balance between induction and metabolism-dependent inactivation of
CYP3A4 and its impact on clearance of NVP during treatment. Unfortunately, the strategy of incorporating deuterium to reduce
NVP metabolism and production of the electrophile species elicited opposite results, illustrating the great challenges involved in
tackling IDRs through deuteration.

■ INTRODUCTION
Nevirapine (NVP), the first approved nonnucleoside reverse
transcriptase inhibitor (NNRTI) targeting the human
immunodeficiency virus (HIV), is still prescribed as part of
the combinatorial antiretroviral therapy (cART) regimen to
treat HIV-1 infection, although second-generation NNRTIs
with increased safety profiles and lower propensities for viral
resistance are gradually replacing it.1−4 Employed for
prophylactic therapy, NVP is also used with sensitive
population groups, such as pregnant people, breastfeeding
mothers, or neonates, yet more frequently in developing
countries where newer generation NNRTI drugs may not be as
readily available due to cost constraints.5−8 Undeniably,
prophylactic HIV treatment during childbirth and the neonatal
period has positively impacted the prevention of its perinatal
transmission worldwide. In the U.S., NVP is recommended as
one of the preferred initial regimens for HIV-naive newborns
of <14 days of age.9 However, NVP treatment is associated
with severe adverse effects including idiosyncratic life-threat-
ening skin reactions and liver toxicities, which prompted the
U.S. Food and Drug Administration (FDA) in 2000 to issue a

black box warning regarding its potential for fatal adverse
events.10−13

NVP skin and liver toxicities are believed to emerge
primarily from metabolism at the 12-methyl position through
hepatic cytochrome P450 (CYP) oxidation that can either
yield to the 12-hydroxy-NVP (12OH-NVP) product or
formation of a reactive quinone methide species (Figure
1).14,15 The quinone methide electrophile can then covalently
adduct protein nucleophilic groups, which may lead to
hepatotoxicity. The 12OH-NVP metabolite can be further
oxidized to the 4-carboxy-NVP (4-COOH-NVP) or sulfated
by the sulfotransferase 1A1 (SULT1A1) to the 12-sulfoxy-
NVP metabolite.14,16,17 Interestingly, both the 12OH-NVP and
12-sulfoxy-NVP have been linked to the NVP-induced skin
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rashes usually observed a few weeks after starting NVP
treatment, which frequently result in NVP therapy discontin-
uation.14,18,19 Indeed, the NVP phase I metabolic pathway
(Figure 1) is complex involving several CYP enzymes including
CYP3A4, CYP2B6, and CYP2D6 and producing four primary
oxidative metabolites, the 2-, 3-, 8-, and 12-hydroxy-NVP,
detected in vivo as glucuronide conjugates in human urine.16 A
NVP CYP reaction phenotyping study by Erickson et al.
associated the formation of the 2- (2OH-NVP) and 3-hydroxy-
NVP (3OH-NVP) metabolites with CYP3A and CYP2B6
isoforms, respectively.20 From that same study, CYP2B6,
CYP2D6, and CYP3A4 were linked to the 8-hydroxy-NVP
(8OH-NVP), usually considered as a less significant
metabolite, while the 12OH-NVP was strongly associated
with the CYP3A4 isoform. Furthermore, several studies using
an analog of NVP with deuterium substitution of the 12-
methyl hydrogens (12-d3-NVP) in order to restrict metabolism
at the 12-carbon position have shown improvement of skin
rash in rodents and increased mouse hepatic cell viability,
reinforcing the association between metabolism at the 12-
methyl position and increased risk of adverse drug
reactions.14,21 Conversely, other studies have argued for the
formation of a reactive 2,3-epoxide intermediate that would
instead react to form a 3-glutathione-NVP (NVP-3-GSH)
product, which would then degrade to its mercapturic
form.22,23 Two mercapturic derivatives have been detected in
human urine from HIV-positive patients under NVP treatment
and identified as the 3- and 12-conjugates based on 1D 1H and
2D nuclear magnetic resonance (NMR) structural character-
ization of the corresponding rat bile metabolites, with the 12-

mercapturic conjugate present only at very low abundance in
human urine compared to the 3-conjugate derivative.22

Although the formation of the 3-mercapturic conjugate is
unarguable since it was detected in vivo, the precise metabolic
pathway, in particular, the CYP isoform(s) involved in the
formation of the epoxide leading to the glutathione (GSH)
conjugate, is still unclear.

While the intricate NVP metabolic pathway can lead to
multiple potential reactive metabolites, enhancing the risk for
adverse events, drug−drug interaction (DDI) is another aspect
of NVP that needs to be accounted for. Effectively, NVP,
extensively metabolized by hepatic CYP enzymes, is not only a
CYP3A4 inhibitor but also a CYP inducer.13,20,24,25 CYP3A4
inactivation kinetics by NVP in human liver microsomes
(HLMs) have shown time- and concentration-dependency for
inactivation and were characterized by a KI of 31 μM and a
kinact of 0.029 min−1.26 Inactivation of CYP3A4 is thought to be
mediated by the NVP-reactive quinone methide electrophile
and its direct covalent binding with cysteine 239 in the
CYP3A4 F/G loop region.27 Interestingly, no hepatic CYP
drug-metabolizing enzymes other than CYP3A4 have been
shown to be inhibited by NVP.20 In parallel to the CYP3A4
inactivation, NVP can also induce CYP3A4 and CYP2B6
expression and actually result in increased oral clearance of the
NNRTI after several weeks of treatment.13 The induction
effect of NVP has been demonstrated to have pharmacokinetic
(PK) interactions with saquinavir, indinavir, and methadone
resulting in significant decreases of their plasma-drug area
under the curve (AUC).28 According to these PK studies,
including the PK characteristics observed for NVP dosing itself

Figure 1. Proposed metabolic scheme of NVP with the associated CYP-metabolizing enzymes.
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and the associated increase in clearance, the induction
component of NVP seems to prevail over inhibition.

Evidence for sex differences in the NVP toxicity profile has
also been reported with women presenting a 7-fold increased
risk for severe rash reactions.18,29 Furthermore, the 12OH-
NVP metabolite has been detected at higher proportions in
women, reinforcing the association for higher toxicity risk in
women.30 In consideration of these findings and the
recommendations for use of NVP in some of the most
vulnerable patient groups, further assessments of NVP analogs
to limit reactive electrophile formation through metabolism,
and thus NVP-linked toxicities, would be valuable. The use of
deuteration has shown great success in limiting metabolic
conversion, with the first deuterated drug, deutetrabenazine,
recently receiving market approval by the FDA.31 The 12-d3-
NVP has previously demonstrated enhanced safety properties
with decreased skin rash in rodents and improved hepatocyte
viability.14,21 Here, we evaluated a set of eight NVP analogs
(Table 1) for their inhibitory potencies against the HIV reverse
transcriptase (HIV-RT), which included the deuterated analog
12-d3-NVP. A subset of the NVP analogs showing the highest
HIV-RT inhibition potency were further analyzed for their
DDI risks by measuring the induction and inactivation
propensity for the hepatic CYP3A4 enzyme.

■ EXPERIMENTAL PROCEDURES
Materials. NVP, the 2OH-NVP standard, and eight NVP analogs,

12-d3-NVP, 2-nitro-NVP, 3-bromo-NVP, 2-amino-NVP, 3-ethenyl-
NVP, 4-COOH-NVP, 12OH-NVP, and NVP-12-(n-proylidenyl),
were purchased from Toronto Research Chemicals (Toronto, ON).
Stock solutions of test compounds were prepared in dimethyl
sulfoxide (DMSO), acetonitrile (ACN), or methanol. Rifampicin
(RIF), glucose-6-phosphate dehydrogenase, midazolam (MDZ), 4-
hydroxy-midazolam (4OH-MDZ), and the internal standard α-
hydroxymidazolam-d4 were acquired from Sigma-Aldrich (St. Louis,
MO). Glucose-6-phosphate, β-nicotinamide adenine dinucleotide
phosphate (NADP+), and reduced L-glutathione were obtained from
Alfa Aesar (Haverhill, MA). The metabolite standard 1′-hydroxy-
midazolam (1’OH-MDZ) was purchased from Cayman Chemical
(Ann Arbor, MI). All other chemicals and solvents (reagent or
analytical grade) were purchased from standard suppliers. CYP3A4
Supersomes (catalog number: 456202) were purchased from Corning
(Corning, NY) with human cytochrome P450 reductase and
cytochrome b5 coexpressed in Sf9 insect cells using a baculovirus
expression system. CYP2B6 bactosomes (catalog number: CYP/
EZ041) with coexpressed human cytochrome P450 reductase and
supplemented with purified human cytochrome b5 were purchased
from Cypex Ltd. (Dundee, Scotland., UK). Pooled mixed gender
HLMs (catalog number: H2610) were obtained from XenoTech,
LLC/BioIVT (Kansas City, KS).
Reverse Transcriptase Inhibition Assays. Inhibition of HIV-

RT by NVP and its chemical analogs was measured using an ELISA-
based colorimetric RT assay from Roche (catalog number:
11468120910) (Basel, Switzerland). The manufacturer’s protocol
was followed, with the first two incubation steps combined and taking
place in the precoated microplate modules. All NVP test compounds
were added at 1% DMSO, except for the 12-d3-NVP added at 4%
ACN. An initial screen at 10 μM was performed for each compound.
Test compounds were incubated with recombinant HIV-RT and
reaction mixture (containing nucleotides and template) for 1 h at
37 °C. Wells were washed, and the antibody conjugated to peroxidase
was added and incubated further for 1 h at 37 °C. The wells were
washed again, and the peroxidase substrate was added and incubated
for 20 min at room temperature. Absorbance from the colorimetric
product was measured at 405 nm on a Tecan Infinite M Plex plate
reader (Man̈nedorf, Switzerland). Percent inhibition was calculated
using the corresponding solvent control as a reference for the 100%

control activity. Dose−response curves for NVP, a subset of three
analogs, chosen based on their inhibition performance in the screen,
and 12OH-NVP were carried out following the same procedure as the
screening experiments but using adjusted ranges of test compound
concentrations. Percent of the remaining HIV-RT activity was
calculated based on the 100% control activity from the solvent
control, and values were plotted against the NVP test compound
concentrations and analyzed with GraphPad Prism nonlinear
regression (GraphPad Prism software, v. 9.5.1; San Diego, CA). All
experiments were performed in triplicate.
Primary Human Hepatocyte Induction Assays for NVP and

Its Analogs. Preplated, cryopreserved primary human hepatocytes
(10 donor pool, mixed gender, seeded at 1.3 × 106 cells/mL) were
purchased from XenoTech, LLC/BioIVT (catalog number:
HPCH10+; Kansas City, KS). Upon receipt, the medium was
changed, and cells were maintained in a humidified incubator at
37 °C and 5% CO2 for 24 h. The test compounds, NVP, 12-d3-NVP,
2-nitro-NVP, and 3-bromo-NVP, were dissolved in DMSO and
diluted in OptiCulture media (XenoTech, LLC/BioIVT) to the final
concentrations of 25 and 100 μM (0.1% v/v final DMSO). Controls

Table 1. Inhibition Screening of NVP and NVP Analogs
(10 μM) for HIV Reverse Transcriptasea

aPercent inhibition values represent the mean of three replicates ±
standard deviation (SD). NVP, nevirapine; HIV-RT, HIV reverse
transcriptase.
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included 10 μM RIF and a DMSO solvent control. The hepatocytes
were dosed with fresh media containing the test compounds or
vehicle every 24 h for 3 days. Between three to six biological replicates
were included for each treatment. After the 72-h treatment, the
hepatocytes were incubated with 3 μM midazolam for 30 min at
37 °C and 5% CO2. Supernatant aliquots (150 μL) were then
collected, and the same volume of methanol containing the internal
standard α-hydroxymidazolam-d4 (10 ng/mL) was added. After
centrifugation, the MDZ supernatants were analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS) for relative
quantification of the metabolite 1’OH-MDZ.

The remaining hepatocytes were washed with phosphate-buffered
saline (PBS) solution, and total RNA was isolated from each well with
the ThermoFisher PureLink RNA Mini kit (Waltham, MA) or the
Qiagen RNeasy Mini kit (Hilden, Germany). Manufacturer protocols
were followed, with the inclusion of the DNase step. The end-product
RNA was eluted in nuclease-free water and RNA concentrations and
purity were determined based on the absorbance at 260 and 280 nm
using the NanoQuant plate with the Tecan Infinite M Plex plate
reader. cDNA was prepared from purified RNA (40−750 ng) using
the iScript Reverse Transcriptase Supermix kit from Bio-Rad
(Hercules, CA) following the manufacturer protocol. Quantitative
polymerase chain reaction (qPCR) was performed in duplicate on a
Bio-Rad CFX96 instrument with predesigned Taqman probes
(Thermo Fisher, Waltham, MA) for CYP3A4 (Hs00430021_m1),
CYP2B6 (Hs03044634_m1), and the GAPDH reference gene
(Hs02786624_g1). The fold changes in mRNA levels were calculated
via the ΔΔCt method. To assess cell health, the hepatocyte
monolayer was examined visually daily, and lactate dehydrogenase
(LDH) release was measured with the LDH-Glo cytotoxicity kit from
Promega (Madison, WI). At 72 h, supernatant aliquots were taken
and diluted 100-fold in LDH storage buffer (200 mM Tris-HCl pH
7.3, 10% glycerol, 1% bovine serum albumin), and an equal amount of
LDH detection reagent was added and incubated for 40 min.
Luminescent signal was measured with a Tecan Infinite M Plex plate
reader. Normalized LDH release for all treatments was calculated
compared to that of the DMSO control.
NVP and 12-d3-NVP IC50 Shift for Midazolam 1′-Hydrox-

ylation by Recombinant CYP3A4 Enzyme. IC50 shift assays were
carried out to determine the time-dependent inactivation kinetics of
NVP and 12-d3-NVP for the CYP3A4 recombinant enzyme. NVP and
12-d3-NVP (2.5−450 μM) were preincubated with recombinant
CYP3A4 Supersomes for 0 (with NADPH) or 30 min (with and
without NADPH). Incubations (200 μL) were performed in triplicate
at 37 °C with 2 pmol/mL of CYP3A4 enzyme in 100 mM potassium
phosphate buffer (pH 7.4) and 3 mM MgCl2. MDZ (1 μM) was used
as the probe substrate and probe reactions were initiated with the
addition of MDZ, or MDZ plus NADPH for the 30 min
preincubation without cofactor. The NADPH cofactor, prepared as
a regenerating system mix, was added to obtain final incubation
concentrations of 1 mM NADP+, 10 mM glucose-6-phosphate, and 2
IU/mL glucose-6-phosphate dehydrogenase. After 5 min, MDZ
reactions were stopped by the addition of an equal volume of ice-cold
methanol containing the internal standard α-hydroxymidazolam-d4
(60 ng/mL). Precipitated proteins were collected by centrifugation
for 20 min at 2000 × g and 4 °C, and supernatants were analyzed by
LC-MS/MS for formation of the 1’OH-MDZ metabolite. The solvent
control (2% methanol, v/v) served as reference for the 100% activity.
NVP and 12-d3-NVP Inactivation Kinetics for Recombinant

CYP3A4 Enzyme. NVP and 12-d3-NVP time- and concentration-
dependent inhibition assays were performed for the recombinant
CYP3A4 enzyme. Preincubations (300 μL) with NVP and 12-d3-NVP
(5−400 μM; 2% methanol, v/v) were carried out using 20 pmol/mL
CYP3A4 Supersomes in 100 mM potassium phosphate buffer (pH
7.4) and 3 mM MgCl2. Preincubation reactions were initiated by the
addition of the NADPH-regenerating system mix. After 0, 6, 12, and
18 min at 37 °C, a 20-μL aliquot of the CYP3A4 preincubation was
transferred to a MDZ probe reaction to yield a 200-μL incubation
consisting of 10 μM MDZ, 100 mM potassium phosphate buffer (pH
7.4), 3 mM MgCl2, and the NADPH-regenerating system mix. The

MDZ incubations were stopped after 4 min at 37 °C by the addition
of ice-cold methanol (200 μL) containing 20 ng/mL of the α-
hydroxymidazolam-d4 internal standard. Incubations without the
NADPH-regenerating system mix served as negative controls.
Precipitated proteins were collected by centrifugation for 20 min at
2000 × g and 4 °C and resulting supernatants were transferred to high
performance liquid chromatography (HPLC) vials and aliquots of
2 μL were analyzed for relative quantification by LC-MS/MS of the
1’OH-MDZ metabolite.
Analytical Method for MDZ Hydroxylation. Formation of the

1’OH-MDZ metabolite in human hepatocytes and recombinant
CYP3A4 incubations was determined by LC-MS/MS analysis with a
Waters Acquity Ultra-Performance Liquid Chromatography (UPLC)
system interfaced by electrospray ionization with a Waters Xevo TQ-S
micro tandem quadrupole mass spectrometer (Waters Corp., Milford,
MA). 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, and 900 L/h for the desolvation gas flow.
Multiple-reaction monitoring (MRM) scan type in positive ionization
mode was used to detect MDZ, 1’OH-MDZ, and the α-
hydroxymidazolam-d4 internal standard. The following mass tran-
sitions (including collision energies, CE, and cone voltages, CV) were
used for the respective analytes: 326 > 291 (CE = 28 V, CV = 10 V)
for MDZ, 342 > 203 (CE = 28 V, CV = 15 V) for 1’OH-MDZ, and
346 > 203 (CE = 26 V, CV = 25 V) α-hydroxymidazolam-d4. The
analytes were separated on a Waters BEH C18 column (1.7 μm, 2.1
mm × 50 mm) by flowing water and methanol with 0.1% formic acid
at 0.5 mL/min and using the following gradient: 10% organic held for
0.5 min, increased to 98% over 2.5 min, and held at 98% for 1 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.
IC50 Shift and Inactivation Kinetic Analysis. For the NVP and

12-d3-NVP IC50 experiments with the recombinant CYP3A4 enzyme,
the mean analyte/internal standard peak area ratio for the 1’OH-
MDZ 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
NVP or its deuterated analog. GraphPad Prism software was used for
the dose−response curve fitting. In addition, a fold-shift of >1.5 was
indicative of a time-dependent inhibitor when comparing the IC50
values obtained after 0 and 30 min (without NADPH) preincubation
or a metabolism-dependent inactivator (MDI) when comparing the
IC50 values obtained after 30 min preincubation without and with
NADPH.32,33 The inactivation kinetic data were analyzed using the
standard replot method, although other comparable modeling
methods have recently emerged for determination of the inactivation
kinetic parameters.34−37 The CYP3A4 percent remaining activity was
calculated for each preincubation time for the different inhibitor
concentration tested and was based on the peak area ratios of 1’OH-
MDZ/α-hydroxymidazolam-d4 compared to the matching solvent
control peak area ratios used as the reference for 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 inactivation constants kinact and KI
were determined based on the kobs versus the NVP test compound
concentration in the preincubation using GraphPad Prism for curve
fitting. Furthermore, the rate of covalent modification was calculated
based on the inactivation constant ratio of kinact over KI, as previously
described by Strelow.38

NVP and 12-d3-NVP Reactive Metabolite Glutathione
Trapping Assays. Formation of the hydroxy and reactive
metabolites by the recombinant CYP3A4 and CYP2B6 was assessed
for NVP and its deuterated analog 12-d3-NVP by conducting
glutathione trapping experiments. Both compounds (50 or 100 μM)
were incubated with 100 pmol/mL recombinant CYP enzyme in
100 mM potassium phosphate buffer (pH 7.4), 3 mM MgCl2, and 1
mM reduced L-glutathione (GSH). Incubations with 1 mg/mL adult
pooled HLMs were also carried out. All reactions were initiated by the
addition of the NADPH-regenerating system mix. After 60 min at
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37 °C, incubations were stopped by the addition of the same volume
of cold methanol (alternatively, reactions were stopped by the
addition of acetic acid at 2% final concentration). For experiments
requiring relative quantification, an internal standard, 4OH-MDZ (1
μM), was added to the methanol stop solution. Precipitated proteins
were then collected by centrifugation for 20 min at 2000 × g and 4 °C
and resulting supernatants were transferred to HPLC vials for
metabolite identification and relative quantification using an LC-UV-
MS instrument.
Analytical Method for NVP and 12-d3-NVP Metabolites

Detected in Glutathione-Trapping Reactions. The same Waters
LC-MS instrumentation described above was used for metabolite
identification, except for a Waters Acquity PDA detector inserted
inline in front of the mass spectrometer instrument to measure
absorbance from NVP, 12-d3-NVP and their derivatives. The PDA
detector covered the range between 190 and 500 nm. The following
MS source conditions were applied: 0.5 kV for the capillary voltage,
150 °C for the source temperature, 500 °C for the desolvation
temperature, and 900 L/h for the desolvation gas flow. Multiple
positive ionization mode scan types (MRM, MSMS, and full scan)
were used to detect and characterize NVP, 12-d3-NVP, and their
corresponding metabolites. For the MRM scan type, the following
mass transitions (including CE and CV) were used for the respective
analytes: 267 > 107 (CE = 26 V, CV = 25 V) for NVP, 283 > 161
(CE = 25 V, CV = 25 V) for 2OH-NVP, 283 > 242 (CE = 22 V, CV =
25 V) for 3OH-NVP, 283 > 223 (CE = 25 V, CV = 25 V) for 12OH-
NVP, 572 > 443 (CE = 15 V, CV = 20 V) for NVP-GSH, 270 > 110
(CE = 26 V, CV = 25 V) for 12-d3-NVP, 286 > 161 (CE = 25 V, CV
= 25 V) for 2OH-12-d3-NVP, 286 > 245 (CE = 22 V, CV = 25 V) for
3OH-12-d3-NVP, 285 > 225 (CE = 25 V, CV = 25 V) for 12OH-12-
d2-NVP, 575 > 446 (CE = 15 V, CV = 20 V) for 12-d3-NVP-GSH,
and 342 > 234 (CE = 20 V, CV = 10 V) for 4OH-MDZ (IS). The
analytes were separated on a Waters BEH C18 column (1.7 μm, 2.1 ×
100 mm) by flowing water and ACN with 0.1% formic acid at 0.4
mL/min and using the following gradient: 2% organic held for 0.5

min, increased to 30% over 5 min, then increased to 98% over 1 min,
and held at 98% for 1.5 min. UV peaks detected at 280 nm 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 of the NVP and 12-d3-NVP
metabolites.

■ RESULTS
Inhibition of HIV Reverse Transcriptase by NVP and

NVP Analogs. In an effort to identify NVP analogs that might
retain the efficacy of the parent compound but demonstrate
reduced hepatotoxicity, eight commercially available analogs
were selected based on their structural similarity to the parent
drug, but with electron-withdrawing substituents at various
positions that might potentially limit metabolism at the 12-
position. The eight NVP analogs were first assessed for their
ability to inhibit HIV-RT. Percent inhibition of HIV-RT was
determined for NVP and each NVP chemical derivative tested
at 10 μM in the RT reactions (Table 1). NVP and 2-nitro-
NVP showed the highest HIV-RT inhibition (>97%), followed
by 12-d3-NVP (94.2%) and 3-bromo-NVP (87.6%). Addition-
ally, the two human NVP metabolites included in the
screening, 12OH-NVP and 4-COOH-NVP, demonstrated
45.4% and 15.9% inhibition for HIV-RT, respectively. In
order to determine the inhibition potency of the NVP analogs
exhibiting >85% inhibition in the screening, dose-inhibition
curve experiments were conducted for NVP, 2-nitro-NVP, 12-
d3-NVP, and 3-bromo-NVP (Figure 2). An IC50 value of
0.540 μM was obtained for NVP. The inhibition potencies of
the 2-nitro-NVP and 12-d3-NVP were on the same order of
magnitude as NVP with IC50 values of 0.721 and 0.910 μM,
respectively. The IC50 value for 3-bromo-NVP was about five

Figure 2. Dose−response curves of NVP, 2-nitro-NVP, 12-d3-NVP, and 3-bromo-NVP against HIV reverse transcriptase. HIV-RT inhibition by
NVP (A), 2-nitro-NVP (B), 12-d3-NVP (C), and 3-bromo-NVP (D) was characterized by the following IC50 value ± standard error (with
respective coefficient of determination, R2, in parentheses): 0.540 ± 0.055 μM (R2 = 0.972), 0.721 ± 0.111 μM (R2 = 0.937), 0.910 ± 0.042 μM
(R2 = 0.989), and 2.78 ± 0.38 μM (R2 = 0.977), respectively. Each data point represents the average of triplicate measurements, with error bars
representing standard deviations. NVP, nevirapine; HIV-RT, HIV reverse transcriptase.
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times higher than that of NVP at 2.78 μM. Lastly, the
inhibition potency of the human 12OH-NVP metabolite was
tested, and an IC50 value of 26.5 μM was determined
(Supplemental Information, Figure S1), therefore indicating
a weak inhibition activity against HIV-RT of the human
metabolite.
Primary Human Hepatocyte Induction for NVP and

Its Three Most Potent Analogs. A well-known concern with
NVP is its propensity to induce hepatic drug-metabolizing
enzymes potentially impacting its own PK, but also that of
other coadministered drugs. To assess if the NVP analogs
characterized in our study (which were potent HIV-RT
inhibitors) have the same property, human hepatocyte
induction experiments were carried out at 25 and 100 μM
concentrations of NVP or its analogs (Figures 3A and 4). In

general, induction of the CYP3A4 and CYP2B6 expression was
insignificant at the 25 μM concentration, except for the 3-
bromo-NVP showing 6.5- and 25-fold changes for CYP3A4
and CYP2B6 mRNA levels, respectively. However, at 100 μM,
all four drugs showed a significant change in CYP mRNA levels
compared to the DMSO control. While NVP and 12-d3-NVP
exhibited comparable mRNA fold change for CYP3A4 and
CYP2B6, 3-bromo-NVP demonstrated further increase in
CYP3A4 mRNA fold induction with an 11-fold change at
100 μM. The 2-nitro-NVP showed the least induction effect

for CYP3A4, but a comparable induction effect to NVP with
CYP2B6. Furthermore, to understand the extent of the mRNA
induction on the CYP3A4 activity, MDZ 1′-hydroxylation was
measured after the 72-h treatment of the primary human
hepatocytes with NVP and the different analogs (Figure 3B).
Interestingly, no significant change in CYP3A4 1′-hydrox-
ylation of MDZ was detected, except for the positive control
rifampicin and the 100 μM 12-d3-NVP treatment. A 2.6-fold
increase in CYP3A4 1′-hydroxylation was determined for the
100 μM 12-d3-NVP treatment. While the 3-bromo-NVP
showed the highest CYP3A4 mRNA-fold induction at 25
and 100 μM, no change in CYP3A4 1′-hydroxylation activity
was observed in the treated primary hepatocytes. In addition,
concurrently with the induction experiment, the health of the
treated primary human hepatocytes was assessed by LDH
release cytotoxicity assay and showed no signs of toxicity for
the different treatments (Supplemental Information, Figure
S2).
Metabolism-Dependent Inactivation of the Recombi-

nant CYP3A4 by NVP and 12-d3-NVP. The difference
between the 12-d3-NVP and NVP treatment on the hepatic
CYP3A4 activity level compelled us to further characterize the
inactivation properties of these two compounds for CYP3A4.
First, an IC50 shift experiment was carried out to assess the
time- and metabolism-dependent inhibition potency of NVP
and 12-d3-NVP using the nondilution methodology (Table 2
and Figure 5). Unexpectedly, 12-d3-NVP was a stronger
inhibitor of CYP3A4 than NVP with or without accounting for
the preincubation. The time component of the inhibition for
both NVP and 12-d3-NVP was inconsequential since the shift
between the IC50 at 0 and 30 min preincubation without
NADPH was less than 1.5-fold. In contrast, the IC50 shift
determined for the metabolism component was significant with
5.7- and 3.3-fold shifts for NVP and 12-d3-NVP, respectively.
To further refine the comparison between the metabolism-
dependent inactivation of CYP3A4 by NVP and 12-d3-NVP,
inactivation kinetic experiments were conducted assessing the
remaining CYP3A4 MDZ 1′-hydroxylation activity with
increasing preincubation time and inhibitor concentrations.
Here, the dilution method was used with the standard replot

Figure 3. Induction effects of NVP and its analogs on CYP3A4 gene
expression and activity in primary human hepatocytes. Fold change of
CYP3A4 mRNA (A) and midazolam 1′-hydroxylation activity (B) in
pooled primary human hepatocytes dosed for 72 h with 25 μM and
100 μM NVP, 2-nitro-NVP, 12-d3-NVP, or 3-bromo-NVP. DMSO
and rifampicin (10 μM) treatments were used for solvent control and
positive control for induction, respectively. Bars represent the means
of at least four biological replicates ± standard deviations. Data were
analyzed by one-way ANOVA against the DMSO control. Statistical
differences are shown by **, ***, and **** corresponding to the
following significance levels: p < 0.01, p < 0.001, and p < 0.0001,
respectively. ns, not significant; NVP, nevirapine; RIF, rifampicin.

Figure 4. Induction effects of NVP and its analogs on CYP2B6 gene
expression in primary human hepatocytes. Fold change of CYP2B6
mRNA in pooled primary human hepatocytes dosed for 72 h with 25
and 100 μM NVP, 2-nitro-NVP, 12-d3-NVP, or 3-bromo-NVP.
DMSO and rifampicin (10 μM) treatments were used for solvent
control and positive control for induction, respectively. Bars represent
the means of at least four biological replicates ± standard deviations.
Data were analyzed by one-way ANOVA against the DMSO control.
Statistical difference is shown by **** corresponding to the p <
0.0001 significance. ns, not significant; NVP, nevirapine; RIF,
rifampicin.
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approach. The decrease of activity of the recombinant CYP3A4
enzyme was preincubation time-dependent and concentration-
dependent for both NVP and 12-d3-NVP (Figure 6A,B). The
derived kobs values with the corresponding inhibitor concen-
trations allowed for the estimation of the following kinetic
inactivation constants: a kinact and a KI value of 0.148 min−1

and 168 μM for NVP and 0.0977 min−1 and 112 μM for 12-d3-
NVP (Table 2 and Figure 6C). Although the maximum rate of

inactivation is markedly lower for 12-d3-NVP, the rate of
covalent modification calculated by dividing kinact by KI was in
fact equivalent between NVP and 12-d3-NVP (Table 2).
NVP and 12-d3-NVP Reactive Metabolite Glutathione

Trapping. The metabolism-dependent inactivation of CYP
enzymes is generally driven by formation of reactive
metabolites.39 Thus, in order to understand the impact of
deuteration at the 12-methyl on the formation of reactive
metabolites, GSH trapping experiments were conducted with
recombinant CYP3A4, CYP2B6, and HLMs. Figure 7
illustrates the UV profiles obtained for the metabolites formed
with NVP and 12-d3-NVP incubated with 100 pmol/mL
recombinant CYP3A4 or CYP2B6. The 2- and 12-hydroxy
metabolites were detected for both NVP and 12-d3-NVP
incubations with CYP3A4 and matched the corresponding
authentic unlabeled standards (Supplemental Information,
Figure S3). A third UV peak was detected in both NVP and
12-d3-NVP incubations at the retention time of 4.33 min. Full

Table 2. Inhibitory Potency and Inactivation Kinetic
Parameters of NVP and 12-d3-NVP for Midazolam 1′-
Hydroxylation by the Recombinant CYP3A4 Enzymea

NVP 12-d3-NVP

IC50 shift assay IC50 ± SE (μM) (R2)
0 min preincubation 23.9 ± 2.0 (0.983) 11.3 ± 1.9 (0.943)

30 min preincubation (−)
NADPH

30.0 ± 2.8 (0.974) 9.38 ± 1.57 (0.948)

30 min preincubation (+)
NADPH

5.30 ± 1.01 (0.935) 2.85 ± 0.44 (0.976)

IC50 shift
[(−)NADPH/(+)NADPH]

5.7 3.3

Inactivation assay
KI ± SE (μM) 168 ± 22 112 ± 18

kinact ± SE (min−1) 0.148 ± 0.009 0.0977 ± 0.0061
R2 0.991 0.982

kinact/KI (mM−1·min−1) 0.881 0.872
aNVP, nevirapine; SE, standard error.

Figure 5. NVP and 12-d3-NVP time- and metabolism-dependent
inhibition of recombinant CYP3A4. Inhibition of CYP3A4-mediated
midazolam 1′-hydroxylation by NVP (A) and the 12-d3-NVP analog
(B) was assessed using the IC50 shift assay with the nondilution
method. Percent of control was determined for increasing drug
concentrations and after 0 and 30 min preincubation with and
without the NADPH cofactor. Each data point represents the average
of triplicate measurements with error bars representing standard
deviations. The IC50 and IC50 shift values and coefficients of
determination, R2, for the regression model fit obtained for NVP
and 12-d3-NVP inhibition are summarized in Table 2.

Figure 6. Time-dependent inactivation of CYP3A4 midazolam 1′-
hydroxylation by NVP and 12-d3-NVP. Pseudo-first-order kinetic
plots for six concentrations of NVP (A) and 12-d3-NVP (B) were
based on the percent CYP3A4 remaining activity versus the
preincubation time and led to the nonlinear regression fits (C) of
the inactivation rate constants (kobs) at the six inhibitor concen-
trations assessed. The KI and kinact values were determined to be 168
μM and 0.148 min−1 for NVP and 112 μM and 0.0977 min−1 for 12-
d3-NVP, respectively.
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MS and MSMS scans allowed the identification of that
metabolite as the GSH derivative of NVP and 12-d3-NVP,
respectively (Figure 8). The m/z of 575 and the isotopic
distribution (Figure 8B) associated with the GSH metabolite
detected in the CYP3A4 incubations with the 12-d3-NVP
excluded the possibility for the GSH group to be localized on
the 12-carbon which would have in fact resulted in a m/z of
574 due to the loss of one isotope deuterium atom. Indeed, a
comparison of the MSMS spectra of the GSH metabolites
deriving from NVP (Figure 8C) and 12-d3-NVP (Figure 8D)
showed a mass difference of three for several fragment ions,
suggesting an intact CD3 deuterated methyl group. In the
proposed fragmentation assignment associated with the GSH

metabolite MSMS spectra (Figure 8C,D), the GSH adducts are
represented at the carbon 3-position. While our MSMS data
could not warrant this specific assignment, the positioning of
the GSH was proposed based on the previous NMR work by
Srivastava et al. in 2010 identifying in vivo mercapturic
derivatives of NVP.22 Furthermore, in our reactive metabolite
search, we carefully looked for formation of a potential NVP-
12-GSH metabolite from NVP and 12-d3-NVP, but our UV
and MS analyses were infructuous. Incubations of NVP and
12-d3-NVP with the recombinant CYP2B6 generated only one
small UV peak at the retention time of 4.64 min (Figure
7B,D). This hydroxy metabolite was detected by MS with the
MRM 283 > 242 (data not shown), mass transitions previously

Figure 7. Recombinant CYP3A4 and CYP2B6 metabolite and glutathione-trapped reactive metabolite screening for NVP and 12-d3-NVP.
Representative UV chromatograms (280 nm) for NVP (A, B) and 12-d3-NVP (C, D) incubated at 50 μM for 60 min with recombinant CYP3A4
(A, C) and CYP2B6 (B, D) (100 pmol/mL) in the presence of 1 mM reduced L-glutathione and with or without the cofactor NADPH. IS, internal
standard.

Figure 8. Glutathione metabolites of NVP and 12-d3-NVP formed by recombinant CYP3A4. MS and MSMS analysis of glutathione metabolites
formed in recombinant CYP3A4 incubations with NVP (A and C) and 12-d3-NVP (B and D). Extracted m/z 572 (A) and 575 (B) chromatograms
from full scan MS measurements (m/z 100−1000), including the inset for isotopic distribution of the parent ion. MSMS spectra for glutathione
metabolite of NVP (C) and 12-d3-NVP (D) detected in CYP3A4 incubations, including the inset with proposed fragmentation assignment.
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employed by Heck et al. in 2020 for the 3OH-NVP, hence,
likely corresponding to the 3-hydroxy metabolite, the main
metabolite formed by CYP2B6.21 Importantly, no GSH
metabolite was detected in the recombinant CYP2B6
incubations under the conditions tested. Interestingly, the
metabolite profiles of NVP and 12-d3-NVP in HLM
incubations closely matched the profiles obtained with the
recombinant CYP3A4 (Supplemental Information, Figure S4).
With limited information about the effect of the deuteration on
the ionization efficiency of NVP and its metabolites, relative
quantification of the 2-hydroxy, 12-hydroxy, and GSH
metabolites was undertaken for NVP and its deuterated analog
using the UV absorbance signal (Figure 9). As expected,

formation of the 12-hydroxy metabolite decreased considerably
with the 12-d3-NVP. A 2-fold increase in the 2-hydroxy
metabolite was measured with the 12-d3-NVP, signifying a
metabolic shift in favor of the 2-hydroxy metabolite pathway
with the 12-methyl deuteration. Most remarkably, a similar 2-
fold increase in the GSH metabolite was observed with the 12-
d3-NVP, interconnecting to some extent the 2-hydroxy and
GSH pathways.

■ DISCUSSION
As the first NNRTI drug approved, NVP has been widely
employed for the treatment of HIV infection, even though it is
now strategically being replaced with safer second-generation
NNRTI drugs. Nonetheless, it is still prescribed as part of
combinatorial ART regimens for some of the most vulnerable
patient populations, such as neonates and pregnant people.
Despite its common use, NVP is associated with various severe
adverse effects, including skin rashes and liver toxicities, which
are driven by the oxidative metabolism of the drug. Therefore,
identification of analogs limiting these adverse effects would be
beneficial, especially for vulnerable patient groups. Here, we
assessed eight NVP analogs (Table 1), including two human
NVP metabolites, the 12OH- and 4-COOH-NVP, and a
deuterated analog at the 12-position, using an HIV-RT
inhibition assay. Undeniably, leveraging the prospect for active
metabolite formation has been a productive trend in the

pharmaceutical industry.40 While both human hydroxy
metabolites showed some inhibition propensity for HIV-RT
during screening, their inhibition potency was too low to be
efficacious. From the HIV-RT inhibition screening, three
analogs were selected: 2-nitro-NVP, 12-d3-NVP, and 3-bromo-
NVP, which all demonstrated >85% HIV-RT inhibition.
Unexpectedly, the 2-nitro-NVP and 12-d3-NVP showed
submicromolar IC50 values comparable to NVP (Figure 2).
The submicromolar inhibitory potency of the 12-d3-NVP
analog further raised our interest, since this compound has
demonstrated enhanced safety properties with decreased skin
rash in rodents and improved mouse hepatocyte viability.14,21

The kinetic isotope effect from the deuterium atoms
incorporated at the 12-position reduces the rate of oxidative
metabolism by CYP3A4 due to decreased zero-point energy
and, therefore, limits formation of the electrophile quinone
methide species and the 12OH-NVP metabolite.21 The use of
the deuterium isotope in drug design has been of increased
interest for the pharmaceutical industry, in particular to limit
metabolic conversion and improve dosing.41 However, it was
not until 2017 that the first deuterated drug, deutetrabenazine,
was approved by the FDA for the treatment of the neurological
disorder chorea associated with Huntington’s disease.31

Following the approval of deutetrabenazine, several other
deuterated drug derivatives are now undergoing clinical trials
(e.g., ALK-001, AVP-786, VX-561).

The risk for adverse drug reactions with NVP is associated
with the formation of reactive metabolites and with its capacity
to induce the expression of CYP-metabolizing enzymes and to
inactivate CYP3A4.28,42,43 Given this, it was essential to
evaluate if the three most potent NVP analogs identified in our
HIV-RT inhibition screening would demonstrate similar DDI
risks to NVP. We initially evaluated the induction of CYP3A4
and CYP2B6 gene expression in primary human hepatocytes
(Figures 3 and 4). Although no effect was observed for
CYP3A4 and CYP2B6 gene expression at the lowest drug
concentration (25 μM, a comparable concentration to the
reported Cmax for NVP at steady state24), except for the 3-
bromo analog, a significant increase in CYP mRNA levels was
obtained for all test compounds at the 100 μM concentration.
These results unfortunately suggest similar, or potentially even
more potent, as in the case of the 3-bromo-NVP, induction
effects for the NVP analogs. Both CYP mRNA and enzyme
activity level changes are valuable end points for comprehen-
sive understanding of the potential for CYP induction. Because
changes in CYP mRNA levels do not always translate directly
to changes in CYP protein level, CYP activity levels are a more
valuable measure of CYP function, as they are more responsive
to enzyme inhibition and/or cytotoxicity. In fact, it is well
established that CYP3A4 is inactivated by NVP.20,26

Effectively, no change in CYP3A4 activity was observed for
NVP, 2-nitro-NVP, and 3-bromo-NVP at the 100 μM
concentration when the mRNA level increased (Figure 3).
The effects observed in the primary human hepatocyte
induction studies from the treatment with NVP and its
analogs illustrate the complexity of the DDI phenomenon
mitigated in part by the change in CYP3A4 expression and in
another part by its inactivation. This results in a dynamic
balancing act between increased enzyme activity through
induction and decreased enzyme activity through inhibition,
the extent of each being regulated by the dose of the drug.
Interestingly, data from several human PK studies reporting
decreased AUC for saquinavir, indinavir, and methadone when

Figure 9. Quantitation by UV of the major NVP and 12-d3-NVP
metabolites formed in the recombinant CYP3A4 glutathione-trapping
reactions. The 2-hydroxy (2OH), 12-hydroxy (12OH), and GSH
metabolites formed in recombinant CYP3A4 (100 pmol/mL)
incubations with NVP or 12-d3-NVP (50 μM) were analyzed by
LC-UV-MS and quantified based on their UV peak signals at 280 nm.
Metabolite UV peak area ratios were calculated using 4-hydroxy-
midazolam as the internal standard. Bars represent the mean of three
replicates ± standard deviations. Statistical differences between the
NVP and its deuterium-labeled analog 12-d3-NVP were analyzed by
unpaired t test with Welch correction and with the following
significance levels: p < 0.01 for ** and p < 0.001 for ***. GSH,
glutathione; NVP, nevirapine.
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coadministrated with NVP indicate that the NVP induction
component seems to outweigh the inactivation, at least in
vivo.28 Yet, the most intriguing result from these induction
studies was the change in CYP3A4 activity level with the 12-d3-
NVP analog treatment. Even though the 12-d3-NVP showed
similar changes in CYP3A4 mRNA levels to NVP, the
deuterated analog triggered a 2.6-fold increase in CYP3A4
activity, suggesting alteration in the inactivation extent of the
12-d3-NVP.

To further explore the differences between NVP and 12-d3-
NVP regarding the inhibition of CYP3A4, an IC50 shift
experiment was carried out (Figure 5 and Table 2). In general,
12-d3-NVP demonstrated higher inhibition potency for the 1′-
hydroxylation of MDZ over NVP. No time-dependent
inhibition was noticed in either case; however, MDI was
conspicuous with IC50 shift [(−)NADPH/(+)NADPH] of 5.7
and 3.3 for NVP and 12-d3-NVP, respectively. These results,
then, triggered further characterization of the recombinant
CYP3A4 inactivation kinetics for both compounds. The KI and
kinact inactivation constants were determined using the dilution
method with the standard replot approach (Figure 6 and Table
2). The KI was slightly decreased for 12-d3-NVP, while the
maximum potential rate of inactivation was substantially lower
(1.5-fold). The tighter CYP3A4 IC50 and KI inhibition values
measured for the deuterated NVP may results from nuclear
quantum effects of deuteration modifying the hydrogen
bonding network within the CYP3A4 active site.44 The lower
inactivation rate for the deuterated analog would per
consequence constitute the main rationale for the increase in
CYP3A4 activity measured in the human primary hepatocytes.
Nevertheless, the CYP3A4 inactivation features of the 12-d3-
NVP were rather unpredicted since metabolism at the 12-
position should be restricted by the deuterium isotopes.
Another possible explanation for the inactivation observed with
12-d3-NVP may be that a different metabolic pathway is
involved in the CYP3A4 MDI.

Two mercapturic derivatives of NVP have been identified in
vivo in human urine, and rodent bile and urine, the 3- and 12-
mercapturic conjugates.22 The 3-mercapturic metabolite was
detected at higher abundance and is thought to originate from
a 2,3-epoxide reactive intermediate (Figure 1).23,45 While the
CYP enzyme responsible for formation of that epoxide
metabolite has not yet been characterized, CYP3A4 and
CYP2B6, known to be responsible for production of the 2- and
3-hydroxy NVP metabolites, respectively, represent suitable
candidates.20 Our GSH trapping with the recombinant
CYP3A4 and CYP2B6 enzymes identified only one GSH
metabolite formed in the recombinant incubations and pointed
to CYP3A4 as the most efficient enzyme in forming that
adduct (Figure 7). Comparison of the m/z and MSMS spectra
of the GSH conjugates detected in NVP and 12-d3-NVP
incubations supported that the GSH metabolite had an intact
12-deuterated methyl group (Figure 8), and thus, the GSH
conjugate could not originate from the quinone methide
intermediate. Surprisingly, no other GSH adduct, including the
NVP-12-GSH, was detected in the CYP3A4 incubations with
the unlabeled NVP. It is possible that under our experimental
conditions using high concentration of recombinant enzyme,
the electrophile quinone methide produced by CYP3A4 may
instantaneously covalently adduct a residue of its active site
(e.g., Cys23927), inactivating the enzyme and restricting the
metabolite release into the incubation media containing excess
GSH molecules. Furthermore, NVP deuteration at the 12-

methyl position, while decreasing formation of the 12-hydroxy
metabolite, completely shifted the metabolism toward the 2-
hydroxy and GSH NVP metabolites (Figure 9). The 2-fold
increase measured for these two metabolites indicated a higher
CYP3A4 metabolic rate for the deuterated drug, and thus,
minimal inactivation of the CYP enzyme. Effectively, dosing of
the 12-d3-NVP in rodents yielded only very low levels of the
deuterated analog in the animal blood; however, its
concentration increased substantially when dosed with the
nonspecific CYP inhibitor 1-aminobenzotriazole.14 This
suggests that the combined lack of CYP3A4 inactivation by
12-d3-NVP and metabolic switching to the production of the
2-hydroxy and GSH NVP metabolites ultimately leads to
increased drug clearance and, possibly, reduced drug efficacy.
This may be an important consideration when undertaking a
deuteration project to reduce drug toxicity, particularly for
drugs that must maintain a high circulating plasma
concentration to preserve efficacy such as antivirals or
antineoplastics.

Together, our results indicate that reducing the hepatotox-
icity risks of NVP may be challenging. First, of the three NVP
analogs with the highest HIV-RT inhibition potencies, all
demonstrated similar, or worse, CYP induction properties
compared to NVP, thus not improving the DDI risk. Second,
deuteration at the 12-position, a strategy advantageous in
reducing formation of the electrophile quinone methide
species and production of the 12OH-NVP, would in fact
yield further increased clearance and metabolic shift toward the
arene epoxide pathway that may likewise trigger idiosyncratic
hepatotoxicity over time. Lastly, the quinone methide
intermediate, which on the one hand is primarily responsible
for the idiosyncratic skin and liver toxicities, is on the other
hand positively mitigating the CYP3A4 induction effect by
inactivating the enzyme. Hence, being able to improve the
DDI risks and toxicity profile for NVP may be compared to the
funambulist “walking on a tightrope” where induction and
MDI weigh on each side of the balancing pole.
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energy; CV, cone voltage; CYP, cytochrome P450; DDI,
drug−drug interaction; DMSO, dimethyl sulfoxide; FDA,
Food and Drug Administration; GSH, glutathione; HIV,
human immunodeficiency virus; HIV-RT, HIV reverse tran-
scriptase; HLMs, human liver microsomes; HPLC, high
performance liquid chromatography; 1’OH-MDZ, 1′-hy-
droxy-midazolam; 4OH-MDZ, 4-hydroxy-midazolam; 2OH-
NVP, 2-hydroxy-nevirapine; 3OH-NVP, 3-hydroxy-nevirapine;
8OH-NVP, 8-hydroxy-nevirapine; 12OH-NVP, 12-hydroxy-
nevirapine; IDRs, idiosyncratic drug reactions; IS, internal
standard; kobs, observed inactivation rate constant; LC-MS/
MS, liquid chromatography tandem mass spectrometry; LDH,
lactate dehydrogenase; MDI, metabolism-dependent inactiva-
tor; MDZ, midazolam; MRM, multiple reaction monitoring;
MS, mass spectrometry; NADP+, β-nicotinamide adenine
dinucleotide phosphate; NADPH, β-nicotinamide adenine
dinucleotide phosphate reduced; NMR, nuclear magnetic
resonance; NNRTI(s), non-nucleoside reverse transcriptase
inhibitor(s); NVP, nevirapine; NVP-3-GSH, nevirapine-3-
glutathione; PBS, phosphate-buffered saline; PK, pharmacoki-
netic; qPCR, quantitative polymerase chain reaction,; RIF,
rifampicin; SULT, sulfotransferase; TDI, time-dependent
inhibitor; UPLC, ultra-performance liquid chromatography
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