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Abstract

Antiretroviral drugs such as efavirenz (EFV) are essential to combat HIV infection in the brain,
but little is known about how these drugs are metabolized locally. In this study, the cytochrome
P450 (P450) and UDP-glucuronosyltransferase (UGT)-dependent metabolism of EFV was
probed in brain microsomes from mice, cynomolgus macaques, and humans as well as primary
neural cells from C57BL/6N mice. Utilizing ultra-high performance liquid chromatography high
resolution mass spectrometry (UHPLC-HRMS), the formation of 8-hydroxyefavirenz (8-OHEFV)
from EFV and the glucuronidation of P450-dependent metabolites 8-OHEFV and 8,14-
dihydroxyefavirenz (8,14-diOHEFV) was observed in brain microsomes from all three species.
The direct glucuronidation of EFV, however, was only detected in cynomolgus macaque brain
microsomes. In primary neural cells treated with EFV, microglia were the only cell type to exhibit
metabolism, forming 8-OHEFV only. In cells treated with the P450-dependent metabolites of
EFV, glucuronidation was detected only in cortical neurons and astrocytes, revealing that
certain aspects of EFV metabolism are cell-type specific. Untargeted and targeted proteomics
experiments were used to identify the P450s and UGTs present in brain microsomes. Eleven
P450s and 11 UGTs were detected in human brain microsomes, while seven P450s and 14
UGTs were identified in mouse brain microsomes and 15 and four P450s and UGTs,
respectively, were observed in macaque brain microsomes. This was the first time many of
these enzymes have been noted in brain microsomes at the protein level. This study indicates
the potential for brain metabolism to contribute to pharmacological and toxicological outcomes

of EFV in the brain.
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Significance Statement

Metabolism in the brain is understudied, and the persistence of HIV infection in the brain
warrants the evaluation of how antiretroviral drugs, such as efavirenz, are metabolized in the
brain. Using brain microsomes, the metabolism of efavirenz by both P450s and UGTs is
established. Additionally, proteomics of brain microsomes characterizes P450s and UGTs in the

brain, of which many have not yet been noted in the literature at the protein level.
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Introduction

Efavirenz (EFV) is a non-nucleoside reverse transcriptase inhibitor used in combination
antiretroviral therapy (CART) to treat HIV-1. Up until 2018, EFV was one component of the first
line treatment (WHO, 2018), and is still utilized in resource limited settings. EFV is associated
with neurological adverse events, such as dizziness, depression, impaired concentration,
disordered sleep, and anxiety (Fumaz et al., 2002; Gutierrez et al., 2005; Romao et al., 2011;
Ma et al., 2016; Checa et al., 2020; Hakkers et al., 2020; van Rensburg et al., 2021). Higher
plasma concentrations of EFV and its primary metabolite, 8-hydroxyefavirenz (8-OHEFV), have
been linked to poorer neurocognitive performance and mood changes (Grilo et al., 2016;
Hakkers et al., 2020). EFV has also been shown to be toxic to neurons in culture and as it
induces mitochondrial disruption (Purnell and Fox, 2014; Funes et al., 2015; Ciavatta et al.,
2017). Of note, its P450-dependent metabolite, 8-OHEFV, has been found to elicit an even
greater neurotoxic effect, demonstrating decreased neuron survival at the same dose as well as
increased calcium influx and dendritic spine morphology (Tovar-y-Romo et al., 2012). Despite
the negative neurological consequences and evidence of brain penetration by EFV (Avery et al.,
2013b; Thompson et al., 2015; Srinivas et al., 2019; Seneviratne et al., 2020), little is known

about EFV metabolism in the brain.

Although we have highly effective combination antiretroviral therapy (cART), the brain remains a
particularly elusive haven for HIV-1 infection. Vulnerable to infection (Aljawai et al., 2014;
Cenker et al., 2017), the brain’s macrophages, microglia, are considered to be the primary
reservoir of HIV in the brain (Ko et al., 2019).When infected by HIV-1, microglial cells release
inflammatory cytokines (Walsh et al., 2014; Akiyama et al., 2020) and neurotoxic factors (van
Marle et al., 2004; Eugenin et al., 2007). These contribute to increased blood-brain barrier
permeability to HIV (Gandhi et al., 2010; Xu et al., 2012; Chaganti et al., 2019), prolonged

neuroinflammation (Chivero et al., 2017), and cell death (van Marle et al., 2004; Eugenin et al.,
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2007). Individuals who are considered virally suppressed in terms of plasma HIV-1 RNA levels
can have elevated HIV-1 RNA levels in the cerebrospinal fluid (CSF), which was found to
correlate with adverse neurological symptoms such as ataxia and cognitive impairment (Peluso
et al., 2012). HIV-1 in the central nervous system often leads to the development of HIV-
associated neurocognitive disorder (HAND) that includes symptoms such as neurocognitive
impairment and functional decline (Antinori et al., 2007). While cART has reduced the severity
of HAND symptoms since the pre-cART era, the fraction of people living with HIV who develop
HAND remains at approximately 42% (Wang et al., 2020) . This indicates that HIV infection is
persistent in the brain and underlines the importance of understanding the disposition of

antiretrovirals, such as EFV, in the brain.

The biotransformation of EFV in the liver occurs via cytochromes P450s (P450s) and UDP-
glucuronosyltransferases (UGTs). In humans, CYP2B6 and CYP2A6 form hydroxylated
metabolites of EFV while UGT2B7 can directly glucuronidate EFV, and a variety of different
UGTs can glucuronidate the P450-dependent metabolites of EFV (Mutlib et al., 1999; Ward et
al., 2003; Bae et al., 2011; Ji et al., 2012; Avery et al., 2013b). P450-dependent metabolites are
also noted to be sulfated, but these metabolites only account for approximately 0.7% of the
excreted compound in urine, and are not analyzed here (Aouri et al., 2016). In the present
study, we characterize the P450 and UGT metabolism of EFV in brain using brain microsomes
from mice, cynomolgus macaques, and humans, as well as primary neurons, astrocytes, and
microglia from C57BI6/N mice We show that biotransformation of EFV can occur in the brain,
and is carried out in a cell-type specific manner. UGT expression in brain, both in human and
model species, has been historically understudied. Previous work has primarily reported on the
tissue distribution of UGT mRNA (Buckley and Klaassen, 2007; Court et al., 2012; Uno and
Yamazaki, 2020b), but less is currently known regarding the protein expression of UGTs in brain

tissue. Therefore, a targeted mass spectrometry-based proteomics approach was developed
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and employed to aid in the understanding of drug metabolism in the brain by identifying the
P450s and UGTs present. Several P450s and 15, 6, and 11 UGTs were detected in brain
microsomes of mice, cynomolgus macaques, and humans, respectively. This work strengthens
our understanding of EFV metabolism by P450s and UGTs in the brain, which will be

fundamental to the investigation of the toxicity and efficacy of EFV in the brain.
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Materials and Methods

Microsomal Metabolism Assays

Mouse and cynomolgus macaque pooled whole brain and pooled liver microsomes and pooled
human brain microsomes were purchased from BiolVT (Baltimore, MD, USA). Microsome donor
pools were as follows: mouse whole brain — 836, cynomolgus macaque whole brain — 3, human
brain — 3, mouse liver — 478, and cynomolgus macaque liver — 5. Mouse, cynomolgus macaque,
and human pooled liver microsomes were purchased from XenoTech (Kansas City, KS, USA).
Microsome donor pools were as follows: mouse liver — 1000, cynomolgus macaque liver — 10,
and human liver — 50. For the P450 metabolism assays, microsomes, used at a protein
concentration of 0.5 mg/mL, were combined with 10 uM rac EFV (Toronto Research Chemicals,
Toronto, Ontario, Canada; Santa Cruz Biotechnology, Dallas, TX, USA) and NADPH
regenerating system (Corning, Corning, NY, USA) in 80 mM potassium phosphate buffer (pH
7.4, Corning). Samples were pre-warmed at 37 °C for 5 minutes before initialization of reaction
via the addition of microsomes. Incubations without NADPH or without substrate were used as
negative controls. Reactions were incubated in a 37 °C water bath with shaking for 30 minutes
and quenched using equal volume ice-cold acetonitrile and stored on ice until centrifugation. For
the UGT metabolism assays, brain microsomes, used at a protein concentration of 0.5 mg/mL
were combined with 10 uM EFV, rac 8-OHEFV (Toronto Research Chemicals), or rac 8,14-
diOHEFV (Toronto Research Chemicals), and a UGT reaction mixture containing 25 mM UDP
glucuronic acid (UDPGA), 40 mM MgCl,, 250 mM Tris-HCI, and 0.125 mg/mL alamethicin
(Corning). Samples were pre-warmed at 37 °C for 5 minutes before initialization of the reaction
via the addition of microsomes. Incubations without UDPGA or substrate were used as negative
controls. Reactions were incubated in a 37 °C water bath with shaking for 30 minutes and
quenched with equal volume ice-cold acetonitrile and stored on ice until centrifugation. Both

P450 and UGT metabolism assay samples were centrifuged at 10,000 x g and 4°C for 5 min
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and the supernatant was dried down in a vacufuge (Eppendorf, Hamburg, Germany). Samples
were reconstituted to 1/5 the original reaction volume in 100% methanol (Optima LCMS grade,
Fisher Scientific, Hampton, NH, USA) and separated using a HALO C18 2.7 ym, 2.1 x 100 mm
column (Advanced Materials Technology, Wilmington, DE, USA) on a Dionex 3000 ultra-high
performance liquid chromatography system (UHPLC) coupled with a Q Exactive Orbitrap mass
spectrometer (Thermo Fisher, Pittsburg, PA, USA). The column heater was maintained at 30 °C
and the sample injection volume was 2 pyL. Water with 0.1% formic acid and acetonitrile with
0.1% formic acid were used for mobile phases A and B, respectively, with a flow rate of 0.600
mL/min. From 0-0.5 min, the LC gradient held at 25% before increasing to 85% from 0.5-3.5
min. 85% B was held for 3.5-5.5 min, then decreased to 0% for 5.5-5.6 min. A gradient up to
25% B ran from 5.6-7.0 min, and then was held for the last 0.5 min of the method. The Q
Exactive acquired full MS scans from 150-800 m/z at a resolution of 70,000 and in negative
mode. The heated electrospray source ionization parameters were as follows: sheath gas flow
rate = 70, auxiliary gas flow rate = 20, sweep gas flow rate = 3, spray voltage = 3.00 kV,
capillary temperature = 390 °C, S-lens RF level = 60.0, and auxiliary gas heater temperature =
500 °C. Peak area values for efavirenz glucuronide (EFV-G) (m/z = 490.0522), 8-OHEFV (m/z =
330.0145), 8-hydroxyefavirenz glucuronide (8-OHEFV-G) (m/z = 506.0471), 8,14-
dihydroxyefavirenz (8,14-diOHEFV) (m/z = 346.0099) and 8,14-diOHEFV glucuronide (8,14-
diOHEFV-G) (m/z = 522.0420) were obtained in QualBrowser (Thermo Fisher) using a 5 ppm

mass error tolerance.

EFV Metabolite Formation Over Time for Human Liver and Brain Microsomes

Liver and brain microsomes from pooled human donors (0.5 mg/mL) were incubated at 37 °C
for 0, 5, 15, 30, 60, 90, 120, 150, and 240 minutes with 100 mM potassium phosphate buffer
(pH 7.4, Corning), NADPH regenerating system (Corning), UGT reaction mixture (Corning), and

5 uM EFV (Toronto Research Chemicals). Samples were pre-warmed at 37 °C for 5 minutes
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before initialization of reaction via the addition of microsomes. At each incubation time point, an
aliquot was removed from the reaction tube and quenched using ice-cold 100 nM EFV-d4
(Toronto Research Chemicals) in acetonitrile. Samples were stored on ice until they were
centrifuged at 10,000 x g and 4 °C for 5 min. The supernatant was dried in a vacufuge and
reconstituted in 100% methanol. lonized metabolites and internal standard EFV-d4 (m/z =
318.0452) were detected via the uUHPLC-HRMS method described above. Peak area values
were obtained in QualBrowser (Thermo Fisher) using a 5 ppm mass error tolerance. Data

visualization and analysis were carried out in GraphPad Prism (version 9.3.1).
Primary Neural Cell Metabolism Assays

All cells were maintained at 37°C and 5% CO,. C57BL/6N cortical neurons, striatal neurons,
and astrocytes were purchased from Lonza (Basel, Switzerland), and microglia were purchased
from Sciencell (Carlsbad, CA, USA). Neurons were plated at approximately 1.04x10° cells/cm?
in vendor-recommended medium, and a medium exchange was performed after two hours.
Astrocytes were plated at approximately 1.32x10* cells/cm? in vendor-recommended medium,
and a medium exchange was performed after 6 hours. Microglia were plated at approximately
2.19x10* cells/cm? in vendor recommended medium, and a media exchange was performed
after 24 hours. After three days in culture, cells were treated with 10 uM EFV, 8-OHEFV, 8,14-
diOHEFV, or 0.1% DMSO vehicle control for approximately 24 hours. Cells were pelleted and
culture media was removed, dried down, and resuspended in 100% methanol. Metabolite

formation was detected using a Q Exactive Orbitrap as described above.
Proteomics Sample Preparation

Liver and brain microsomes from mice, cynomolgus macaques, and humans were prepared for
proteomic analyses using S-Trap ™ spin columns (S-Trap Micro, PN: C02-Micro-10, Protifi,

Farmingdale, NY, USA) according to the manufacturer's protocol, where peptides were

11
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generated via reduction, alkylation, acidification, and tryptic digestion. Peptides were then dried
down, reconstituted in water 0.1% formic acid, and quantified using a quantitative colorimetric
assay (Thermo Fisher, PN: 23275) according to the manufacturer’s protocol. To improve the
depth of proteins identified for the targeted P450 and UGT methods, 100 ug of the brain
microsome peptides were also separated into eight fractions using high pH reversed-phase

chromatography (Thermo Fisher, PN 84868) according to the manufacturer’s protocol.
Untargeted Proteomics

Peptides acquired from liver and brain microsomes (200 ng) were separated using a Waters
HPLC nanoEase M/Z HSS T3, 100A, 1.8 ym, 300 um x 150 mm column and Acquity M Class
ultra-performance liquid chromatographer (Waters, Milford, MA, USA) before being injected onto
a ZenoTOF 7600 mass spectrometer (Sciex, Framingham, MA, USA). Mobile phases A (water
with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) flowed at 5 yL/min on the
following 75-min gradient: 3-25% B from 0-38 min, 25-50% B from 38-55 min, 50-80% B from
55-60 min, then 80% B was held for 5 min before decreasing back to 3% B at 67 min, which
was held for the remaining 8 min. Source parameters were as follows: ion source gas 1 = 20
psi, ion source gas 2 = 60 psi, curtain gas = 35, CAD gas = 7, source temperature = 200°C, and
column temperature = 30 °C. TOF MS parameters were as follows: acquisition range = 400-
1250 Da, accumulation time = 0.1 s, declustering potential = 80 V, declustering spread = 0 V,
collision energy = 10 V, and collision energy spread = 0V. TOF MSMS parameters were as
follows: acquisition range 100-1800 Da, accumulation time 0.02 s, declustering potential = 80 V,
declustering spread = 0V, collision energy = 12V, collision energy spread = 5 V, max number of
candidate enzymes = 45, intensity threshold = 150 cps. Fragmentation was achieved using
collision-induced dissociation and former candidate ions were excluded for 12 s after one
occurrence. Sciex .wiff files were converted to .mgf files with MS Convert before data analysis

was performed in Proteome Discoverer (version 2.4.0.305, Thermo Fisher) using Sequest HT
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for peptide spectral matching with a mass error tolerance of 25 ppm. Reference proteomes
obtained from UniProt for mouse (mus musculus, 10090), cynomolgus macaque (macaca

fascicularis, 9541), and human (homo sapiens, 9606) were used for protein identification.

Targeted P450 and UGT Proteomics

Mouse, cynomolgus macaque, and human pooled liver microsomes were used to develop,
validate, and optimize targeted methods for later analysis of brain microsomes. First, an
untargeted proteomic analysis of the liver microsomes as described above was used to
generate a list of detected peptides corresponding to P450 or UGT proteins that could be used
for a targeted method. Untargeted proteomics data analysis was performed in Proteome
Discoverer (version 2.4.0.305, Thermo Fisher) using Sequest HT for peptide spectral matching
and the UniProt proteomes for mouse (mus musculus, 10090), cynomolgus macaque (macaca
fascicularis, 9541), and human (homo sapiens, 9606) were used for protein identification. Due
to the relatively small number of reviewed proteins in UniProt/SwissProt for cynomolgus
macaque at the date of this study, an additional database was assembled from NCBI RefSeq by
compiling all protein sequences available for species 9541 in NCBI Annotation Release 102 into
a single .fasta file. The acquired list of peptides from the untargeted proteomics was combined
with the Skyline software-generated peptide prediction for 2+, 3+, and 4+ charged peptides
(Skyline version 21.2.0.568, MacCoss Lab, University of Washington, Seattle, WA, USA) based
on protein sequences imported from UniProt (Geneva, Switzerland). A targeted proteomic
analysis was performed using the same LC gradient and MS parameters as above first without,
then with scheduled ionization based on peptide retention times. The lists of target peptides, the
corresponding proteins, collision energies, and retention times can be found in Supplemental
Tables 1-6. The TOF MSMS parameters for the targeted methods were as follows: acquisition
range 100-1800 Da, accumulation times = 25-80 ms, declustering potential = 80 V,

fragmentation = collision-induced dissociation, and collision energy varied with each individual

13
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peptide. After the target list was iteratively narrowed down to 100-200 peptides with quality peak
shapes at high intensities in the liver microsomes, brain microsomes were analyzed for the
presence of P450 or UGT metabolizing enzymes. Species-matched liver microsomes were run
in tandem with the brain microsomes to validate findings. Targeted proteomic data analysis was
performed in Skyline with the proteomes for mouse (mus musculus, 10090), cynomolgus
macaque (macaca fascicularis, 9541), and human (homo sapiens, 9606) narrowed down just to
contain P450s and UGTSs, ensuring consistent retention times and fragment ion distribution
between identifications made in the brain microsomes and those parameters established in the
species-matched liver microsomes. All samples were run in technical duplicate or triplicate, and
if peptide was observed in more than one brain microsome fraction, the chromatograms from
fraction with the highest peak intensity were used in the figures. All proteomic files and results
were deposited at the MASSIVE public repository and can be accessed at:

ftp://massive.ucsd.edu/MSV000090576/.

Statistical Analysis

Data visualization and statistical analysis was carried out in GraphPad Prism (version 9.3.1, San
Diego, CA, USA). A two-tailed Welch’s t-test was used to determine significant differences in
metabolite formation between liver microsomes and brain microsomes where p < 0.05=*and p

<0.01 ="~

14
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Results

Brain microsomes demonstrate both P450 and UGT activity toward EFV and its P450-

dependent metabolites, 8-OHEFV, and 8,14-diOHEFV.

To characterize metabolic activity toward EFV in the brain, we employed microsomal assays
utilizing pooled brain microsomes from mice, cynomolgus macaques, and humans. Brain and
species-matched liver microsomes were incubated with EFV or one of its P450-dependent
metabolites, 8-OHEFV or 8,14-diOHEFV. Incubation of EFV with the brain microsomes from all
three species tested resulted in the formation of 8-OHEFV from EFV (Fig. 1). For each species,
the formation of 8-OHEFV in the brain microsomes was less than that observed in the liver
microsomes, with this difference being statistically significant for the cynomolgus macaque and
human microsomes while p = 0.0586 for the mouse microsomes. The formation of other
previously reported P450-dependent EFV metabolites such as 7-OHEFV and 8,14-diOHEFV
was not noted in the brain microsomes of any species tested. Metabolic assays to evaluate
UGT activity toward EFV in the brain microsomes were also performed, using EFV or one of its
P450-dependent metabolites as a substrate. We found the direct glucuronidation of EFV by
brain microsomes to be species specific, where only the macaque brain microsomes formed
EFV-G (Fig. 2A). We detected the glucuronidation of both 8-OHEFV and 8,14-diOHEFYV in brain
microsomes from all three species, but again, to a lesser extent than what we noted in the liver
(Fig. 2B-C). The differences between liver and brain microsome formation of 8-OHEFV-G and
8,14diOHEFV-G were statistically significant in the macaque and human samples. The
formation of EFV metabolites in human liver and brain microsomes was then evaluated using a
time course experiment. The microsomal incubations, consisting of 9 timepoints over 4 hours,
contained both NADPH and UDPGA cofactors to examine P450 and UGT activity concurrently.
In the human brain microsomes, only 8-OHEFV was formed at a detectable level, and the peak

areas observed for this metabolite were two orders of magnitude lower than the 8-OHEFV
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formed in the human liver microsomes. (Fig. 3). In the human liver microsomes, we observe the
formation of 8-OHEFV, 8-OHEFV-G, EFV-G, and 8,14-diOHEFV-G. Additionally, the 8-OHEFV
in the liver microsomes was glucuronidated at each time point investigated, where 8-OHEFV-G

was the metabolite formed in the highest abundance from 15-240 min.

Metabolism of EFV is cell-type specific.

Because microsomal assays do not capture the cell type heterogeneity of the brain, EFV
metabolism was studied in primary cortical and striatal neurons, astrocytes, and microglia from
C57BL/6N mice. Following incubation of EFV with individual cultures of each of the above-
mentioned primary cell types, culture media was analyzed for the formation of EFV metabolites.
The microglial cells were the only cell type where biotransformation of EFV was detected, with
8-OHEFV present in the culture medium (Fig. 4). The 8-OHEFV metabolite was the only
metabolite observed. The primary cortical neurons, striatal neurons, or astrocytes did not exhibit
any metabolic activity toward EFV. When synthetic P450-dependent metabolites 8-OHEFV or
8,14-diOHEFV were used as substrates, glucuronidation of both P450-dependent metabolites
was detected in the cortical neurons (Fig. 5A) and astrocytes (Fig. 5B). No other P450-, UGT-,

or sulfotransferase-dependent metabolites were observed.

Untargeted proteomics confirmed higher abundance of P450s and UGTs in the liver

microsomes compared to the brain microsomes.

A global untargeted proteomics experiment was first utilized to determine the expression of
P450s and UGTs in liver microsomes versus brain microsomes isolated from mouse,
cynomolgus macaque, or human tissue. Relative comparisons were achieved by using the
number of peptide spectral matches identified for each protein, a label-free, semi-quantitative
way to measure protein abundance (Lundgren et al., 2010). In the mouse brain microsomes, a

single unique peptide spectral match was found for Cyp2f2, Cyp2j5, Cyp2j6, Ugt2a3, and
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Ugt2b17. For all but Cyp2j6, these matches were only a fraction of those observed in liver
microsomes (Figure 6). Due to high sequence homology between these enzymes, additional
non-unique peptide spectral matches were found for Cyp2d10, Cyp2d11, and Cyp2d26 where a
single peptide corresponding to all three proteins was observed. Ugts 1a1, 1a2, 1a6, and 1a9
also shared a single peptide spectral match. Conversely, multiple peptides corresponding to
each of these proteins were revealed in the mouse liver microsomes. In the microsomes from
cynomolgus macaque, one unique peptide matching CYP3A8 was identified in the brain
microsomes, compared to 58 peptide spectral matches for CYP3AS8 in the liver microsomes. In
the human brain microsomes, CYP2E1 and CYP3A4 each showed a single unique peptide
spectral match compared to 41 and 21 unique peptide matches in the liver microsomes,
respectively (Figure 6). A non-unique peptide corresponding to UGT1A1, UGT1A3, UGT1A4,
UGT1AS, UGT1A6, UGT1A7, UGT1A8, UGT1A9, or UGT1A10 was also noted in the human

brain microsomes.

Targeted proteomics identified several P450s and UGTs in brain microsomes.

Based on the results of our microsomal assays indicating the presence of UGTs in the macaque
and human brain microsomes, and the lack of identification of these enzymes in our untargeted
proteomics results, we sought a method to identify the low abundance proteins of interest in the
brain microsome samples. It is well-established that targeted proteomic methods have a lower
limit of detection than global analysis techniques (Domon and Aebersold, 2010). A recent
advance in targeted mass spectrometry allows the simultaneous generation of multiple fragment
ions from a peptide that can be identified with high resolution and high mass accuracy. To
develop targeted proteomics methods, we created a target list of unique peptides to be used in
the identification of P450s and UGTs in mouse, cynomolgus macaque, and human brain
microsomes. To be considered an identification, each unique peptide had a mass error < 25

ppm, a minimum of 3 fragment ions with intensities at least 3 times above the noise, and an
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acceptable peak shape. Only proteins from which quality peptides could be reliably detected in
the liver microsomes were targeted in these experiments. Using the target lists, scheduled
ionization, and these criteria we identified peptides from several different P450s and UGTs
(Table 1). In the mouse brain microsomes, 10 peptides corresponding to 7 different P450s —
1a1, 2¢39, 2d10, 2d11, 2d26, 4a10, and 7b1 — (Fig. 7, Supp. Fig. 1, and Supp. Table 7) and 25
peptides matching 15 UGTs — 1a1, 1a2, 1a5, 1a7, 1a8, 1a9, 1a10, 2a1, 2a2, 2a3, 2b17, 2b34,
2b35, and 3a1 — (Fig. 8, Supp. Fig. 2, and Supp. Table 7) were observed. In the cynomolgus
macaque brain microsomes, 18 unique peptides corresponding to 15 P450s — 1A1, 1A2, 1B1,
2C18, 2E1, 2F1, 2F12, 2R1, 2U1, 2W1, 11B2, 20A1, 21A2, 27A1, 27C1 — (Fig. 9, Supp. Fig. 3,
and Supp. Table 8) and 4 peptides matching 4 UGTs —, 1A9, 1A10, 2B9, and 2B20 — were
detected (Fig. 10, Supp. Fig. 4 and Supp. Table 8). In the human brain microsomes, 15 peptides
matching 11 different P450s — 1A2, 2A6, 2B6, 2D6, 2E1, 2J2, 3A4, 4A11, 4F3, 4F12, and 20A1
— and (Fig. 11, Supp. Fig. 5, and Supp. Table 9) and 14 peptides matching 11 different UGTs
— 1A1, 1A4, 1A5, 1A6, 1A8, 2A1, 2A2, 2B4, 2B7, 2B17, and 2B28 — were observed (Fig. 12,

Supp. Fig. 6, and Supp. Table 9).
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Discussion

This work aimed to deepen the understanding of drug metabolism in the brain, specifically for
EFV. Our in vitro studies indicate that the brain can metabolize EFV and glucuronidate its P450-
dependent metabolites. Moreover, we identified species differences in the direct glucuronidation
of EFV, where brain microsomes from cynomolgus macaques formed EFV-G, but the other
brain microsomes did not. We also uncovered cell-type specific metabolism of EFV in mouse
neural cells. Microglia metabolized EFV to 8-OHEFV while cortical neurons and astrocytes
glucuronidated both 8-OHEFV and 8,14-diOHEFV. This evidence indicates that local
biotransformation of EFV and its P450-dependent metabolites can occur in brain and that this
metabolism can vary by cell type and species. EFV metabolism in the brain could have

consequences in both the sphere of drug efficacy and neurotoxicity.

Clinically, EFV is associated with a range of neurological adverse events, with symptoms such
as dizziness, depression, impaired concentration, disordered sleep, and anxiety occurring in up
to 70% of patients (Fumaz et al., 2002; Gutierrez et al., 2005; Checa et al., 2020). Although
these symptoms often subside over time, central nervous system (CNS) adverse events lead to
regimen interruption and lower quality of life (Fumaz et al., 2002; Gutierrez et al., 2005; Hawkins
et al., 2005; Vera et al., 2019). Both EFV and 8-OHEFV reach the CSF at approximately 10
ng/mL and 3 ng/mL, respectively. (Tashima et al., 1999; Best et al., 2011; Avery et al., 2013a;
Avery et al., 2013b). Though EFV is 99.5% protein bound, similar unbound drug concentrations
between plasma and CSF suggests unbound efavirenz can passively enter the CNS (Best et al.,
2011; Avery et al., 2013a). While EFV has been noted to induce P-glycoprotein, it is not a
substrate of the transporter (Dirson et al., 2006; Chan et al., 2013). EFV is found in the CSF at
concentrations above the 1Cgs for wild-type HIV-1 (Tashima et al.,, 1999; Best et al., 2011;
Calcagno et al., 2015), contradicting the notion that the ongoing prevalence of HAND is a result

of poor antiretroviral penetration into the CNS. Additionally, the 8-OHEFV concentrations found
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in human CSF are similar to the dose that induced in vitro toxicity in rat hippocampal neurons
(Tovar-y-Romo et al., 2012; Avery et al., 2013b). However, phase 2 metabolites, 8-OHEFV-G
and 8-OHEFV-sulfate, were noted at even higher concentrations, 15-56 ng/mL and 0-29 ng/mL,
respectively (Aouri et al., 2016; Nightingale et al., 2016). Nightingale et al. note that these higher
concentrations could be a result of local metabolism, as the percentage of free EFV is not
significantly greater in the CSF than it is in the plasma. The slow metabolizing CYP2B6 (G516T)
T/T genotype is associated with higher plasma and CSF concentrations of EFV (Haas et al.,
2004; Nightingale et al., 2016), as well as late onset efavirenz neurotoxicity syndrome (van
Rensburg et al., 2021). Further, in silico modeling indicates that measurements of EFV in the
CSF likely underrepresent the EFV penetration into the brain (Curley et al., 2017). These
predictions were confirmed in a study that analyzed the post-mortem brain tissue of patients
taking EFV and noted an average tissue concentration of 35.9 ng/mL EFV compared to 15.9
ng/mL in the CSF (Aouri et al.,, 2016; Ferrara et al., 2020). Local brain metabolism of EFV,
particularly glucuronidation, could be advantageous in terms of neurotoxicity, but detrimental to
efficacy at the site of infection. Several studies have examined drug metabolizing enzymes in
the brain, but few have measured these drug metabolizing enzymes at the protein level. Using
a proteomics approach, we sought to identify the P450s and UGTs present in brain

microsomes.

The mRNA transcripts of several P450s have been reported in the human brain, with 1B1, 2D6,
2E1, 2J2, and 46A1 being the most abundant (Dutheil et al., 2009). CYP2D6 metabolizes
endogenous substances like dopamine and serotonin as well as a number of different drugs that
target the CNS such as opioids, neuroleptics, antidepressants, selective serotonin reuptake
inhibitors, and antiemetics (Hiroi et al., 1998; Yu et al., 2003; Wang et al., 2009; Bromek et al.,
2011; Haduch et al., 2015). Furthermore, lower levels of CYP2D6 in the brain have been

associated with Parkinson’s disease (Mann et al., 2012). CYP2E1 is known to both metabolize
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and be induced by ethanol in the brain (Zimatkin et al., 2006; Zhong et al., 2012; Ferguson et
al., 2013). In the brain, CYP2B6 has been implicated in nicotine metabolism (Garcia et al.,
2015), and nicotine has been shown to induce CYP2B6 expression (Miksys et al., 2003; Lee et
al., 2006; Ferguson et al., 2013). CYP2B6 is also known to metabolize the antidepressant and
smoking cessation aid bupropion (Hesse et al., 2000), which has been observed, along with its
metabolites, in brain tissue (Suckow et al., 1986). CYP46A1 catalyzes cholesterol 24-
hydroxylation and is important in regulating cholesterol homeostasis in the brain, while
dysregulation has been linked to neurodegeneration (Djelti et al., 2015). EFV is known to be a
CYP46A1 activator at low doses and has been explored for the treatment of Alzheimer’s
disease (Petrov et al., 2019; Mast et al., 2020). Lastly, human brain microsomes have also been
noted to exhibit P450 activity by CYP3A4, CYP2D6, or CYP2C19 through the demethylation of

the antidepressant amitriptyline (Voirol et al., 2000).

Using targeted P450 proteomics, we identified a number of P450s in mouse, cynomolgus
macaque, and human brain microsomes. Several studies have shown the presence of P450s,
either at the mRNA or protein level, in murine brain (Stapleton et al., 1995; Choudhary et al.,
2005; Renaud et al., 2011; Hersman and Bumpus, 2014; Stamou et al., 2014; Yamaori et al.,
2017). Our identification of Cyp1a1, Cyp2c39, Cyp2d10, Cyp2d26, Cyp4al10, and Cyp7b1
coincides with these studies (Supp. Table 10). Detection of CYP1A1 and CYP2E1 in macaque
brain microsomes was commensurate with a previous mRNA-based study (Uno and Yamazaki,
2020b), while the remaining 13 P450s we identified in macaque brain microsomes (P450s 1A2,
1B1, 2C18, 2F1, 2F12, 2R1, 2U1, 11B2, 20A1, 21A2, 27A1, and 27C1) have not been
previously noted in the brain (Supp. Table 11). P450s in the human brain have also been
previously reported (McFadyen et al., 1998; Yun et al., 1998; Gervot et al., 1999; Upadhya et
al., 2000; Miksys et al., 2002; Stark et al., 2008; Booth Depaz et al., 2015), including CYP1A2,

CYP2B6, CYP2C9 CYP2E1, CYP3A4, and CYP20A1, which were identified in the present study

21

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on January 9, 2023 as DOI: 10.1124/dmd.122.001195
This article has not been copyedited and formatted. The final version may differ from this version.

using targeted proteomics (Supp. Table 12). We additionally identified peptides corresponding

to CYP2A6, CYP2J2, CYP4A11, CYP4F3, and CYP4F12.

Less is known about UGTs in the brain compared to P450s. However, UGTs have been shown
to be involved in the metabolism of both endogenous substrates, such as dopamine and
serotonin, and xenobiotics, such as morphine, in the brain (Wahistrom et al., 1988; Uutela et al.,
2009; Ouzzine et al., 2014). We identified 14 different UGTs in the mouse brain microsomes, 12
of which have been detected at the mRNA level in previous studies (Buckley and Klaassen,
2007; Heydel et al., 2010; Uchihashi et al., 2013), while the other 2 UGTs, Ugt1a9 and Ugt2b17,
have not been previously reported in murine brain (Supp. Table 10). The mRNA expression of
UGTs 1A1, 1A9, 1A10, 2B9, 2B18, 2B19, 2B23, 3A2, and 8A1 has been reported in
cynomolgus macaque brain tissue (Uno and Yamazaki, 2020b; Uno and Yamazaki, 2020a), of
which we observed UGT1A9, UGT1A10, and UGT2B9 protein in macaque brain microsomes
(Supp. Table 11). We also identified UGT2B20, and to our knowledge, UGT protein and/or
activity have yet to be reported in cynomolgus macaque brain. Lastly, the mRNA transcript of
UGTs 1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A10, 2A1, 2B7, and 2B17 have been previously
identified in human brain tissue (Jedlitschky et al., 1999; King et al., 1999; Ohno and Nakajin,
2009; Court et al., 2012) and UGT1A4 protein has been reported as well (Ghosh et al., 2010),
corresponding with our study (Supp. Table 12). Using the targeted proteomics method that we
developed, UGTs 1A8, 2A1, 2A2, 2B4, and 2B28 were also identified. These results are
consistent with our microsomal metabolism data as UGT1A1 and UGT1A8 each have been
reported to carry out the glucuronidation of the P450-dependent metabolites of EFV (Bae et al.,

2011).

In summary, the in vitro metabolism of EFV observed in this study and the identification of P450
and UGT protein in the brain microsomes of mice, cynomolgus macaques, and humans lends

novel insight into the local metabolism of the EFV, which would have implications for combatting
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HIV in the brain. Biotransformation of EFV in the brain would reduce active drug concentration,
while, on the other hand, potentially modulating neurotoxicity. The presence of drug
metabolizing enzymes in the brain at the protein level has not been previously well-established,
but the targeted methods used can be applied to probing low-abundance P450s and UGTs in
other tissues, contributing to research regarding tissue-specific pharmaceuticals or toxicity. The
proteomic data presented in this study represent a fundamental asset in understanding and
predicting P450 and UGT metabolism of any drug that crosses the blood-brain barrier and can

guide future activity-based studies.
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Figure Legends

Figure 1. P450-dependent metabolism of EFV occurs in brain microsomes, but to a lesser
extent than in liver microsomes. Brain and liver microsomes (0.5 mg/mL) were incubated with
10 yM EFV and NADPH cofactor for 30 min. The 8-OHEFV (m/z = 330.0145) metabolite was
detected using uUHPLC-HRMS. Formation of P450-dependent metabolites 7-OHEFV and 8,14-
diOHEFV was not detected following incubation of EFV with brain microsomes from any
species. Each data point represents an individual measurement from a microsomal metabolism
assay. Assays were performed in triplicate. Statistical analysis of metabolite formation in liver
versus brain microsomes was performed using a two-tailed Welch’s unequal variances t-test. p

<0.05=* p<0.01="*

Figure 2. Glucuronidation of EFV is species specific and glucuronidation of P450-
dependent metabolites of EFV occurs to a greater extent in liver microsomes than in
brain microsomes. Brain and liver microsomes (0.5 mg/mL) were incubated with 10 yM
substrate: A) EFV, B) 8-OHEFV, or C) 8,14-diOHEFV, and UDPGA cofactor for 30 min. The
metabolites, EFV-G (m/z = 490.0522), 8-OHEFV-G (m/z = 506.0471), and 8,14-diOHEFV-G
(m/z = 522.0420), were detected using uHPLC-HRMS. Each data point represents an individual
measurement from a microsomal metabolism assay. Assays were performed in ftriplicate.
Statistical analysis of metabolite formation in liver versus brain microsomes was performed

using a two-tailed Welch’s unequal variances t-test. p < 0.05=*, p < 0.01 =**, p < 0.001 = ***,

Figure 3. EFV metabolite formation is greater following incubation with human liver
microsomes than human brain microsomes across time points. Brain and liver microsomes
(0.5 mg/mL) were incubated with 5 yM EFV, NADPH regenerating system and a UGT reaction

mixture (alamethicin and UDPGA cofactor) for 0, 5, 15, 30, 60, 90, 120, 150, and 240 min. The
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metabolites, EFV-G (m/z = 490.0522), 8-OHEFV (m/z = 330.0145), 8-OHEFV glucuronide (8-
OHEFV-G) (m/z = 506.0471), and 8,14-diOHEFV glucuronide (8,14-diOHEFV-G) (m/z =
522.0420), were detected using uUHPLC-HRMS. Each data point is representative of a single
measurement. Statistical analysis of total 8-OHEFV formation in liver versus brain microsomes

was performed using a two-tailed Welch’s unequal variances t-test: p = 0.0033.

Figure 4. P450-dependent metabolism occurs in microglial cells from C57BL/6N mice.
Cortical and striatal neurons, astrocytes, and microglia from C57BL/6N mice were incubated for
24 hours with 10 uM EFV. Culture media was analyzed for metabolite formation using uHPLC-
HRMS. Microglia were the only cell type tested to exhibit EFV biotransformation to 8-OHEFV.
No other metabolites were observed for any of the cell types. Each data point is representative

of a measurement from a single culture well. Cells were plated and treated in duplicate.

Figure 5. Glucuronidation of EFV P450-dependent metabolites occurs in cortical neurons
and astrocytes from C57BL/6 mice. Cortical and striatal neurons, astrocytes, and microglia
from C57BL/6 mice were incubated 24 hours with 10 yM 8-OHEFV or 8,14-diOHEFV. Culture
media was analyzed for metabolite formation using uHPLC-HRMS. Glucuronidation of both
P450-dependent metabolites was detected in the cortical neurons and astrocytes. Each data
point is representative of a measurement from a single culture well. Cells were plated and

treated in duplicate.

Figure 6. Proteins detected in the brain microsomes exhibited a fraction of the peptide
spectral matches identified for the same proteins in the liver microsomes. Untargeted
proteomics comparing liver versus brain microsomes from mouse, cynomolgus macaque, and
human revealed the presence of several drug metabolizing enzymes, each with a single peptide
spectral match. These matches were only a fraction of the peptide spectral matches observed in

the liver microsomes for all proteins except for Cyp2j6 in the mouse microsomes.
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Figure 7. Identification of Cyp2d26 in mouse brain microsomes using a targeted
proteomics approach. Mouse brain microsomes were digested and resulting peptides were
fractionated before using targeted proteomics to show the presence of Cyp2d26 (A). Samples
were run in triplicate and peptide identifications were validated by comparing retention time (B)
and peak area percentage of fragment ions (C) between mouse brain microsomes (MsBM) and
mouse liver microsomes (MsLM). Peptide identifications for Cyp1a1, Cyp2c39, Cyp2d10,

Cy2d11, Cyp4a10, and Cyp7b1 are illustrated in Supplemental Figure 1.

Figure 8. ldentification of Ugt1a8 in mouse brain microsomes using a targeted
proteomics approach. Mouse brain microsomes were digested and resulting peptides were
fractionated before using targeted proteomics to show the presence of Ugt1a8 (A). Samples
were run in triplicate and peptide identifications were validated by comparing retention time (B)
and peak area percentage of fragment ions (C) between mouse brain microsomes (MsBM) and
mouse liver microsomes (MsLM). Peptide identifications for Ugt1a1, Ugt1a2, Ugt1a5, Ugtia?,
Ugt1a9, Ugt1a10, Ugt2a1, Ugt2a2, Ugt2a3, Ugt2b1, Ugt2b17, Ugt2b34, Ugt2b35, and Ugt3a1l

are illustrated in Supplemental Figure 2. -

Figure 9. Identification of CYP1A2 in cynomolgus macaque brain microsomes using a
targeted proteomics approach. Cynomolgus macaque brain microsomes were digested and
resulting peptides were fractionated before using targeted proteomics to show the presence of
CYP1A2 (A). Samples were run in duplicate and peptide identifications were validated by
comparing retention time (B) and peak area percentage of fragment ions (C) between macaque
brain microsomes (MkBM) and macaque liver microsomes (MkLM). Peptide identifications for
CYP1A1, CYP1B1, CYP2E1, CYP2F1, CYP2R1, CYP2U1, CYP2W1, CYP4F12, CYP4F22,
CYP11B2, CYP20A1, CYP21A2, CYP27A1, and CYP27C1 are illustrated in Supplemental

Figure 3.
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Figure 10. Identification of UGT1A9 in cynomolgus macaque brain microsomes using a
targeted proteomics approach. Cynomolgus macaque brain microsomes were digested and
resulting peptides were fractionated before using targeted proteomics to show the presence of
UGT1A9 (A). Samples were run in ftriplicate and peptide identifications were validated by
comparing retention time (B) and peak area percentage of fragment ions (C) between macaque
brain microsomes (MkBM) and macaque liver microsomes (MkLM). Peptide identifications for

UGT1A10, UGT2B9, and UGT2B20 are illustrated in Supplemental Figure 4.

Figure 11. Identification of CYP2A6 inhuman brain microsomes using a targeted
proteomics approach. Human brain microsomes were digested and resulting peptides were
fractionated before using targeted proteomics to show the presence of CYP2A6 (A). Samples
were run in duplicate or triplicate and peptide identifications were validated by comparing
retention time (B) and peak area percentage of fragment ions (C) between human brain
microsomes (HBM) and human liver microsomes (HLM). Peptide identifications for CYP1A2,
CYP2B6, CYP2D6, CYP2E1, CYP2J2, CYP3A4, CYP4A11, CYP4F3, CYP4F12, and

CYP20A1. are illustrated in Supplemental Figure 5.

Figure 12. Identification of UGT1A6 in human brain microsomes using a targeted
proteomics approach. Human brain microsomes were digested and resulting peptides were
fractionated before using a targeted proteomics approach to show the presence of UGT1A6 (A).
Samples were run in duplicate or triplicate and peptide identifications were validated by
comparing retention time (B) and peak area percentage of fragment ions (C) between human
brain microsomes (HBM) and human liver microsomes (HLM). Peptide identifications for
UGT1A1, UGT1A4, UGT1A5, UGT1A6, UGT1A8, UGT2A1, UGT2A2, UGT2B4, UGT2B?7,

UGT2B17, and UGT2B28 are illustrated in Supplemental Figure 6..
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Table 1. Summary of P450s and UGTs detected in brain microsomes.

Mouse P450s

1a1, 2c39, 2d10, 2d11, 2d26, 4a10, 7b1

Macaque 1A1, 1A2, 1B1, 2E1, 2F1, 2F12, 2R1, 2U1, 2W1, 4F12, 11B2 20A1, 21A2,
P450s 27A1, 27C1

Human P450s 1A2, 2A6, 2B6, 2C9, 2E1, 2J2, 3A4, 4A11, 4F3, 4F11, 4F12, 20A1

Mouse UGTs 1a1, 1a2, 1a5, 1a7, 1a8, 1a9, 1a10, 2a1, 2a2, 2a3, 2b17, 2b34, 2b35, 3a1
Macaque UGTs | 1A9, 1A10, 2B9, 2B20

Human UGTs 1A1, 1A4, 1A5, 1A6, 1A8,, 2A1, 2A2, 2B4, 2B7, 2B17, 2B28
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Figure 3

EFV Metabolite Formation Over Time
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Figure 4

Metabolism in EFV-treated Cells
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Figure 5

Cortical Neuron UGT Metabolism
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Figure 6

Proteins Identified in Brain Microsomes
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