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Abstract: Efavirenz (EFV), an FDA-approved anti-HIV drug, has off-target binding to CYP46A1, the
CNS enzyme which converts cholesterol to 24-hydroxycholesterol. At small doses, EFV allosterically
activates CYP46A1 in mice and humans and mitigates some of the Alzheimer’s disease manifestations
in 5XFAD mice, an animal model. Notably, in vitro, all phase 1 EFV hydroxymetabolites activate
CYP46A1 as well and bind either to the allosteric site for EFV, neurotransmitters or both. Herein,
we treated 5XFAD mice with 8,14-dihydroxyEFV, the binder to the neurotransmitter allosteric site,
which elicits the highest CYP46A1 activation in vitro. We found that treated animals of both sexes
had activation of CYP46A1 and cholesterol turnover in the brain, decreased content of the amyloid
beta 42 peptide, increased levels of acetyl-CoA and acetylcholine, and altered expression of the
brain marker proteins. In addition, male mice had improved performance in the Barnes Maze test
and increased expression of the acetylcholine-related genes. This work expands our knowledge
of the beneficial CYP46A1 activation effects and demonstrates that 8,14-dihydroxyEFV crosses the
blood–brain barrier and has therapeutic potential as a CYP46A1 activator.

Keywords: efavirenz; CYP46A1; 8,14-dihydroxyefavirenz; Alzheimer’s disease; cholesterol metabolism;
acetylcholine; acetyl-CoA

1. Introduction

CYP46A1 (cytochrome P450 46A1 or the CNS-specific cholesterol 24-hydroxylase)
controls cholesterol elimination and turnover in the brain and, thereby, a variety of brain
processes [1,2]. CYP46A1 plays a unique role in the brain and is emerging as a therapeutic
target for treatment of different neurodegenerative (e.g., Alzheimer’s, Huntington’s, prion,
Niemann–Pick type C1, and spinocerebellar ataxia) as well as non-degenerative brain
diseases (e.g., glioblastoma and depression). The therapeutic potential of CYP46A1 was
revealed by studies of various animal models, in which increases in CYP46A1 activity
were achieved either by gene therapy or pharmacologic activation [3–13]. The latter is
exemplified by small dose EFV (0.1 mg/kg body weight), which was administered to
5XFAD mice, a model of rapid amyloidogenesis in the brain [14]. EFV treatment improved
animal performance in behavioral tests and led to treatment paradigm-specific changes
in the brain amyloid β (Aβ) load, macrophage and astrocyte activation, and expression of
important synaptic proteins [6,7,15]. These effects were linked to CYP46A1 activation and
increased brain cholesterol turnover [16].

Originally, EFV was developed as an inhibitor of the reverse transcriptase enzyme,
which transcribes the HIV RNA into DNA. Then, we discovered that EFV has an unan-
ticipated interaction with CYP46A1 and activates this enzyme at small doses in mice [17]
and humans (ClinicalTrials.gov NCT03706885). Studies with purified CYP46A1 revealed
that EFV binds to the allosteric site on the P450 cytosolic surface, which is away from
the enzyme active site inside the protein molecule [18]. Moreover, we established that
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aside from EFV, which is xenobiotic, purified CYP46A1 is allosterically activated in vitro
by different endogenous compounds such as L-Glu, acetylcholine (Ach), and other neu-
rotransmitters [19]. The site for the neurotransmitter binding on CYP46A1 was identified
and found to be different from that for EFV, although in a close spatial proximity, i.e.,
in the region separated from the EFV binding site by a surface loop consisting of nine
amino acid residues [19]. Remarkably, simultaneous incubations of CYP46A1 in vitro with
a xenobiotic (EFV) and endobiotic (L-Glu) activator led to a higher P450 activation than in
the incubations with the individual activators, meaning that they were synergistic [19].

In both mice and humans, EFV (has the (S) stereocenter) is mostly cleared by the liver,
leading to the production of different hydroxymetabolites, which are inactive against HIV.
The major metabolite is (S)-8-hydroxyEFV, while (S)-7-hydroxyEFV, 7,8-dihydroxyEFV,
and (S)-8,14-dihydroxyEFV represent the minor products of the phase 1 EFV biotransfor-
mations [20–24]. EFV activates CYP46A1 at a very small dose (0.1 mg/kg of body weight in
mice or 50–200 mg/day in humans). Hence, we investigated whether its hydroxymetabo-
lites could activate CYP46A1 as well. Studies in vitro using purified CYP46A1 showed
that indeed, 7-hydroxyEFV, 8-hydroxyEFV, 7,8-dihydroxyEFV, and 8,14-dihydroxyEFV
(either as (S)-isomer or racemic mixture) activated the P450, and it was the hydroxylation
position rather than chirality that determined the CYP46A1 activation pattern (the extent of
the P450 activation, the shape of the metabolite concentration dependence curve, and the
allosteric site for binding) [25]. The latter was either the site for EFV (7,8-dihydroxyEFV),
neurotransmitter (8,14-dihydroxyEFV), or both 7-hydroxyEFV and 8-hydroxyEFV [25].

Herein, we conducted in vivo evaluation of (rac)-8,14-dihydroxyEFV (8,14-dihydroxyEFV)
as this EFV metabolite binds to the neurotransmitter allosteric site and elicits the highest
CYP46A1 activation in vitro. We found that when used at the same dose and treatment
paradigm as EFV, 8,14-dihydroxyEFV activated CYP46A1 in the brain of 5XFAD mice and
affected various brain processes. The present study reveals similarities and differences in
the in vivo (brain) effects of EFV and 8,14-dihydroxyEFV and justifies similar investigations
of other EFV hydroxymetabolites

2. Results
2.1. Brain Sterols

Cholesterol does not cross the blood–brain barrier [26]. Therefore, the steady state
levels of brain cholesterol represent a balance between in situ biosynthesis and enzymatic
elimination via CYP46A1-catalyzed cholesterol 24-hydroxylation [27]. We quantified brain
lathosterol and desmosterol (two cholesterol precursors and markers of cholesterol biosyn-
thesis in neurons and astrocytres, respectively [28]), cholesterol, and 24-hydroxycholesterol
(24HC, the product of CYP46A1 activity). A 6-month treatment of 5XFAD mice with 8,14-
dihydroxyEFV increased their brain levels of lathosterol by 20% (in both female and male
mice) and desmosterol by 7% (only in male mice) (Figure 1). The levels of the total brain
cholesterol were increased by 7% (in both female and male mice), and the production of
24HC was increased by 18% in both sexes. Thus, similar to EFV [7], 8,14-dihydroxyEFV
likely crossed the blood–brain barrier from the systemic circulation and activated CYP46A1
in the brain. This activation led, in turn, to a compensatory increase in the brain cholesterol
biosynthesis and, hence, cholesterol turnover.
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Figure 1. 8,14-DihydroxyEFV effect on sterol content in the brain. Data represent the mean ±SD of 
the measurements in individual 5XFAD mice (8 female and 8 male). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 
0.001 as assessed by two-way ANOVA with Tukey’s multiple comparison test. The asterisk color 
indicates significance between female mice (pink), male mice (blue), or male-female animals (black). 
Cntr, control mice; Tx, treated mice. 

2.2. Brain Aβ Content 
Extracellular deposits of Aβ peptides is a hallmark of Alzheimer’s disease (AD) [29]. 

Brain homogenates were used to measure the overall content of soluble and insoluble Aβ40 

and Aβ42 peptides by ELISA. In 5XFAD mice treated with 8,14-dihydroxyEFV, no changes 
were documented in the levels of soluble and insoluble Aβ40 peptides and soluble Aβ42 
peptide (Figure 2). Yet, the levels of insoluble Aβ42 peptide, the initial amyloid species 
deposited into Aβ plaques in AD [30], were decreased by 15%, a beneficial effect of 
treatment. In contrast, when EFV was used in a similar treatment paradigm, the drug did 
not alter the brain Aβ content (Aβ40 and Aβ42). Rather, there were local decreases by 17–
20% in the number and area of dense core Aβ plaques in mouse cortex and hippocampus 
as assessed by a histochemistry stain with Thioflavin S [7]. Thus, as compared to EFV, 
8,14-dihydroxyEFV seemed to have a more robust effect on the brain Aβ load. 

 
Figure 2. 8,14-DihydroxyEFV effect on the brain Aβ peptides. Data represent the mean ± SD of the 
measurements in individual 5XFAD mice (12 female and 12 male). *** p ≤ 0.001 as assessed by two-
way ANOVA with Tukey’s multiple comparison test. The asterisk color indicates significance 
between female mice (pink) and male mice (blue). Cntr, control mice; Tx, treated mice. 

2.3. Behavioral Assessments 
The tests were either similar (the Barnes Maze (BM) instead of Morris Water Maze) 

or identical (the Y-maze and fear memory tests) to those used in studies of EFV [6,7]. In 
the BM test, which evaluates the long-term spatial memory, only 8,14-dihydroxyEFV-
treated male mice appeared to be affected by showing a trend to learning during some 
training sessions (sessions 1 and 4, p = 0.09 and 0.08, respectively), as indicated by a 
decrease in the mean latency to escape the plate (Figure 3A). A trend to learning was also 
observed in the test session (p = 0.17), conducted 48 h after the last training, and statistical 
significance (p = 0.03) was detected between the session number and treatment factor. 

Figure 1. 8,14-DihydroxyEFV effect on sterol content in the brain. Data represent the mean ± SD
of the measurements in individual 5XFAD mice (8 female and 8 male). * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001 as assessed by two-way ANOVA with Tukey’s multiple comparison test. The asterisk
color indicates significance between female mice (pink), male mice (blue), or male-female animals
(black). Cntr, control mice; Tx, treated mice.

2.2. Brain Aβ Content

Extracellular deposits of Aβ peptides is a hallmark of Alzheimer’s disease (AD) [29].
Brain homogenates were used to measure the overall content of soluble and insoluble Aβ40
and Aβ42 peptides by ELISA. In 5XFAD mice treated with 8,14-dihydroxyEFV, no changes
were documented in the levels of soluble and insoluble Aβ40 peptides and soluble Aβ42
peptide (Figure 2). Yet, the levels of insoluble Aβ42 peptide, the initial amyloid species
deposited into Aβ plaques in AD [30], were decreased by 15%, a beneficial effect of treat-
ment. In contrast, when EFV was used in a similar treatment paradigm, the drug did not
alter the brain Aβ content (Aβ40 and Aβ42). Rather, there were local decreases by 17–20%
in the number and area of dense core Aβ plaques in mouse cortex and hippocampus
as assessed by a histochemistry stain with Thioflavin S [7]. Thus, as compared to EFV,
8,14-dihydroxyEFV seemed to have a more robust effect on the brain Aβ load.
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Figure 2. 8,14-DihydroxyEFV effect on the brain Aβ peptides. Data represent the mean ± SD of
the measurements in individual 5XFAD mice (12 female and 12 male). *** p ≤ 0.001 as assessed by
two-way ANOVA with Tukey’s multiple comparison test. The asterisk color indicates significance
between female mice (pink) and male mice (blue). Cntr, control mice; Tx, treated mice.

2.3. Behavioral Assessments

The tests were either similar (the Barnes Maze (BM) instead of Morris Water Maze) or
identical (the Y-maze and fear memory tests) to those used in studies of EFV [6,7]. In the
BM test, which evaluates the long-term spatial memory, only 8,14-dihydroxyEFV-treated
male mice appeared to be affected by showing a trend to learning during some training
sessions (sessions 1 and 4, p = 0.09 and 0.08, respectively), as indicated by a decrease in
the mean latency to escape the plate (Figure 3A). A trend to learning was also observed in
the test session (p = 0.17), conducted 48 h after the last training, and statistical significance
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(p = 0.03) was detected between the session number and treatment factor. Conversely,
no changes in learning, even at the level of a trend, were documented in the treated female
mice either during training or the test sessions.
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Figure 3. 8,14-DihydroxyEFV effect on performance of 5XFAD mice in behavioral tasks: (A), Barnes
Maze test; (B), Y-maze test; and (C), fear conditioning tests. Data represent the mean ± SEM of the
measurements in individual mice (17 control female mice, 15 treated female mice, 16 control male
mice, and 17 treated male mice). Statistical significance was assessed by two-way repeated measures
ANOVA with Bonferroni correction (the Barnes Maze test) and a two-tailed unpaired Student’s t-test
(the Y-maze test and fear conditioning tests). * p = 0.03 was only detected between the session number
and treatment factor in the Barnes maze test for male mice. Cntr, control mice; Tx, treated mice.

Similarly, sex-based differences were documented in the 8,14-dihydroxyEFV treatment
effect in the Y-maze test, which assesses the short-term spatial memory (Figure 3B). Only
the treated male mice showed a trend (p = 0.12) to improved performance as indicated by
an increase in spontaneous alteration rate. Yet, no treatment effect was observed for the
treated female mice.

Only in the fear conditioning memory tests, male and female mice responded similarly,
i.e., did not show any change in both contextual and cued memory tests as indicated by
freezing time (Figure 3C). Thus, as compared to EFV-treated mice, which showed improved
learning in the Morris Water Maze test and contextual fear conditioning test with no sex-
based differences [7], 8,14-dihydroxyEFV elicited a much weaker effect on mouse behavior
and only in male mice.

2.4. Brain Acetyl-CoA Levels

Acetyl-CoA is an important endogenous compound, which controls many cellular
processes [31]. Previously, we linked the brain acetyl-CoA levels (in both brain homogenates
and mitochondria) to CYP46A1 activation by EFV and CYP46A1-mediated sterol flux
through the plasma membranes [32]. Herein, we investigated whether CYP46A1 activation
by 8,14-dihydroxyEFV had a similar effect on the brain acetyl-CoA levels. Indeed, in both
brain homogenates and mitochondria, the acetyl-CoA levels were increased in female and
male 5XFAD mice after the 8,14-dihydroxyEFV administration (Figure 4). Importantly,
the treated male mice had a higher increase in the homogenate and mitochondrial acetyl-
CoA content than the treated female mice (2.3-fold vs. 1.8-fold and 3.6-fold vs. 3.1-fold,
respectively), despite control 5XFAD mice having no sex-based differences in the absolute
metabolite levels. Thus, like EFV, 8,14-dihydroxyEFV increased the acetyl-CoA content in
brain homogenates and mitochondria of 5XFAD mice.
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[32]. The Ach levels were increased after EFV treatment (1.5-fold and 2.5-fold in female 
and male mice, respectively), although to a lower extent than in 8,14-dihydroxyEFV-
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Figure 4. 8,14-DihydroxyEFV effect on the brain acetyl-CoA levels. Data represent the mean ± SD of
the measurements in individual mice (8 female mice and 8 male mice). *** p ≤ 0.001 as assessed by
two-way ANOVA with Tukey’s multiple comparison test. The asterisk color indicates significance
between female mice (pink), male mice (blue) or male-female animals (black). Cntr, control mice; Tx,
treated mice.

2.5. Brain Ach Levels

Normally, the brain levels of Ach, an excitatory neurotransmitter, depend on the
availability of choline and acetyl-CoA, which are used as the substrate and acetylating
agent, respectively, in a single step enzymatic reaction yielding Ach [33]. The brain free and
total (a sum of free choline and Ach) choline contents were quantified, and then the Ach
levels were calculated as a difference between the two measurements. 8,14-DihydroxyEFV
did not affect the brain free choline levels, yet increased the total choline levels, thus
suggesting that there is an increase in the Ach levels (Figure 5). Like with acetyl-CoA,
this increase was higher in the treated male mice than the treated female mice (2.7-fold vs.
2.5-fold).
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of the measurements in individual mice (5–12 female mice and 5–12 male mice). *, p ≤ 0.05;
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The acetyl-CoA-Ach connection was not investigated in EFV treatment. Therefore,
the brain free and total choline levels were measured in EFV-treated vs. control 5XFAD
mice from the same cohort that was used previously for the acetyl-CoA quantifications [32].
The Ach levels were increased after EFV treatment (1.5-fold and 2.5-fold in female and
male mice, respectively), although to a lower extent than in 8,14-dihydroxyEFV-treated



Int. J. Mol. Sci. 2022, 23, 7669 6 of 15

mice (Figure 5). The absolute neurotransmitter concentrations were also lower after EFV
treatment when compared to 8,14-dihydroxyEFV treatment (0.7–1.2 vs. 1.4–1.8 pmol/mg
protein, repectively). Nevertheless, in both EFV and 8,14-dihydroxyEFV-treated mice,
increased production of acetyl-CoA led to increased production of Ach. This is a new and
important insight into the beneficial treatment effect as the brain Ach levels are decreased in
AD due to selective degeneration of cholinergic neurons [34]. The latter leads to impaired
cholinergic neurotransmission and contributes to cognitive decline in AD [35].

2.6. Brain Expresion of Ach-Related Genes

To gain further mechanistic insight into the acetyl-CoA-Ach link, brain expression of
the major Ach-related genes was studied after 8,14-dihydroxyEFV administration. Only
male mice were used as this sex showed the highest increase in Ach levels (Figure 5).
Several groups of genes were examined, and of them, all showed increased expression
in 8,14-dihydroxyEFV-treated vs. control 5XFAD mice (Figure 6). The two highest in-
creases were in the expression of Chat (7-fold) and Slc5a7 (5.2-fold), which encode choline
O-acetyltransferase and the high affinity choline transporter 1, respectively. The latter
imports choline from the extracellular space into cholinergic neurons, and the former uses
choline and acetyl-CoA to synthesise Ach. While both acetyl-CoA and choline do not
saturate CHAT in vivo [33], choline uptake from the extracellular space is the rate-limiting
step in acetylcholine synthesis [36,37]. The third highest increase (2.2-fold) was in the
expression of Ache encoding acetylcholine esterase, the enzyme that rapidly hydrolyzes
Ach at neuromuscular junctions and brain cholinergic synapses and terminates signal
transmission [38]. An increase in expression of Ache was much lower than that of Chat
and Slc5a7, thus suggesting that increased Ach levels in 8,14-dihydroxyEFV-treated 5XFAD
mice could be due to increased production of acetyl-CoA coupled to increased expresion of
Chat and Slc5a7.
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Unlike Chat, Slc5a, and Ache, the expression of the genes encoding several abundant
receptors (muscarinic Chrm1 and Chrm2) or receptor subunits for Ach (nicotinic Chrna4
and Chrna7) [39] was increased only moderately (from 1.3-fold to 1.7-fold) (Figure 6).
Similarly, a moderate increase (from 1.3-fold to 1.8-fold) was observed in the expression
of the genes for two auxiliray proteins (Gna11 and Prima1) as well as Slc18a3 (Figure 6),
the Ach transporter from the cytosol into presynaptic vesicles for release into the synaptic
space [40]. Gna11 encodes subunit 11α of the G protein (Gq/11), which interacts with
CHRM1, CHRMR3, and CHRM5 and mediates receptor signaling [41]. Prima1 encodes the
protein which organizes ACHE into tetramers and anchors the enzyme to the membrane of
neuronal synapses [42]. Increased expression of proteins involved in the brain cholinergic
neurotransmission was consistent with increased expression of CHAT, the most specific
indicator for monitoring the functional state of cholinergic neurons in the central and
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peripheral nervous systems [43]. Thus, treatment with 8,14-dihydroxyEFV potentially had
a beneficial effect on the brain cholinergic signaling.

2.7. CYP46A1 Activation In Vitro

Only L-Glu was previously investigated in vitro in co-incubations of EFV or 8,14-
dihydroxyEFV with CYP46A1 and found to increase and decrease CYP46A1 activity, re-
spectively, as compared to the individual enzyme incubations with each compound [19,25].
We conducted similar experiments with Ach, EFV and 8,14-dihydroxyEFV using purified
CYP46A1 (Figure 7). In co-incubations of EFV and Ach, the CYP46A1 activation was
increased as compared to the incubations with the individual activators, i.e., was consistent
with the two activators binding to different allosteric sites and eliciting a synergistic effect.
Yet, in co-incubations of 8,14-dihydroxyEFV and Ach, the CYP46A1 activity was essentially
the same (only slightly lower) as in the incubation with 8,14-dihydroxyEFV. This result
was consistent with the two activators competing for the same allosteric site, and the
8,14-dihydroxyEFV binding being preferential. Thus, if L-Glu and Ach activate CYP46A1
in vivo, the P450 activation by 8,14-dihydroxyEFV, but not EFV, could be decreased by
L-Glu and unaffected by Ach and become similar to that induced by EFV, in agreement
with the data on in vivo CYP46A1 by EFV [7] and 8,14-dihydroxyEFV (Figure 1).
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2.8. Brain Levels of Various Marker Proteins and CYP46A1

Proteins were the same as those assessed previously in EFV-treated mice [7,15].
These were synaptophysin (a marker of synaptic density and presynaptic terminal ac-
tivity [44,45]), gephyrin (an inhibitory postsynaptic marker [46]), PSD-95 (post synaptic
density protein 95, a postsynaptic marker, used frequently to determine the size and
strength of synapses [45,47]), GFAP (glial fibrillary acidic protein, a marker for astrocyte
activation [48]), Iba1 (ionized calcium-binding adaptor molecule 1, a marker for microglia
activation [49]), and CYP46A1. All these proteins were quantified by Western blot in brain
homogenates. There did not appear to be sex-based differences in protein levels with
the expression of synaptophysin and PSD-95 being increased 1.7- and 1.3-fold, respec-
tively, in 8,14-dihydroxyEFV-treated mice, and the levels of gephyrin remaining unchanged
(Figure 8). The expression of GFAP was increased 1.5-fold in the treated group and that
of Iba1 was decreased 1.4-fold (Figure 8). The CYP46A1 expression was studied in more
detail, i.e., separately for male and female mice (Figure 8) and when samples from both
male and female mice were run on the same gel. No changes in the CYP46A1 expression
were found between the groups and between sexes within each group. Thus, we obtained
evidence that increase in CYP46A1 activity in the treated group was not due to increased
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protein expression and that as compared to EFV (Figure 8), 8,14-dihydroxyEFV had a
similar treatment effect on the expression of PSD-95, GFAP, and Iba1.
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Figure 8. 8,14-DihydroxyEFV (8,14-diOH EFV) effect on brain expression of various marker proteins.
(A), Representative Western blots of brain homogenates. Each lane, except those with molecular
weight markers, represents a sample from an individual animal. Of the four samples in each group,
two left lanes are always samples from male mice and two right lanes are always samples from
female mice. The Western blot for CYP46A1 represents expression in male mice only as a similar gel
for female mice is not shown, although quantified in the panel below. Also not shown is a Western
blot for CYP46A1 when two female and two male mice for each group were used and the data
suggested lack of sex-based differences and the treatment effect. (B), Quantification of the relative
protein expression in (A). Protein expression in each sample within a group was first normalized to
the β-actin expression followed by the calculation of the mean value of the protein expression within
a group. This mean value was then normalized to the mean value of the protein expression in control
5XFAD mice, which was taken as one. The results represent the mean ± SD of the measurements in
individual mice. * p ≤ 0.05; ** p ≤ 0.01, *** p ≤ 0.001 as assessed a two-tailed, unpaired Student’s test.
Data for protein expression of EFV-treated mice are shown for comparison and are taken from [7].

3. Discussion

One of the major findings of the present work is that the 8,14-dihydroxy metabolite of
EFV activated CYP46A1 in mouse brain and elicited similar, but not identical, brain effects
as compared to those of the parent drug EFV. 8,14-DihydroxyEFV is a much more polar
compound than EFV as indicated by its higher total polar surface area of 78.8 Å2 (38.3 Å2 for
EFV) and a lower predicted log p value of 3.17 (4.53 for EFV) [50]. These properties are still
within the desirable range for good CNS availability (<90−120 and 2−5, respectively) [51].
Nevertheless, until the present work, it was not clear whether 8,14-dihydroxyEFV indeed
crosses the blood–brain barrier and reaches CYP46A1 at the concentration sufficient for
enzyme activation. Herein, we demonstrated that 8,14-dihydroxyEFV targets CYP46A1
in vivo, thus suggesting that the blood–brain barrier is permeable to this and other hy-
droxymetabolites of EFV, which should all be ultimately studied for CYP46A1 activation
in vivo.

The 8,14-dihydroxyEFV dose and treatment of 5XFAD mice were the same as with EFV,
and the metabolite activated CYP46A1 to a similar extent as EFV (up to ~1.2 fold), despite
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the maximal CYP46A1 activation by 8,14-dihydroxyEFV in vitro being 1.5-fold higher than
that by EFV [50]. To obtain insight into a possible reason for the in vitro–in vivo discrepancy
in CYP46A1 activation by 8,14-dihydroxyEFV relative to EFV, we conducted in vitro incu-
bations of purified CYP46A1 either with individual exogenous and endogenous activators
or their combination (Figure 7). The data obtained suggested that metabolite binding to the
neurotransmitter allosteric site could weaken CYP46A1 activation by 14-dihydroxyEFV
in vivo because of a competition with a neurotransmitter (e.g., L-Glu and Ach) for the same
binding site. Studies with other hydroxymetabolites of EFV are required to further evaluate
the significance of this in vitro insight. In addition, it needs to be ascertained whether:
(1) EFV and 8,14-dihydroxyEFV have similar pharmacokinetics, pharmacodynamics, and
blood–brain permeability, and (2) the maximal CYP46A1 activation in vivo could only be
1.2-fold due to a strictly controlled cholesterol homeostasis in the brain.

In addition to CYP46A1 activation, there were other 8,14-dihydroxyEFV effects, which
were common to those of EFV and were not sex-based. These included increases in
cholesterol biosynthesis (increased lathosterol levels, Figure 1), cholesterol turnover (in-
creased lathosterol and 24HC levels, Figure 1), the acetyl-CoA and Ach content (Figure 4),
and expression of PSD-95, GFAP, and Iba1. In addition, there was an important com-
mon effect, which was observed only in male but not female 8,14-dihydroxyEFV-treated
mice—improved performance in the test for the long-term spatial memory (BM, Figure 3).
Moreover, 8,14-dihydroxyEFV-treated males had higher increases than female mice in their
desmosterol (Figure 1), acetyl-CoA (Figure 4), and Ach (Figure 5) levels. Accordingly,
it is tempting to suggest that the sex-based cognitive improvement in 8,14-dihydroxyEFV-
treated male mice was determined, at least in part, by the desmosterol-acetyl-CoA-Ach-
memory axis. Possibly, this axis was mainly operative in the hippocampus as learning
improvement was only observed in the BM test, a hippocampal-dependent task [52],
and hippocampus is one of the most affected brain area in 5XFAD mice [14].

Desmosterol is a marker of cholesterol biosynthesis in astrocytes [28] and an activating
ligand for liver X receptors [53]. The latter are transcription factors that integrate many
biological processes including cholesterol and glucose metabolism as well as immune
and inflammatory responses along with apoptosis and phagocytosis [54,55]. Remarkably,
of the LXR-regulated processes, glucose metabolism represents the major source of acetyl-
CoA in the brain [56]. We found that glucose metabolism was affected in EFV-treated
mice [32] and linked the increased production of acetyl-CoA to increased production of
Ach (Figures 5 and 6). The Ach levels are decreased in AD because of selective degenera-
tion of acetylcholine-releasing neurons in the basal forebrain, whose cell bodies provide
widespread innervation of the cerebral cortex and related structures. As such, Ach plays an
important role in cognitive functions, especially memory [57].

The caveat to the desmosterol-memory axis is that an increase in the Ach levels in 8,14-
dihydroxyEFV-treated female mice did not lead to memory improvement (Figures 3 and 5),
possibly because this increase was not sufficient. In addition, EFV-treated mice had a
lower increase in Ach levels (Figure 5), but nevertheless, both sexes showed improved
learning in the Morris water maze test and contextual fear conditioning test [7]. Apparently,
brain Ach levels are not the only factors that affect behavioral performance in EFV and
8,14-dihydroxyEFV-treated mice.

Despite the caveats, our data showing that increased levels of acetyl-CoA lead to
increased Ach production and differential upregulation of the Ach-related genes in 8,14-
dihydroxyEFV-treated animals (Figure 6) are important and novel findings. First, they
support the therapeutic potential of EFV and 8,14-dihydroxyEFV as anti-AD therapeutics.
Currently, Ach decrease in AD is mitigated by the ACHE inhibitors donepezil, galantamine,
and rivastigmine, all of which target Ach elimination and are approved by the FDA for AD
symptomatic treatment [58]. EFV and 8,14-dihydroxyEFV increase Ach levels by a different
mechanism, namely via increased production. Hence, a simultaneous administration of
EFV or 8,14-dihydroxyEFV and an ACHE inhibitor should have a synergistic effect and in-
crease Ach production. Second, our data expand the knowledge of the beneficial CYP46A1
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activation effects. CYP46A1 is emerging as a key brain enzyme, which controls multiple,
apparently unlinked, brain processes either directly (via cholesterol elimination) or indi-
rectly (via the mevalonate and acetyl-CoA production and physico-chemical properties of
plasma membranes [1,2,27,32,59]. Specific direct and indirect CYP46A1 activity-dependent
effects are still under investigation, including the present work, in which we identified a
new process, the Ach production, affected by CYP46A1 activation.

A decrease in the amount of insoluble Aβ42 peptide in brain homogenates was the only
in vivo effect that was more pronounced in the treatment with 8,14-dihydroxyEFV than
EFV (Figure 3). This decrease was not sex-specific and was not observed in EFV-treated
5XFAD mice, which only showed region-specific decreases in the Aβ burden [7]. Data have
emerged that extend Ach and cholinergic innervation beyond synaptic transmission. These
include stimulation by Ach of the non-amyloidogenic cleavage of amyloid precursor protein
and thereby inhibition of the Aβ production as well as control of tau phosphorylation [60].
A decrease in the Aβ42 peptide levels in 8,14-dihydroxyEFV-treated female and male mice
(Figure 2) supports the Ach roles beyond neuromodulation and is in agreement with an
increase in the brain Ach levels (Figure 5). Further research is needed to support the
Ach-Aβ42 peptide connection in 8,14-dihydroxyEFV-treated mice.

The sex-independent decrease of the Aβ pathology was the major clinically relevant
positive effect of 8,14-dihydroxyEFV, whereas that of EFV was on cognitive function [7].
As 8,14-dihydroxyEFV is only barely detectable in human plasma [20], a study in which
this metabolite is co-administered with EFV to 5XFAD mice is thus warranted to ascertain
whether there will be simultaneous positive effects on Aβ burden and learning performance.
The underlying reasons for the differential 8,14-dihydroxyEFV and EFV effects also need to
be clarified.

In summary, to further characterize EFV as an anti-AD therapeutic and to identify
more potent in vivo activators of CYP46A1 than EFV, we focused on 8,14-dihydroxyEFV,
the phase 1 minor metabolite of EFV. We found that many of the metabolite brain effects
were common with those of EFV and observed either in 5XFAD mice of both sexes or only
in male animals. The common sex-independent effects were activation of CYP46A1 and
brain cholesterol turnover, increases in acetyl-CoA and Ach levels, and changes in PSD-95,
GFAP, and Iba1 expression. The common sex-dependent effect (only in male mice) was
improved performance in the BM test, which, along with other male-specific effects of
8,14-dihydroxyEFV, suggested the desmosterol-acetyl-CoA-Ach-cognition axis. A positive
difference between 8,14-dihydroxyEFV and EFV was that the former reduced the Aβ42
levels in brain homogenates. The present work provides clear directions for our future
studies of EFV and its metabolites and warrants a treatment in which EFV should be
co-administered to 5XFAD mice with 8,14-dihydroxyEFV.

4. Materials and Methods
4.1. Animals and Treatment

5XFAD mice hemizygous for the mutant (K670N, M671L, I716V, V717I) human amy-
loid precursor protein 695 and mutant (M146L and L286V) human presenilin 1 [14] were
generated as described [6]. Briefly, hemizygous male mice (the Jackson Laboratory, stock
No: 34840, Bar Harbor, ME, USA, on the B6SJL background, Bar Harbor, ME, United States)
were crossed with wild type B6SJL females (the Jackson Laboratory, stock No: 100012),
which were free of the Pde6brd1 mutation leading to early onset severe retinal degeneration
and blindness [61]. The Pde6brd1 mutation was bred out of female B6SJL mice. Only the F1
generation was used. Animal treatment with 14-dihydroxyEFV (racemic mixture, Toronto
Research Chemicals, #D452800, Toronto, ON, Canada) was the same as with EFV [7], i.e.,
8,14-dihydroxyEFV was administered in drinking water containing 0.0004% Tween 80 at a
0.1 mg/kg body weight/day dose from 3 to 9 months of age. Control animals received aque-
ous 0.0004% Tween 80. Mice were maintained in a temperature- and humidity-controlled
environment with 12 h light/12 h dark cycle in cages with water and food ad libitum. All an-
imal experiments were approved by the Case Western Reserve University’s Institutional
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Animal Care and Use Committee and conformed to recommendations by the American
Veterinary Association Panel on Euthanasia.

4.2. Behavioral Assessments

Experiments were performed in the following order: the BM test at days 1–3 and 5; the
Y-maze test at day 8; and the fear conditioning memory tests at days 9–10. The schedule for
the BM test was as follows. Day 1 was acclimation to the BM apparatus. Mice were placed
under a glass beaker near the designated escape hole and allowed 3 min to voluntarily
enter the hole. Mice could view the hole and its relation to visual cues around the maze.
If the mouse did not enter the hole during that time period, it was gently placed into the
hole for 1 min prior to returning to their home cage. Days 2 and 3 were the training sessions
1–3 and 4–5, respectively. Mice were placed into the maze and were given a maximum of
2 min to find the escape hole assigned during the acclimation period. During day 2, mice
explored the maze using visual cues on the wall and floor of the maze to locate the escape
hole and escape a brightly lit arena. After 2 min, mice were placed near the hole in the
same location as day 1 habituation for 1 min. If the mouse failed to voluntarily enter the
hole, the animal was gently placed in the hole for 1 min and then returned to their home
cage. This was repeated 3 times with a minimum of 1 h intertrial interval. During day 3,
the procedure was the same as for day 2 with training being repeated two times and a
minimum of 1 h intertrial.

In the Y-maze test, mice were allowed 8 min of exploration in a y-shaped maze with
equal length arms, where the number of entries, order of entries (Arms A, B, and C),
and spontaneous alterations (entry into three arms non-consecutively, for example, A-B-C,
B-C-A, C-A-B equals 3 spontaneous alterations) were recorded. These data were also used
to calculate the percentage of entries that were spontaneous alterations.

In the contextual and cued fear memory tests, mice were placed in a chamber and
presented with one 30-s audible tone that co-terminated with a mild foot shock. After the
tone shock pairing, mice were returned to their home cage for 24 h prior to returning to the
same unaltered chamber for 5 min of observation (contextual memory). Five hours later,
the mice were returned to the chamber with altered tactile, visual, and olfactory cues (cued
memory). In the altered chamber, mice were presented with two audible tones identical
to the tones presented during the initial tone/shock pairing. The behavior of interest was
freezing, which was defined as the cessation of all movement except for breathing. Freezing
was used to index fear memory behavior, which was presented as a percent of freezing
time during the experiment.

4.3. Brain Processing

This was as described after overnight fasting [6,16,62]. Briefly, the brains were isolated,
rinsed in cold phosphate buffer saline, and blotted. The brain stem, cerebellum, and
olfactory bulb were removed, and the brain was dissected along the midline to obtain
two hemispheres. One randomly selected hemisphere was used for the brain homogenate
(10%, w/v) preparation using 50 mM potassium phosphate buffer (KPi), pH 7.2, containing
300 mM sucrose, 0.5 mM dithiothreitol, 1 mM EDTA, and a cocktail of protease inhibitors
(cOmplete, Sigma-Aldrich, #11697498001, St. Louis, MO, USA). The brain homogenates
were then used for sterol, Aβ, acetyl-CoA, and Ach quantifications as well as Western blots.
The other hemisphere was homogenized in 1 mL of the TRIzol™ Reagent (Thermo Fisher
Scientific, #15596026, Waltham, MA, USA) and was used for total RNA isolation according
to the manufacturer’s instructions.

4.4. Quantitative Studies

Either free or total sterol content (a sum of free and esterified sterol) was measured as
described [63] using isotope dilution gas chromatography-mass spectrometry and deuter-
ated sterol analogs as internal standards.
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Soluble and insoluble Aβ peptides were extracted with 0.2% diethylamine and 70% formic
acid as described [6] and quantified by ELISA kits for Aβ40 and Aβ42 (Thermo Fisher Scientific,
#KHB3482 and #KHB3441, respectively) according to the manufacturer’s instructions.

The acetyl-CoA content was measured using the Acetyl-Coenzyme A assay kit (Sigma-
Aldrich, #MAK039) in brain homogenates and mitochondria, which were prepared as
described [32,64]. Briefly, the mitochondria isolation included the resuspension of the
21,000 g pellet in 1 mL of 15% Percoll and subsequent centrifugation on the Percoll density
gradient (23–40%) at 30,700× g and 4 ◦C for 5 min. The band at the interface of 23% and
40% Percoll was removed and mixed with the isolation buffer (10 mM Tris, pH 7.4, 166 mM
sucrose, and 1 mM EDTA) containing 0.02% digitonin. The mitochondria were obtained
after centrifugation at 16,700× g and 4 ◦C for 10 min, the resuspension of the pellet in the
isolation buffer and another centrifugation (6900× g, 4 ◦C, 10 min). Mitochondrial fractions
(the pellet) were assessed by Western blot using ATP5A (ATP synthase F1 subunit α) and
calnexin as markers for mitochondria and endoplasmic reticulum, respectively [32]. The
relative intensity of the anti-ATP5A and anti-calnexin signals was 99% and 1%, respectively.

Free and total choline were also quantified by a kit (LifeSpan BioSciences, Inc., LS-K119,
Seattle, WA, USA) according to the manufacturer’s instructions.

Western blots were carried out as described [7,16]. The primary and secondary anti-
bodies are summarized in Supplementary Table S1.

For the measurements of gene expression, total RNA (1 µg) was converted to cDNA by
SuperScript III Reverse Transcriptase (Thermo Fisher Scientific, #18080044) according to the
manufacturer’s protocol. PCR reactions (performed in triplicate for each gene and animal
sample) were carried out as described [15] using 2 µL of cDNA, a pair of gene-specific
primers (Supplementary Table S2), and a FastStart Universal SYBR Green Master (Rox)
(Sigma-Aldrich, #4913850001). Changes in the relative mRNA levels were calculated by the
2−∆∆Ct method [65] after the normalization of gene expression to the expression of Gapdh.

4.5. CYP46A1 Activation In Vitro

Human truncated ∆(2–50) CYP46A1 with a four-histidine tag on the C terminus and
rat cytochrome P450 oxidoreductase were expressed in Escherichia coli and purified as
described [66,67]. Enzyme assays were carried out as described [50] in 1 mL of 50 mM
KPi buffer (pH 7.2) containing 100 mM NaCl, 40 µg/mL L-α-1,2-dilauroyl-sn-glycero-
3-phosphocholine, 0.5 µM CYP46A1, 1.0 µM cytochrome P450 oxidoreductase, 40 µM
cholesterol, 2 units of catalase, and an NADPH-regenerating system (1 mM NADPH,
10 mM glucose-6-phosphate, and 2 units of glucose-6-phosphate dehydrogenase). If acti-
vators were included, their concentrations were 20 µM for EFV and 8,14-dihydroxyEFV
and 100 µM for Ach as at these concentrations, the maximal CYP46A1 activation is ob-
served in the presence of 20–40 µM cholesterol [17,19,25]. The reaction time was 30 min at
37 ◦C, and sterol extraction was with 5 mL of dichloromethane containing 3 nmol of 24-
hydroxy-[25,26,26,26,27,27,27-2H7]-cholesterol, which served as an internal standard. Sterol
extracts were then processed and analyzed by gas chromatography-mass spectrometry as
described [63].

4.6. Statistics

Data from all available animals were used. There was no exclusion of statistical outliers.
The sample size (n) and statistical analysis are indicated in each figure or figure legend.
All data represent the mean ± SD of the measurements in individual animals, except
behavioral tests where the mean ± SEM was used. All Western blots were repeated at least
2 times. Statistical analyses were either by unpaired Student’s t test assuming a 2-tailed
distribution or two-way repeated measures ANOVA with Tukey’s multiple comparisons,
or two-way repeated measures ANOVA with Bonferroni correction. Statistical significance
was defined as * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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