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ABSTRACT: The last step of cholesterol biosynthesis is the conversion of 7-dehydrocholesterol (7-DHC) into cholesterol, a
reaction catalyzed by dehydrocholesterol reductase 7 (DHCR7). Investigation of the effect of Dhcr7 single-allele mutations on the
metabolism of aripiprazole (ARI) and cariprazine (CAR) in maternally exposed transgenic pups revealed that ARI, CAR, and their
active metabolites were decreased in the liver and brain of Dhcr7+/−. This difference in the drug and metabolite levels resulted in an
increased turnover of ARI and CAR in tissues from Dhcr7+/− animals, indicating an enhanced metabolism, which was at least
partially due to increased levels of Cyp2d6 in the liver of Dhcr7+/− mice. Finally, experiments with both WT and DHCR7+/− human
fibroblasts revealed lower drug levels in DHCR7+/− heterozygous cells. Our findings have potential clinical implications, as DHCR7
heterozygosity is present in 1−3% in the human population, and these individuals might have reduced therapeutic levels of Cyp2d6-
metabolized medications and are putatively more susceptible to unwanted side effects.

■ INTRODUCTION

Cholesterol biosynthesis is a complex process that makes
cholesterol from acetyl-CoA.1 The last step of the pathway
consists of the conversion of 7-dehydrocholesterol (7-DHC)
into cholesterol, a step catalyzed by the enzyme dehydrocho-
lesterol reductase 7 (DHCR7).1 It is estimated that 1−3% of
the human population carries single-allele mutations in the
DHCR7 gene.2 However, despite the high prevalence of
DHCR7 heterozygous carriers in the human population, very
little is known about the biological consequences of these
single-allele mutations. It is known that Dhcr7+/− mice have
higher 7-DHC levels than Dhcr7+/+ animals in all tissues and
circulation.3−5 Similarly, 7-DHC is elevated in fibroblasts from
DHCR7+/− when compared to DHCR7+/+, suggesting that
animal observations translate to human physiology.6 Dhcr7
heterozygosity has effects beyond biochemistry. Behavioral
studies comparing the number and duration of ultrasonic
vocalizations (USVs) between WT and Dhcr7+/− mice found
that heterozygous animals made fewer and shorter USV calls
than the WT animals.7

Many FDA-approved pharmaceuticals have a side effect of
DHCR7 enzymatic activity inhibition.8−10 Aripiprazole (ARI)
and cariprazine (CAR), two atypical antipsychotics, are among
the most potent DHCR7 inhibitors, strongly elevating 7-DHC

levels.10 This chemical inhibition of the DHCR7 enzyme can
have profound consequences, as 7-DHC-derived oxysterols are
cytotoxic. A 2016 review by Boland and Tatonetti demon-
strates that first-trimester exposure to DHCR7 inhibitors
results in outcomes similar to those of known teratogens and
that DHCR7 activity should be considered during drug
development and prenatal toxicity assessment.11 A set of
recent studies revealed that Dhcr7+/− animals and DHCR7+/−

human fibroblasts respond differently to inhibitors of the
DHCR7 enzyme.3,4,6 Dhcr7 heterozygosity by itself leads only
to a small increase in 7-DHC levels,5 but a combination of
both inhibitory insults (genetic and chemical) results in a
robust elevation in 7-DHC. When subjected to the same dose
of Dhcr7 inhibitors, heterozygous animals (or cells) have much
higher 7-DHC elevation than those with a WT genotype,
indicating a drug × gene interaction and a higher vulnerability
of the Dhcr7+/− genotype to the inhibitors.3,4,6
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This drug × gene interaction appears to be of particular
importance during development. We recently evaluated sterol
levels in the brains of offspring maternally exposed to ARI and
CAR. We found that offsprings’ brains with a Dhcr7+/−

genotype, when maternally exposed to CAR or ARI, have 7-

DHC levels comparable to those detected in mild cases of the
Smith−Lemli−Optiz Syndrome (SLOS), a neurodevelopmen-
tal disorder caused by mutations in both DHCR7 alleles.3,4 In
addition, we observed that levels of CAR and its metabolites
were significantly lower in Dhcr7+/− pups compared to their

Figure 1. Simplified metabolism of ARI and CAR. (A) CYP2D6 catalyzes ARI’s dehydrogenation to generate D-ARI. Both ARI and D-ARI can
undergo N-dealkylation by CYP3A4 to generate 2,3-DCPP. (B) CYP2D6 catalyzes the conversion of CAR into DCAR, which is then converted
into DDCAR. CAR, DCAR, and DDCAR can undergo N-dealkylation to generate 2,3-DCPP.

Figure 2. Dhcr7+/− heterozygosity decreases ARI levels in the liver. Levels of ARI and its metabolites were determined in maternally exposed pups
at an age of P0. Samples were grouped taking into account both the maternal and newborn mouse genotypes. WT and Dhcr7+/− pups are depicted
in green or red, respectively. ARI (A), D-ARI (B), and 2,3-DCPP (C) were determined using LC−MS/MS. Bars correspond to the mean ± SEM;
statistical significance: *p < 0.05; **p < 0.01. A two-way ANOVA analysis is presented in Table 1. Note the lower levels of ARI and D-ARI in
Dhcr7+/− pups.
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WT littermates, which suggests that WT and Dhcr7+/− mice
may metabolize the drugs differently.
The metabolism and clearance of antipsychotics is complex

and the entire mechanism is not fully understood. They are
primarily cleared by hepatic metabolism with enzymes in the
cytochrome P450 superfamily (CYPs).12,13 Most CYPs are
abundantly expressed in the liver, with some isoforms present
in other organs.13,14 ARI and CAR are cleared by multiple CYP
isoforms (Figure 1).12,15−18 ARI is converted by CYP2D6 into
D-ARI, which then undergoes N-dealkylation by CYP3A4 to
generate 2,3-dichlorophenyl piperazine (2,3-DCPP).18,19 Sim-
ilarly, CAR is converted into desmethyl-CAR (DCAR) and
didesmethyl-CAR (DDCAR) by CYP2D6 and CYP3A4 or
undergoes N-dealkylation to generate 2,3-DCPP.16

In this current study, we investigated the influence of Dhcr7
heterozygosity on ARI, CAR, and their metabolites. The study
was performed using WT and Dhcr7+/− human fibroblasts and
transgenic animal models and assessed the expression of an
ARI and CAR metabolizing enzyme.

■ RESULTS
Dhcr7+/− Heterozygosity Influences Drug Levels

across Multiple Tissues. In order to investigate the effect
of a Dhcr7 heterozygosity on drug metabolism, we assessed the
levels of ARI, CAR, and their active metabolites, across
different tissues of WT and Dhcr7+/− mice. WT and Dhcr7+/−

female mice were injected with ARI from E12 to E19 and the
offspring tissue was collected at birth (P0). The levels of ARI
and its metabolites (D-ARI and 2,3-DCPP) were measured in
the liver of P0 animals (Figure 2). The analysis of medication
levels with regards to embryonic genotype alone revealed that
ARI levels in the livers of Dhcr7+/− pups were 52% lower than
those of WT pups (Dhcr7+/− pups: 0.33 ± 0.05 ng/mg protein
vs WT pups: 0.68 ± 0.06; p < 0.0001) (Figure 2A). D-ARI
levels followed the same pattern as ARI and were found
decreased in Dhcr7+/− pups compared to their WT littermates
(Dhcr7+/− pups: 0.13 ± 0.02 ng/mg protein vs WT pups: 0.21
± 0.02; p = 0.0095) (Figure 2B). A two-way ANOVA analysis
accounting for the contribution of both genotypes is presented
in Table 1. No significant differences were observed in 2,3-

DCPP between WT and Dhcr7+/− pups (Figure 2C).
Importantly, maternal genotype had no significant effect on
the medication levels in the liver of pups, suggesting that the
effect is primarily driven by the pup genotype.
Next, we were interested if this finding is also observed in

response to CAR exposure and if this effect can be seen across
multiple tissues. Developmental exposure (E12-E19) to 0.2
mg/kg CAR was followed by tissue harvest at birth and parent

drug/metabolites (DCAR, DDCAR, and 2,3-DCPP) were
measured in the liver, heart, lungs, and brain of offspring with
the Dhcr7+/− and Dhcr7+/+ genotypes (Figure 3). Highest
levels of CAR and its metabolites were observed in the liver,
followed by the brain, lungs, and heart. Importantly, CAR
levels were significantly lower in Dhcr7+/− pups when
compared to their WT littermates in both the liver and brain
(liver: Dhcr7+/− pups: 1.65 ± 0.12 ng/mg protein vs WT pups:
3.94 ± 0.23; p < 0.0001; brain: Dhcr7+/− pups: 0.36 ± 0.03 ng/
mg protein vsWT pups: 0.98 ± 0.06; p < 0.0001) (Figure 3A).
DCAR and DDCAR followed the same pattern, with lower
levels detected in Dhcr7+/− pups compared to their WT
littermates across all four investigated tissues, although only
DDCAR levels reached significant difference between the two
groups (Figure 3B,C, respectively). Levels of 2,3-DCPP were
not significantly different between the two genotypes (Figure
3D).
To address the origin of these changes, we selected the two

tissues with the highest drug levels (brain and liver) and
reanalyzed the samples taking into account both maternal and
embryonic genotypes. The liver data are depicted in Figure 4,
and a two-way ANOVA analysis of our findings is presented in
Table 2. The embryonic Dhcr7+/− genotype had a significant
effect on CAR, DCAR, and DDCAR levels, with lower levels in
heterozygous pups compared to their WT littermates. No
effect on 2,3-DCPP was observed. Similarly, the levels of
DCAR and DDCAR were also significantly decreased in pups
born to Dhcr7+/− mothers, indicating that the maternal
genotype also contributes to the decreased drug levels in the
liver of heterozygous animals. Similar results were observed in
the brain tissue, where the CAR, DCAR, and DDCAR levels
were affected by both maternal and embryonic Dhcr7+/−

genotypes (Figure 5 and Table 3). Furthermore, an analysis
of the maternal serum revealed lower levels of CAR and its
metabolites in the serum of Dhcr7+/− mothers when compared
to their WT counterparts (Figure S1).

Dhcr7+/− Heterozygosity Increases Drug Turnover.
Using data in Figures 2 and 3, we assessed drug turnover in the
four investigated organs of both WT and Dhcr7+/− P0 mice by
calculating the ratio of metabolites over the parent drug
(Figure 6). While the overall drug metabolites’ levels were
decreased by the pup Dhcr7+/− genotype, the metabolite/
parent drug ratio was increased in the same samples. ARI
turnover (D-ARI+2,3-DCPP)/ARI revealed a 40% higher
turnover ratio in the liver of Dhcr7+/− animals when compared
to their WT littermates, suggesting that the drug is metabolized
at a higher rate in heterozygous animals (Dhcr7+/− pups: 0.21
± 0.02 ng/mg protein vs WT pups: 0.13 ± 0.02; p = 0.0011)
(Figure 6A). Similar results were obtained for CAR (DCAR +
DDCAR + 2,3-DCPP)/CAR) with significantly higher turn-
over rates observed in Dhcr7+/− pups when compared to their
WT littermates (Figure 6B). Drug turnover values for ARI and
CAR grouped according to both maternal and embryonic
genotypes are presented in Figures S2 and S3, respectively.
Tables S1 and S2 depict the two-way ANOVA analysis
assessing the contribution of both maternal and embryonic
genotypes to the altered drug turnover. There are two possible
explanations for these findings. First, the drug is metabolized
independently across each tissue, and the higher turnover
reflects tissue-specific metabolism. Alternatively, the turnover
difference observed between WT and Dhcr7+/− animals is a
result of hepatic activity, where the drug is converted into the

Table 1. ANOVA Analysis of ARI Levels in P0 Liversa

# Comparison ARI D-ARI 2,3-DCPP
1 embryonic genotype: Dhcr7+/+ vs

Dhcr7+/−
0.0002 0.0286 0.6585

2 maternal genotype: Dhcr7+/+ vs
Dhcr7+/−

0.0788 0.4764 0.2262

3 two-way interaction: maternal
Dhcr7 vs embryonic Dhcr7

genotypes

0.7311 0.9987 0.9333

aRows #1−2 denote statistical significance for single variables; #3
reports probability for the two interacting factors; values highlighted
in bold denote p < 0.05. No statistical difference was observed
between male and female animals.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c05817
ACS Omega 2021, 6, 5490−5498

5492

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05817/suppl_file/ao0c05817_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05817/suppl_file/ao0c05817_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c05817/suppl_file/ao0c05817_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c05817?ref=pdf


metabolites in the liver and distributed by the systemic
circulation to all tissues.
Cyp2d6 Protein Expression is Increased in the Liver

of Dhcr7+/− Animals. Cyp2d6 is a critical enzyme in the
metabolism of both ARI and CAR (Figure 1).12,16,17 In order
to determine if the increased metabolism of ARI and CAR was
due to the increased level of the Cyp2d6 enzyme, Cyp2d6
protein expression was compared in WT and Dhcr7+/− livers of
adult female mice (Figure 7). Three animals from each
genotype were used for the western blot analysis. Cyp2d6
levels were normalized to the housekeeping protein DJ-1. We
found that normalized Cyp2d6 levels were ∼40% higher in
Dhcr7+/− animals when compared to WT (protein levels (a.u.):
WT: 0.71 ± 0.06 versus Dhcr7+/−: 1.11 ± 0.07, p = 0.0075).
Livers from adult male mice showed a similar pattern (Figure
S4).
Human Fibroblasts with a DHCR7+/− Genotype Have

Lower Drug Levels than WT Cells. In order to gather an
insight into the translational aspects of our transgenic animal
observations, next, we treated five pairs of sex- and age-
matched WT and DHCR7+/− human fibroblasts with ARI and
CAR (Figure 8). After five days of treatment, ARI levels were
lower in DHCR7+/− cells in comparison with WT (DHCR7+/−

cells: 29.6 ± 3.8 ng/mg protein vs WT cells: 39.9 ± 5.3; p =
0.0757), although this difference did not reach statistical
significance (Figure 8A). In contrast, CAR levels in DHCR7+/−

cells were significantly lower than those detected in WT cells
(DHCR7+/− cells: 34.6 ± 10.8 ng/mg protein vsWT cells: 72.8
± 8.0; p = 0.0217) (Figure 8B). No sex or age differences were

observed in the experiments with either ARI or CAR, but due
to a limited sample size and statistical power, these findings
cannot be considered conclusive.

■ DISCUSSION
Our findings can be summarized as follows: (1) animals with a
Dhcr7+/− genotype have lower drug levels than WT controls
when exposed to the same levels of DHCR7 inhibiting
medications; (2) drug turnover is higher in heterozygous
animals, suggesting a faster metabolism of both ARI and CAR;
(3) the differential drug and metabolite levels can be observed
across multiple tissues, primarily in the liver and brain; (4) the
embryonic Dhcr7+/− genotype is the primary contributing
factor to the final drug levels and turnover observed in the
offspring; (5) a critical enzyme in ARI and CAR metabolism,
Cyp2d6, is expressed at higher levels in Dhcr7+/− animals; and
(6) ARI- and CAR-exposed human fibroblasts from hetero-
zygous individuals have lower drug levels than controls.
Brain cholesterol synthesis is critical for neurodevelopment.

Our studies were designed to investigate the effects of a Dhcr7
heterozygosity on drug metabolism in utero at a time when
intrinsic sterol synthesis starts in the developing brain.
Interestingly, many medications that inhibit the DHCR7
enzyme are commonly prescribed to pregnant women,
underscoring the public health relevance of our findings.20−22

Many medications with a DHCR7-inhibiting side effect have
been associated with a wide range of negative pregnancy
outcomes, including spontaneous abortions, intrauterine death,
and major or minor fetal malformations.11

Figure 3. Dhcr7+/− heterozygosity decreases CAR levels in the liver and brain. The levels of CAR and metabolites were determined at P0 in the
brain, liver, lung, and heart. Samples were grouped taking into account the pups’ genotype. WT and Dhcr7+/− pups are depicted in green and red,
respectively. CAR (A), DCAR (B), DDCAR (C), and 2,3-DCPP (D) were determined using LC−MS/MS. Opened symbols denote pups from WT
mothers and filled symbols denote pups from Dhcr7+/− mothers. Bars correspond to the mean ± SEM; statistical significance: *p < 0.05; ****p <
0.0001. Note the decreased levels of CAR and DDCAR in both the liver and brain and the different CAR levels across the four investigated tissues.
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Our results suggest that the different metabolism and
turnover of ARI and CAR is a stable effect of the DHCR7
genotype and does not depend on the age or pregnancy: the
findings were consistent across multiple tissues, human and
mouse models, and at least two different ages (P0 and adult
pregnant females).
The altered drug levels and turnover observed between WT

and Dhcr7+/− mice can be at least partially explained by higher
Cyp2d6 levels detected in the heterozygous animals. This
enzyme is responsible for the dehydrogenation of ARI into
dehydro-ARI as well as the demethylation of CAR into DCAR
and DDCAR. Therefore, more enzyme translates into a faster
metabolism, leading to lower drug levels and higher turnover.
Importantly, the effect of maternal and embryonic Dhcr7+/−

genotypes appears to be summative, as heterozygous pups born
to heterozygous mothers had the least amount of drugs and the
highest drug turnover rate.
It is estimated that CYP2D6 constitutes ∼3% of the total

hepatic CYP metabolism and is responsible for the metabolism
of ∼20% of the drugs.23,24 Antipsychotics, antidepressants,
beta-blockers, antiarrhythmics, and several opioids are all
metabolized by CYP2D6.17,25−28 The above presented
findings, using ARI and CAR, could be looked upon as a
proof-of-concept study: it is plausible that our observations
with ARI and CAR could be extrapolated to multiple DHCR7-
inhibiting drugs cleared by CYP2D6. This raises the question if
in DHCR7+/− individuals, the dosage of CYP2D6-metabolized,
DHCR7-inhibiting medications should be adjusted.
However, should this adjustment be warranted at all for the

1−3% of the human population who carry single-allele
DHCR7? Perhaps not. Increasing the dose might result in a
more appropriate therapeutic level across the tissues but is also
likely to increase the side effects, as higher medication doses
will result in increased DHCR7 inhibition. This would further
elevate unwanted 7-DHC levels which are already elevated at
the baseline in DHCR7+/− individuals. In turn, as 7-DHC is the
most reactive known sterol, it would spontaneously give rise to
many oxysterols.29−33 These 7-DHC-derived oxysterols are
known to be toxic, and their further elevation by drugs in
DHCR7+/− individuals might not be a wise course of action.
Finally, it is interesting to consider our observations as a

protective mechanism of the body against a toxic insult.
Elevation of 7-DHC and 7-DHC-derived oxysterols disrupts
cellular homeostasis and the body responds by increasing

Figure 4. Levels of CAR and its metabolites in the liver depend on both maternal and embryonic genotypes. The levels of CAR and metabolites
were determined in the livers of P0 pups. The data are presented taking into account both maternal and embryonic Dhcr7 genotypes. A two-way
ANOVA analysis is presented in Table 2. Each symbol corresponds to a single pup. Bars correspond to the mean ± SEM; statistical significance:
**p < 0.01; ****p < 0.0001. Note that for CAR, DCAR, and DDCAR, there is a summation effect between the maternal and pup Dhcr7 genotype,
with the Dhcr7+/− pups born to Dhcr7+/− mothers showing the lowest levels.

Table 2. ANOVA Analysis of CAR Levels in P0 Liversa

# Comparison CAR DCAR DDCAR 2,3-DCPP

1 embryonic genotype:
Dhcr7+/+ vs
Dhcr7+/−

<0.0001 0.0017 0.0380 0.8120

2 maternal genotype:
Dhcr7+/+ vs
Dhcr7+/−

0.1782 <0.0001 0.0199 0.2030

3 two-way interaction:
maternal Dhcr7 vs
embryonic Dhcr7
genotypes

0.6421 0.3202 0.7388 0.9998

aRows #1−2 denote statistical significance for single variables; #3
reports probability for the two interacting factors; values highlighted
in bold denote p < 0.05. No statistical difference was observed
between male and female animals.
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clearance to minimize the toxic side effects. Should this be true,
the feedback mechanism by which a defensive increased
CYP2D6 expression might occur should be further inves-
tigated.

■ MATERIALS AND METHODS
Chemicals. Unless otherwise noted, all chemicals were

purchased from Sigma-Aldrich Co (St. Louis, MO). HPLC-
grade solvents were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA). CAR was obtained from Sigma-Aldrich
and dissolved in 0.9% saline solution for the experiments. ARI
and d8-ARI were obtained from Sigma-Aldrich (St. Louis,
MO).
Mice Studies. Adult male and female B6.129P2(Cg)-

Dhcr7tm1Gst/J stock # 007453 mice were purchased from

Jackson Laboratories. Mice homozygous for the Dhcr7Ex8 allele
lack the exon 8 coding sequence and flanking splice acceptor
site of the targeted gene, resulting in the truncated DHCR7
mutation most frequently observed in SLOS patients (IVS8-
1G > C). Homozygous mice die shortly after birth. Dhcr7+/−

mice are well, fertile, and indistinguishable from control, wild-
type mice. 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 Irradiated Diet
7012) and water in Comparative Medicine at the UNMC,
Omaha, NE. The time-pregnant female mice received i/p
injections of vehicle (VEH) or CAR (0.2 mg/kg) from E12 to
E19. 18 WT and thirteen Dhcr7+/− mothers were used in our
study. WT mothers were mated with Dhcr7+/− fathers and
Dhcr7+/− mothers were mated with WT fathers, as described
previously.3,4 Time-pregnant female mice received i/p
injections of VEH or ARI (5 mg/kg) from E12 to E19. Half
of each genotype group was injected with VEH and the other
half with CAR. Similarly, eight WT and seven Dhcr7+/−

mothers were used in our study and half of each genotype
was injected with VEH and the other half with ARI. The
mouse colony was monitored three times a day and all
newborn pups (P0) were collected for dissection shortly after
birth. All pups were born naturally; thus, we had no access to
placental tissue. Adult female mice were killed after pups’
delivery. Both ARI and CAR doses were determined based on
bioequivalency, as described previously, according to the
formula of the animal equivalent dose (AED in mg/kg) =
human dose (mg/kg) × Km ratio.34 The E12-E19 exposure
window was chosen based on the time point when de novo

Figure 5. Levels of CAR and its metabolites in the brain depend on both maternal and embryonic genotypes. The levels of CAR and metabolites
were determined in the brains of P0 pups. The data are presented taking into account both the maternal and embryonic Dhcr7 genotypes. A two-
way ANOVA analysis is presented in Table 3. Each symbol corresponds to a single pup. Bars correspond to the mean ± SEM; statistical
significance: *p < 0.05; **p < 0.01; ***p < 0.001. Note that for CAR, DCAR, and DDCAR, there is a summation effect between the maternal and
pup Dhcr7 genotype, with the Dhcr7+/− pups born to Dhcr7+/− mothers showing the lowest levels.

Table 3. ANOVA Analysis of CAR Levels in P0 Brainsa

# Comparison CAR DCAR DDCAR 2,3-DCPP

1 embryonic genotype:
Dhcr7+/+ vs Dhcr7+/−

0.0525 0.0005 0.0039 0.3980

2 maternal genotype:
Dhcr7+/+ vs Dhcr7+/−

<0.0001 0.0304 0.0018 0.2655

3 two-way interaction:
maternal Dhcr7 vs
embryonic Dhcr7
genotypes

0.0452 0.9414 0.1026 0.2885

aRows #1−2 denote statistical significance for single variables; #3
reports probability for the two interacting factors; values highlighted
in bold denote p < 0.05. No statistical difference was observed
between male and female animals.
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cholesterol biosynthesis starts in the mouse brain.35 After
dissection, frozen tissue samples were sonicated in ice-cold
PBS containing butylated hydroxytoluene (BHT) and
triphenylphosphine (PPh3). The aliquots of homogenized
tissue were used for drug extraction and protein measurements.
The protein was measured using BCA assay (Pierce). All
procedures were performed in accordance with the Guide for
the Humane 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.

Human Fibroblasts. All WT and DHCR7+/− human
fibroblasts were described previously.6 All cultured human
fibroblasts used were passages 5−18. All cells were subcultured
once a week, and the culture medium was changed every two
days. All cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with high glucose (25 mM),
1 mM L-glutamine, 10% fetal bovine serum, and penicillin/
streptomycin at 37 °C and 5% CO2. For the drug exposure
experiments, human fibroblasts were cultured in DMEM with
25 mM glucose, 1 mM L-glutamine, 10% delipidated fetal

Figure 6. Dhcr7+/− mice metabolize ARI and CAR faster than WT mice. ARI (A) and CAR turnovers (B) were calculated by determining the ratio
of drug metabolites over the parent drug. WT and Dhcr7+/− pups are depicted in green and red, respectively. Opened symbols denote pups from
WT mothers and filled symbols denote pups from Dhcr7+/− mothers. Bars correspond to the mean ± SEM; statistical significance: **p < 0.01; ***p
< 0.0001. Note that the parent drug/metabolite ratio was increased in Dhcr7+/− pups across all tissues.

Figure 7. Cyp2d6 protein expression is increased in the liver of adult Dhcr7+/− mice. (A) Western blot for Cyp2d6. Expression of housekeeping
protein DJ-1 was used as a loading control. Each lane corresponds to the liver samples from different animals. (B) Optical density quantification of
bands, with Cyp2d6 normalized to DJ-1. The values on panel B are shown as averages ± SEM of three biological replicates. **p < 0.01.

Figure 8. Human fibroblasts with a DHCR7+/− genotype have lower drug levels than WT cells. Cells were treated for five days with either ARI (A)
or CAR (B) and the drug levels were determined by LC−MS/MS. Drug metabolites were below the limit of quantitation and could not be
determined. Blue and pink symbols denote cells from male and female human donors, respectively. Each symbol corresponds to cell cultures
derived from a different individual. Bars correspond to the mean ± SEM; statistical significance: *p < 0.05.
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bovine serum (FBS), and penicillin/streptomycin. Medium
was changed every 2 days during the course of the treatment.
At the endpoint, cells were collected in ice-cold PBS and
stored at −80 °C for further analyses.
LC−MS/MS (SRM) Analyses. Drug levels were determined

as described previously.3,4 CAR and ARI levels were acquired
in an Acquity UPLC system coupled to a Thermo Scientific
TSQ Quantis mass spectrometer using an ESI source in the
positive ion mode. A total of 5 μL of each sample was injected
onto the column (Phenomenex Luna Omega C18, 1.6 μm, 100
Å, 2.1 mm × 50 mm) 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; and 10% B for 0.5 min. CAR and its metabolites were
analyzed by selective reaction monitoring (SRM) using the
following transitions: CAR 427 → 382, desmethyl-CAR
(DCAR) 413 → 382, didesmethyl-CAR (DDCAR) 399 →
382 and 2,3-DCPP 230 → 187. The SRM for the internal
standard (d8-ARI) was set to 456 → 293 and response factors
were determined to accurately determine the drug levels.
Similarly, ARI and its metabolites were analyzed by SRM using
the following transitions: ARI 448 → 285, dehydroaripiprazole
446 → 285, 2,3-DCPP 230 → 187. The SRM for the internal
standard (d8-ARI) was set to 456 → 293. Final drug levels are
reported as ng/mg of protein.
Western Blot Analyses. Liver samples were homogenized

by sonication in ice-cold RIPA lysis buffer (VWR International,
Radnor, PA) plus phosphatase inhibitors (Sigma-Aldrich) and
protease inhibitors (Thermo Fisher Scientific) and incubated
on ice for 30 min. To clear the lysates, the samples were spun
at 14,000 g at 4 °C for 5 min to pellet the debris. The protein
concentration of the supernatant was quantified using the Bio-
Rad BCA assay. Equal amounts of protein from each sample
were mixed with the reducing reagent and loading buffer and
heated to 70 °C for 10 min. Proteins were separated on
NuPAGE 4−12% bis−tris protein gels (Thermo Fisher
Scientific). Prestained protein ladder was used to evaluate
the molecular weight. The Bio-Rad Mini Trans-Blot Electro-
phoretic Transfer Cell was used for the electrophoretic transfer
using the polyvinylidene difluoride membranes (Immobilon-P
PVDF Membrane, Sigma-Aldrich) and transfer buffer (25 mM
Tris, 192 mM glycine and 20% (v/v) methanol (pH 8.3)).
Following transfer, PVDF membranes were blocked in 5% milk
in TBS (50 mM Tris-Cl, 150 mM NaCl, pH 7.5) with 0.05%
Igepal (Spectrum Chemical, New Brunswick, NJ) and
incubated in primary antibody overnight at +4 °C and
secondary antibodies at room temperature for 1 h. Membranes
were probed with the following primary antibodies: Cyp2d6
(Cell Signaling) and DJ-1 (Cell Signaling). Western blots were
developed using Azure’s Radiance Substrate, imaged on Azure
C300 with the cSeries Capture Software and saved as TIFF
images (Azure Biosystems). The TIFF images were analyzed
and quantified with AzureSpot.
Statistical Analyses. Statistical analyses were performed

using Graphpad Prism 9 for Windows. Unpaired two-tailed t-
tests were performed for individual comparisons between two
groups. The Welch’s correction was employed when the
variance between the two groups was significantly different.
Two-way ANOVA analyses were performed to assess the
contributions of the maternal and embryonic genotypes to
drug metabolism and to test for any potential interactions

between these variables. The p values for statistically significant
differences are highlighted in the figure legends..
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