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Abstract Polypharmacy, or the simultaneous use of
multiple drugs to treat a single patient, is a common
practice in psychiatry. Unfortunately, data on the
health effects of commonly used combinations of
medications are very limited. In this study, we
therefore investigated the effects and interactions
between two commonly prescribed psychotropic
medications with sterol inhibiting side effects, traz-
odone (TRZ), an antidepressant, and aripiprazole
(ARI), an antipsychotic. In vitro cell culture experi-
ments revealed that both medications alone disrupted
neuronal and astroglial sterol biosynthesis in dose-
dependent manners. Furthermore, when ARI and
TRZ were combined, exposure resulted in an additive
7-dehydrocholesterol (7-DHC) increase, as well as
desmosterol (DES) and cholesterol decreases in both
cell types. In adult mice, at baseline, we found that
the three investigated sterols showed significant dif-
ferences in distribution across the eight assessed
brain regions. Furthermore, experimental mice
treated with ARI or TRZ, or a combination of both
medications for 8 days, showed strong sterol disrup-
tion across all brain regions. We show ARI or TRZ
alone elevated 7-DHC and decreased DES levels in all
brain regions, but with regional differences. Howev-
er, the combined utilization of these two medications
for 8 days did not lead to additive changes in sterol
disturbances. Based on the complex roles of 7-DHC
derived oxysterols, we conclude that individual and
potentially simultaneous use of medications with
sterol biosynthesis-inhibiting properties might have
undesired side effects on the adult brain, with as yet
unknown long-term consequences on mental or
physical health.
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Intact cholesterol biosynthesis is crucial for CNS ho-
meostasis. The brain contains approximately 20%–25%
of all cholesterol in the human body and relies on
cholesterol biogenesis that is independent of the pe-
riphery (1). Genetic disruptions of the sterol synthesis
pathway lead to several developmental disabilities,
including, but not limited to, Smith-Lemli-Opitz syn-
drome (SLOS), lathosterolosis, and desmosterolosis
(2–4). Impaired sterol biosynthesis has also been asso-
ciated with many CNS disorders including major
depression, schizophrenia, and Huntington’s and Alz-
heimer’s diseases (5–8). Unfortunately, many
commonly prescribed psychotropic medications also
have sterol biosynthesis inhibiting effects (1, 9). Previous
in vivo mouse experiments and patient biobank as-
sessments revealed that aripiprazole, cariprazine, halo-
peridol, trazodone, and amiodarone are strong
inhibitors of post-lanosterol biosynthesis (1, 10).

ARI is an atypical antipsychotic, with >6.6 million
prescriptions in the United States in 2019 (https://
clincalc.com/DrugStats/). ARI is primarily utilized for
treatment of schizophrenia and bipolar disorder, and its
beneficial effects are well documented (11, 12). TRZ is
an antidepressant of the serotonin receptor antagonists
and reuptake inhibitors family and it was prescribed
approximately 24 million times in the United States in
2019 (https://clincalc.com/DrugStats/). The primary
use of TRZ is the treatment of depression (13). However,
TRZ has been also extensively utilized for off-label
treatment of insomnia (14, 15), opioid withdrawal
symptoms (16), alcohol withdrawal (17–19), dementia
(15), fibromyalgia (20) and other conditions (21, 22).

Unfortunately, the side effects of ARI and TRZ have
also been extensively documented (11, 23–30), including
their unwanted action on sterol biosynthesis: ARI and
TRZ treatments lead to a strong elevation of 7-
dehydrocholesterol (7-DHC) and decreased desmos-
terol (DES) levels in in vitro and in vivo animal models,
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as well as in human biomaterials (fibroblasts and
plasma) (9, 31–34). Importantly, 7-DHC is the most
oxidizable lipid known to date, with the propagation
rate constant 2,160 M−1s−1 (this is 200 times more than
cholesterol and 10 times more than arachidonic acid)
(35). 7-DHC spontaneously oxidizes and give rise to
highly reactive 7-DHC-derived oxysterols (36). 7-DHC-
derived oxysterols are toxic and affect cell viability,
differentiation, and growth (37–39). One of the best
characterized 7-DHC-derived oxysterols, 3β,5α-dihy-
droxycholest-7-en-6-one (DHCEO), has a profound ef-
fect on neuronal morphology, neurite outgrowth, and
fasciculation, potentially through sonic hedgehog
signaling (40). In addition to DHCEO, there are at least
20 other 7-DHC-derived oxysterols identified to date,
and several of these have been found in mouse and
human SLOS samples (36, 41). These 7-DHC-derived
oxysterols are not only markers of oxidative stress (42)
but are also biologically potent compounds capable of
affecting sonic hedgehog signaling and interfering
with immune response (43).

Polypharmacy is a nationwide and worldwide chal-
lenge (44–47). Both ARI and TRZ are commonly pre-
scribed, often utilized together as part of the treatment
plan. Yet, the sterol biosynthesis inhibiting side effects
of these two medications (alone or in combination) in
adulthood have not been systematically explored to
date. As a result, our study was designed to evaluate the
effects of ARI, TRZ, and ARI+TRZ polypharmacy on
Fig. 1. Experimental Design. In vitro experiments: Cortical neur
onic day 18 (E18) for neurons and postnatal day 2 (P2) for astrocytes
ARI+TRZ. CHOL, DES, 7-DHC, and LAN were analyzed by LC/MS
triazoline-3,5-dione (PTAD) derivatization assay. In vivo experiment
ARI+TRZ (2.5 mg/kg+10 mg/kg), or vehicle (VEH) for 8 days, eight
Sterols, ARI, TRZ, and their main metabolites were measured by L
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adult brain sterol biosynthesis. Post-lanosterol lipid
profiling was performed using LC/MS/MS. For our
experiments we utilized in vitro primary neuronal and
astroglial cultures, as well as in vivo studies on adult
mice. The experimental design is presented in Fig. 1.
MATERIALS AND METHODS

Chemicals
Unless otherwise noted, all chemicals were purchased from

Sigma-Aldrich Co (St. Louis, MO). HPLC grade solvents were
purchased from ThermoFisher Scientific Inc. (Waltham, MA).
TRZ and ARI were obtained from Selleckchem (Radnor, PA)
and dissolved in sterile DMSO solution for the experiments.
All sterol standards, natural and isotopically labeled, used in
this study are available from Kerafast, Inc. (Boston, MA).
Aripiprazole and trazodone injections in mice
Adult male C57Bl/6J stock # 000664 mice, 3 months old,

were purchased from Jackson Laboratories. Mice were housed
under a 12 h light-dark cycle at constant temperature (25◦C)
and humidity with ad libitum access to food (Teklad LM-485
Mouse/Rat Sterilizable Diet 7012) and water in Comparative
Medicine at the University of Nebraska Medical Center
(UNMC), Omaha, NE. In humans, TRZ (Desyrel) is given at a
starting dose 150 mg/day and may be increased by 50 mg per
day every 3–4 days to a maximum dose of 400 mg per day for
outpatient use. For treatment of insomnia, TRZ is given at a
starting dose of 50 mg/day. If we take a dose of 50 mg/60 kg
ons and astrocytes were cultured from C57BL/6J mice [embry-
], and treated with five different concentrations of ARI, TRZ, or
/MS after 3, 6, and 9 days of treatment using the 4-phenyl-1,2,4-
s: Following daily exposure to ARI (2.5 mg/kg), TRZ (10 mg/kg),
brain regions of each adult mice were dissected (n=8–9/group).
C/MS/MS.



human body weight, this translates to 0.83 mg/kg/day. Ani-
mal Equivalent dose (AED in mg/kg) is calculated as AED
(mg/kg) = human dose (mg/kg) (50 mg per day) x Km ratio
(12.3) = 10 mg/kg (48). As a result, we chose to use a low dose
of 10 mg/kg in our mouse experiments, which translates back
to about 50 mg/day in humans, depending on the weight of
the patient. Based on these calculations and literature data, we
used ARI (Abilify) at 2.5 mg/kg in our mouse experiments
(which corresponds to ARI tablet 10–15 mg/day in humans).
The range of doses in humans is 2 mg–30 mg/day (49). A total
number of 35 adult male mice were used in our study with 9
animals assigned to each group, except for control group that
had 8 mice. We applied intraperitoneal injections as a method
for drug (or vehicle) delivery, every day at 8.00 AM. The
treatment did not influence mouse body mass for the dura-
tion of the experiment (supplemental Fig. S1). All procedures
were performed in accordance with the Guide for the Hu-
mane Use and Care of Laboratory Animals. The use of mice
in this study was approved by the Institutional Animal Care
and Use Committee of UNMC.
Tissue collection and preparation for sterol analysis
About 4 to 6 hours after the last injections, mice were

euthanized with Isoflurane overdose (Forane® isofluranum,
Abbott Laboratories Ltd; Lake Bluff, IL). Brains were
dissected and brain regions were frozen in prechilled meth-
ylbutane and stored at −80◦C. Frozen samples were sonicated
in ice-cold PBS containing butylated hydroxytoluene and
triphenylphosphine. The first set of aliquots (10 μl) of ho-
mogenized tissue were used for sterol extraction. The second
set of aliquots (20 μl) of homogenized tissue were used for
protein measurements. The protein was measured using BCA
assay (Pierce™ BCA Protein Assay Kit, ThermoFisher Scien-
tific, Waltham, MA). Sterol levels were normalized to protein
measurements and expressed as nmol/mg protein. The third
set of aliquots (100 μl) of homogenized tissue were used for
drug measurements.
LC/MS/MS (selective reaction monitoring) analyses
Sterols were extracted and derivatized with 4-phenyl-1,2,4-

triazoline-3,5-dione (PTAD) as described previously (50) and
placed in an Acquity UPLC system equipped with ANSI-
compliant well plate holder coupled to a Thermo Scientific
TSQ Quantis mass spectrometer equipped with an atmo-
spheric pressure chemical ionization source. Then 10 μl was
injected onto the column (Phenomenex Luna Omega C18,
1.6 μm, 100 Å, 2.1 mm × 100 mm) with 90% MeOH and 10%
acetonitrile (0.1% v/v acetic acid) mobile phase for 1.7 min
runtime at a flow rate of 500 μl/min. Natural sterols were
analyzed by selective reaction monitoring (SRM) using the
following transitions: Chol 369 → 369, 7-DHC 560 → 365,
desmosterol 592 → 560, lanosterol 634 → 602, with retention
times of 0.7, 0.4, 0.3, and 0.3 min, respectively. SRMs for the
internal standards were set to d7-Chol 376 → 376, d7-7-DHC
567 → 372, 13C3-desmosterol 595 → 563, 13C3-lanosterol 637
→ 605.
ARI and TRZ measurements
Medications were extracted from 100 μl aliquots for all

brain regions using methyl tert-butyl ether and ammonium
hydroxide as described previously (51). ARI levels were ac-
quired in an Acquity UPLC system coupled to a Thermo
Scientific TSQ Quantis mass spectrometer using an ESI source
in the positive ion mode. Ten microliters of each sample was
injected onto the column (Phenomenex Luna Omega C18,
1.6 μm, 100 Å, 2.1 × 50 mm2) using water (0.1% v/v acetic acid)
(solvent A) and acetonitrile (0.1% v/v acetic acid) (solvent B) as
the mobile phase. The gradient was 10%–40% B for 0.5 min;
40%–95% B for 0.4 min; 95% B for 1.5 min; 95%–10% B for
0.1 min; 10% B for 0.5 min. ARI, TRZ, and their metabolites
were analyzed by SRM using the following transitions: ARI
448 → 285, dehydroaripiprazole 446 → 285, TRZ 372 → 176,
m-CPP 197→ 153. The SRM for the internal standards (d8-ARI
and d8-m-CPP) were set to 456 → 293 and 205 → 157, respec-
tively. Final medication levels are reported as ng/mg of
protein.
Primary neuronal cultures
Primary cortical neuronal cultures were prepared from E18

C57BL/6J mice as previously described (40, 52). The brain
tissue was placed in prechilled HBSS solution (without Ca2+ or
Mg2+), and two cortices were dissected, cut with scissors into
small chunks of similar sizes, and transferred to Trypsin/
EDTA (0.25%) for 25 min at 37◦C. Trypsin was removed and
residual trypsin was inactivated by adding Trypsin Inhibitor
(Sigma, cat. no: T6522) and DNase for 5 min. The solution was
removed and small tissue chunks were resuspended in Neu-
robasal medium (NBM) with B-27 supplement (Gibco, cat. no:
17504-044). Samples were triturated with a fire-polished Pas-
teur pipet. The cells were pelleted by centrifugation for
10 min at 80 g. The cell pellet was resuspended in NBM with B-
27 supplement, and the cells were counted. The cells were
plated on poly(d-lysine)-coated 96-well plates at 70,000 cells/
well. The growth medium was NBM with B-27 supplement
and Glutamax. Cells were incubated at 37◦C in 5% CO2 for
3–10 days in presence and absence of different concentrations
of ARI, TRZ, and ARI+TRZ.
Primary astrocyte cultures
Primary astrocyte cultures were prepared from postnatal

day 2 (P2) C57BL/6J mice as previously described (53, 54).
Brain tissue was placed in prechilled HBSS solution (without
Ca2+ or Mg2+), and two cortices were dissected, cut with scis-
sors into small chunks of similar sizes, and transferred to
Trypsin/EDTA (0.5%) for 30 min at 37◦C. Trypsin was
removed and residual trypsin was inactivated by adding
DMEM with 10% FBS. The cells were plated in 100 mm dishes
and grown for 10–14 days until astrocytes fill the whole dish.
At that time the astrocytes were trypsinized and plated in 96-
well plates at 30,000 cells/well. On the following day, the
medium was completely changed, and astrocytes were grown
in NBM with B-27 supplement in the absence of cholesterol
(same medium as for neuronal cells). Cells were incubated at
37◦C in 5% CO2 for 3–10 days in the presence and absence of
different concentrations of ARI, TRZ, and ARI+TRZ.

For the current study, we prepared three independent
preparations of 3x96-well plates for primary cortical neurons
and astrocytes. For experiments in both cell cultures, we
treated the cells for 3, 6, or 9 days. All 3 time points showed a
similar trend in sterol changes upon treatment.

At the end of the experiments in neuronal and astrocytes
cultures, cell nuclei were stained with Hoechst dye and the
total numbers of cells in each well were counted using
ImageXpress Pico and cell counting algorithm in CellRe-
porterXpress. After the medium was removed, wells were
rinsed twice with 1× PBS and then stored at −80◦C for lipid
analysis. All samples were analyzed within 2 weeks after
Polypharmacy inhibits brain sterol synthesis 3



freezing. The results were concordant for cultures obtained
from both embryonic stages and across three independent
sets of experiments.
Statistical analyses
Statistical analyses were performed using GraphPad Prism

9 for Windows. Unpaired two-tailed t test was applied for
individual comparisons between two groups. Discovery was
determined using the two-stage linear stepup procedure of
Benjamini, Krieger, and Yekutieli, with Q = 5%. Each analysis
was performed individually, without assuming a consistent
SD. Statistical test showed a normal distribution in all com-
parison groups. The P-values for statistically significant dif-
ferences are highlighted in the figures and/or figure legends.
RESULTS

ARI and TRZ alter sterol concentrations in both
neurons and astrocytes

Primary cortical neuronal and astrocyte cultures
were treated for 3, 6, and 9 days with five different
concentrations of ARI, TRZ, or ARI+TRZ and sterols
were analyzed with LC/MS/MS. While the cell viability
was not affected over the range of concentrations used
(0–100 nm for ARI, 0–500 nm for TRZ), the sterol
profile was significantly altered by the treatment. The
individual ARI and TRZ treatments significantly and
robustly increased 7-DHC, decreased DES, and strongly
altered the 7-DHC/CHOL ratio (Fig. 2). This was true
for both neurons and astrocytes. Notably, the
ARI+TRZ coadministration showed the strongest sterol
biosynthesis effects on both cells, suggesting an additive
effect between ARI and TRZ.

The full dose dependence profile for ARI, TRZ, and
ARI+TRZ treatment is presented in supplemental
Figs. S2–S4, with 7-DHC increases >100-fold in
response to the highest concentrations of medications.
In addition, at the highest concentrations of both
medications reduced DES levels by up to 65%. These
DES reductions were strongly correlated with CHOL
reductions. Notably, while there were only minor dif-
ferences in baseline sterol levels (e.g. sham-treated
cells), both neuronal and astroglial cultures responded
comparably to ARI, TRZ, and ARI+TRZ treatments
with regard to 7-DHC, DES, and CHOL levels. However,
we did not observe any significant differences in lan-
osterol (LAN) levels (data not shown).

Baseline sterol levels differ across adult brain
regions

Brain regions of sham-treated adult mice exhibited
quite variable baseline sterol levels (Fig. 3A). The
comparison of CHOL and the two immediate pre-
cursors, 7-DHC and DES, showed a >2-fold difference
across the CNS areas. The highest sterol levels were
observed in medulla, pons, and midbrain, while the ol-
factory bulb had the lowest sterol levels. In general, the
highest CHOL-containing regions had also the highest
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precursor levels. 7-DHC/CHOL and DESM/CHOL
levels showed less variation across the investigated re-
gions, except for olfactory bulb with higher values
observed for both ratios (Fig. 3B). The data suggest that
brain regions have somewhat different sterol re-
quirements and homeostasis, but with relatively con-
stant precursor/product ratio.

ARI, TRZ, and their metabolites are detectable in
the brains of treated mice

Adult mice were injected with either vehicle (VEH)
or 2.5 mg/kg ARI or 10 mg/kg TRZ or both medica-
tions (ARI+TRZ) simultaneously. Mice were injected
daily for 8 days. To confirm that the treatment reached
the brain and to ascertain the uniformity of medica-
tion/metabolite distribution across the brain regions,
ARI and TRZ concentrations were measured in eight
different brain regions. Drug concentrations were only
measured at the end of the experiment. Figure 4 pre-
sents medication levels in the ARI+TRZ treatment
group.

ARI and its metabolite dehydro-ARI were detected
simultaneously in all investigated brain regions. Dehy-
droaripiprazole, a major and active ARI metabolite, was
present in approximately 10-fold lower concentrations
than ARI in all brain regions. TRZ alone was not
detected in thalamus and was only detected in two
samples in medulla while its active metabolite meta-
chlorophenylpiperazine was detected at high concen-
tration in all brain regions. Both medications and their
metabolites showed similar levels across different brain
regions. Similar results were obtained in mice treated
with a single medication (TRZ or ARI) (data not shown).
None of the compounds were detected in the VEH-
injected mice.

ARI and TRZ increase 7-DHC and decrease DES in
the adult mouse brain

Next, we performed measurements of CHOL, 7-
DHC, DES, and LAN levels in the drug-treated and
sham-treated animals across the eight brain regions
(n=8–9/group). Compared with vehicle-injected ani-
mals, treatment of mice with either individual drug
(ARI or TRZ) or their combination (ARI+TRZ) robustly
and significantly increased 7-DHC (Fig. 5) and
decreased DES levels (Fig. 6) in all studied brain re-
gions, altering 7-DHC/CHOL ratios (supplemental
Fig. S5). While in the cell culture experiments ARI
seemed to be a slightly more potent inhibitor of sterol
biosynthesis than TRZ, in the adult mouse brain TRZ
showed a much stronger inhibitory effect than ARI.
ARI increased 7-DHC levels approximately 3-fold,
while TRZ increased 7-DHC up to 10-fold in all brain
regions. Importantly, it appeared that the ARI+TRZ
group showed similar 7-DHC increases as the TRZ
exposure alone. Changes in DES levels mirrored the 7-
DHC changes across all three treatment groups. DES
levels were decreased by 17%–30% by ARI treatment,



Fig. 2. ARI and TRZ treatment alter sterol biosynthesis in primary neuronal and astrocyte cultures. A: 7-DHC levels, B: DES
levels, and C: 7-DHC/CHOL. Cortical neurons and astrocytes were cultured and treated with five different concentrations of ARI,
TRZ, or ARI+TRZ for 3–9 days. Data from 6 days of culturing are presented for vehicle treatment, 5 nmol ARI, 20 nmol TRZ, and
ARI+TRZ (5 nmol+20 nmol). The response to all concentrations of ARI, TRZ, and ARI+TRZ drug treatments can be found in
supplemental Figs. S2–S4. Treatments compared with vehicle exposure that reached significance are marked with black asterisks.
Unpaired, two-tailed t test was used for statistical comparison of different treatments; ****P<0.0001. Abbreviations: ARI, aripiprazole;
TRZ, trazodone; ARI+TRZ, combined treatment with aripiprazole and trazodone; CNTR (vehicle), control group treated with
vehicle. Note that treatment with ARI+TRZ showed an additive effect, increasing the 7-DHC/CHOL ratio by 15- to 20-fold over
vehicle-treated cultures (P<0.001), compared with 8- to 9-fold and 6- to 10-fold baseline change for single drug ARI and TRZ
treatment, respectively.

Polypharmacy inhibits brain sterol synthesis 5



Fig. 3. Sterol levels are different across the eight investigated brain regions of adult mice. A: The y-axis denotes sterol levels
(CHOL, DES, and 7-DHC); x-axis denotes brain regions. Each symbol represents a single LC/MS/MS measured sample from a
different mouse brain. B: DES/CHOL and 7-DHC/CHOL ratios across the investigated brain regions. Note that 1) baseline levels of
CHOL are more that 500-fold higher than 7-DHC levels, 2) the ratio of 7-DHC to DES and CHOL is relatively constant across the
different brain regions, and 3) that the medulla and pons have the highest levels of all three sterols.
27%–50% by TRZ treatment, and 25%–50% by
ARI+TRZ combination treatment.

Mean values for 7-DHC and DES in all groups for
each brain region are shown in Table 1. Although all
brain regions were strongly affected by ARI, TRZ, and
ARI+TRZ treatment, the largest change was detected in
the neocortex where ARI+TRZ treatment caused >10-
fold increase of 7-DHC over control group. In
contrast, the smallest, 4-fold 7-DHC increase was
observed in thalamus (supplemental Fig. S6A). DES
levels were most decreased by combined treatment in
the neocortex (50%), thalamus, and olfactory bulb (45%
decrease in both), while the lowest decrease was
observed in the cerebellum (25% change) (supplemental
Fig. S6B). Notably, with the TRZ or ARI exposure alone,
or with the combined ARI+TRZ exposure, we did not
observe a significantly changed CHOL or LAN levels
(data not shown).

DISCUSSION

Polypharmacy is defined as the simultaneous use of
multiple drugs by a single patient, for one or more
conditions (55). It is increasingly common worldwide
and contributes to the substantial burden of drug-
related morbidity (56, 57). Quinn and Shah counted
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the incidence of drug combinations observed in four
billion patient-months of outpatient prescription drug
claims from 2007–2014 in the Truven Health Market-
Scan® Databases. They found that, among patients
taking any prescription drug, half were exposed to two
or more drugs, while 5% were exposed to eight or more.
In Japan, the EGUIDE psychiatric project reported that
54% of schizophrenia patients received antipsychotic
monotherapy, while 43% received combined therapy of
two or more drugs. In patients with major depressive
disorder, 59% received monotherapy and 25% received
two or more antidepressants at the same time (44). Yet,
we have very little information about the effects of this
polypharmacy on brain homeostasis and overall health,
especially in patients in whom treatment effects are
routinely achieved by various combinations of drugs
(e.g., neuropsychiatric diseases).

The studies of sterol biosynthesis inhibition by psy-
chotropic medications were triggered by the initial
observation of Hall et al., noting that patients utilizing
ARI or TRZ, without any mutations in the 7-
dehydrocholesterol reductase (DHCR7) gene, showed
highly elevated 7-DHC levels in their plasma (31). Our
research group recently replicated and expanded these
findings on a group of psychiatric patients treated with
either ARI or TRZ (32). In addition, in the most recent



Fig. 4. ARI and TRZ are detected in the brain tissue. ARI (2.5 mg/kg) + TRZ (10 mg/kg) treatment data are reported. Each
symbol denotes ARI, TRZ, or active metabolite concentration in a single ARI+TRZ-treated brain sample. ARI and its metabolite,
dehydroaripiprazole (dehydro-ARI), and TRZ metabolite, meta-chlorophenylpiperazine (m-CPP), are readily detectable in all brain
regions. TRZ was not detected in samples originating from thalamus and was only detected in two samples in medulla.

Fig. 5. ARI and TRZ treatment caused a strong and significant increase of 7-DHC levels in all brain regions of C57BL/6
mice. Each symbol represents a regional brain sample from a single mouse. The x-axis denotes animal groups; y- axis denotes 7-DHC
concentration normalized to mg of protein. Black asterisk denotes comparison with baseline levels. Two-tailed groupwise t test was
used for statistical comparisons, ****P<0.0001. Abbreviations: ARI, aripiprazole; TRZ, trazodone; ARI+TRZ, combined treatment with
aripiprazole and trazodone. 7-DHC fold changes over vehicle treatment for each brain region are presented in supplemental
Fig. S6A.

Polypharmacy inhibits brain sterol synthesis 7



Fig. 6. ARI and TRZ treatment caused a strong and significant decrease in DES levels across all brain regions of C57BL/6
mice. Each symbol represents a regional brain sample from a single mouse. The x-axis denotes animal groups; y-axis denotes DES
concentration normalized to mg of protein. Black asterisk denotes comparison with baseline levels. Two-tailed groupwise t test was
used for statistical comparisons, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Abbreviations: ARI, aripiprazole; TRZ, trazodone;
ARI+TRZ, combined treatment with aripiprazole and trazodone. Note the strong DES decrease by all treatments. Percentage of
desmosterol decrease for each brain region is presented in supplemental Fig. S6B.
study, Cenik et al. have observed increased 7-DHC in
human postmortem brain tissue due to TRZ usage,
suggesting that DHCR7 inhibition is an integral part of
TRZ action (22). In follow-up studies on sterol biosyn-
thesis health, we found that multiple CNS-targeting
medications are strong inhibitors of post-lanosterol
biosynthesis, including (but not limited to) aripipra-
zole, cariprazine, haloperidol, trazodone, and amiodar-
one. This inhibition was consistently observed across all
experimental systems utilized: Neuro2a cells, in vitro
neuronal and astroglial cultures, human dermal fibro-
blasts, in vivo mouse studies, and human patient sera.
We learned that the medication effects on sterol
biosynthesis are complex and include inhibition of
multiple enzymes in the pathway, including ARI and
TRZ inhibition of DHCR7 and 24-dehydrocholesterol
reductase (DHCR24) enzymes (1).

In our current study we found that the baseline levels
of cholesterol and immediate cholesterol precursors
(DES and 7-DHC) are not uniform across the eight
studied brain regions. Brain regions rich in fiber tracts
(medulla, pons, and midbrain) had the highest concen-
trations of all three sterols. However, in contrast to the
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regional distribution of cholesterol and its precursors in
the brain, ARI and TRZ (and their metabolite) levels are
mostly uniform across the various CNS regions. This
could explain an interesting observation: while the pons
had the highest sterol levels at baseline, the most robust
sterol biosynthesis disruption by ARI and TRZ was
observed in the neocortex. These findings raise an
interesting question: will the potential behavioral
changes due to disturbances in sterol biosynthesis first
manifest themselves in behaviors that are primarily
controlled by subcortical mechanisms (as they have the
highest absolute sterol levels) or neocortex (which had
the highest change in sterol precursors in response to
medications). This can and should be tested in follow-
up behavioral studies in a mouse model.

It is perhaps also noteworthy that the increase of 7-
DHC levels and decrease of DES by TRZ and ARI
might represent a double risk for the brain. Desmos-
terolosis, a condition arising from mutations in the
DHCR24 gene, is lethal, underscoring the important
role of DES in brain and body homeostasis (3, 58). Thus,
the elevation of 7-DHC, combined with a strong
decrease in DES levels, confirms impairment in both



TABLE 1. Sterol levels in different brain regions of mice treated
with ARI, TRZ, or ARI+TRZ

Region Treatment 7-DHC ± SEM DES ± SEM

Medulla VEH 0.109 ± 0.003 2.71 ± 0.12
ARI 0.357 ± 0.043 2.01 ± 0.08
TRZ 0.736 ± 0.067 1.62 ± 0.18
ARI+TRZ 0.843 ± 0.092 1.59 ± 0.12

Pons VEH 0.104 ± 0.005 2.38 ± 0.12
ARI 0.284 ± 0.017 1.72 ± 0.12
TRZ 0.695 ± 0.077 1.45 ± 0.07
ARI+TRZ 0.834 ± 0.072 1.59 ± 0.09

Midbrain VEH 0.083 ± 0.002 1.94 ± 0.05
ARI 0.264 ± 0.04 1.66 ± 0.16
TRZ 0.464 ± 0.058 0.98 ± 0.06
ARI+TRZ 0.565 ± 0.081 1.15 ± 0.08

Cortex VEH 0.055 ± 0.003 1.01 ± 0.06
ARI 0.232 ± 0.017 0.78 ± 0.01
TRZ 0.532 ± 0.036 0.51 ± 0.02
ARI+TRZ 0.584 ± 0.036 0.51 ± 0.02

Hippocampus VEH 0.054 ± 0.002 1.35 ± 0.07
ARI 0.155 ± 0.006 1.02 ± 0.05
TRZ 0.395 ± 0.025 0.77 ± 0.05
ARI+TRZ 0.402 ± 0.032 0.78 ± 0.03

Thalamus VEH 0.041 ± 0.003 1.13 ± 0.08
ARI 0.107 ± 0.016 0.84 ± 0.06
TRZ 0.237 ± 0.032 0.63 ± 0.07
ARI+TRZ 0.289 ± 0.017 0.62 ± 0.03

Cerebellum VEH 0.043 ± 0.002 0.70 ± 0.02
ARI 0.106 ± 0.006 0.57 ± 0.04
TRZ 0.309 ± 0.034 0.52 ± 0.04
ARI+TRZ 0.309 ± 0.011 0.54 ± 0.05

Olfactory bulb VEH 0.046 ± 0.003 0.91 ± 0.03
ARI 0.163 ± 0.01 0.69 ± 0.02
TRZ 0.299 ± 0.022 0.47 ± 0.02
ARI+TRZ 0.372 ± 0.018 0.50 ± 0.02

All values are expressed as nmol/mg of protein ±SEM.
Abbreviations: 7-DHC, 7-dehydrocholesterol; ARI+TRZ, com-

bined treatment of aripiprazole and trazodone; ARI, aripiprazole;
VEH, vehicle-treated control group; DES, desmosterol; TRZ,
trazodone.
the Kandutsch-Russell and Bloch arms of the choles-
terol biosynthesis pathway (59). Thus, impairment of
both arms of the cholesterol biosynthesis pathways
could ultimately result in changes in the fluidity of cell
membranes, myelination, synaptic release, and many
other cholesterol-dependent processes (1).

Admittedly, there are several limitations to our
studies, which will have to be addressed by follow-up
experimentation. The cross-species translatability of
findings is always a concern. This concern is alleviated
by the fact that cholesterol biosynthesis across the
mammalian species is conserved (60) and that multiple
publications show that ARI and TRZ utilization in-
creases 7-DHC levels in the human plasma (31, 61) and
brain tissue (22). In addition, we have shown previously
that single drug treatments with ARI and TRZ are
strong developmental inhibitors of sterol biosynthesis
both in vitro and in vivo, with deleterious consequences
on prenatal brain development (33, 34, 52, 61, 62). When
these medications are given to pregnant transgenic
Dhcr7+/- mice, offspring carrying the Dhcr7+/- genotype
are particularly vulnerable: their 7-DHC levels rise to
concentrations approaching those seen in the SLOS
phenotype (33, 34, 62). However, without further
experimentation, it is not clear how the ARI and TRZ-
induced detrimental effects of the developing CNS
relate to the 7-DHC increases that we observed in the
adult animals. Simply, the exact neurobiological cascade
of events that explain the effects of ARI and TRZ on
sterol biosynthesis is not understood to date, and the
clinical implications of these changes are unknown. In
the current study, we observed significantly reduced
cholesterol concentrations in our cell culture experi-
ments, but this reduction was not observed in the brain
regions of the adult mouse model. We believe that this
can be explained by the stability and long turnover of
cholesterol (63), especially as our treatment duration is
much shorter than the typical ARI and TRZ treatment
course in human patients. Similarly, while the ARI+TRZ
effects were additive in cell cultures, we did not observe
a similar additive effect in the brain of adult mice. This
could suggest a different level of vulnerability of the
developing versus adult brain: developing neurons and
astrocytes robustly accumulate freshly synthesized
cholesterol, while the cholesterol turnover in the adult
brain is very slow (64). Thus, to observe reductions in
cholesterol levels in the adult animals (and perhaps un-
cover an additive ARI+TRZ treatment effect on sterol
biosynthesis), the treatment window with ARI and TRZ
should be extended to much longer periods of time,
mimicking the chronic treatment of human patients.
Furthermore, based on our previous findings with car-
iprazine (62), we propose that the sterol biochemical
profile is only disrupted while ARI or TRZ (and their
active metabolites) is detectable in brain, and it remains
unknown if specific microanatomy, gene expression, or
neurochemical or connectivity changes persist long after
the active compounds are washed out of the system.
Notably, the focus of this study was post-lanosterol
biosynthesis, as both ARI and TRZ interfere with
DHCR7 function, which results in 7-DHC elevation and
reduced DES levels. Thus, the primary effects of both
medications are on DHCR7 and sterol biosynthesis and
not on the clearance of the end product (cholesterol).

Based on these considerations, we propose that chronic
treatments of psychiatric patients with ARI and/or TRZ
will lead to long-term 7-DHC elevation and DES/CHOL
reduction, potentially accounting to at least some of the
commonly observed side effects of these treatments.

CONCLUSIONS

Sterol biosynthesis inhibition by ARI and TRZ is dose
dependent, robust, and reproducible across in vivo and
in vitro experimental systems and affects both
neuronal and glial cells. Concurrent administration of
TRZ and ARI has an additive effect on sterol biosyn-
thesis disruption in developing neurons and astrocytes.
In adult mice, the most robust 7-DHC elevation and
DES decrease was observed in the neocortex. Further
experimental evaluations are required to define the
behavioral consequences of these post-lanosterol
Polypharmacy inhibits brain sterol synthesis 9



biosynthesis disruptions in the patient population who
are receiving sterol-inhibiting medications or combi-
nations of medications.
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