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Abstract

Mouse brain contains over 100 million neuronal, glial, and other support cells. Developing 

neurons and astrocytes synthesize their own cholesterol, and disruption of this process can occur 

by both genetic and chemical mechanisms. In this study we have exposed cultured murine neurons 

and astrocytes to six different prescription medications that cross the placenta and blood–brain 

barriers and analyzed the effects of these drugs on cholesterol biosynthesis by an LC–MS/MS 

protocol that assays 14 sterols and 7 oxysterols in a single run. Three antipsychotics (haloperidol, 

cariprazine, aripiprazole), two antidepressants (trazodone and sertraline), and an antiarhythmic 

(amiodarone) inhibited one or more sterol synthesis enzymes. The result of the exposures was a 

dose-dependent increase in levels of various sterol intermediates and a decreased level of 

cholesterol in the cultured cells. Four prescription medications (haloperidol, aripiprazole, 

cariprazine, and trazodone) acted primarily on the DHCR7 enzyme. The result of this exposure 

was an increase in 7-dehydrocholesterol in neurons and astrocytes to levels that were comparable 

to those found in cultured neurons and astrocytes from transgenic mice that carried a Dhcr7 
pathogenic mutation modeling the neurodevelopmental disorder Smith–Lemli–Opitz syndrome.

Graphical Abstract

Keywords

DMG method; cholesterol; desmosterol; 7-DHC; pharmaceuticals; DHCR7

INTRODUCTION

Cholesterol biosynthesis begins in developing neurons during the embryonic period and 

continues to increase postnatally through the end of myelination. This period of extensive 

cholesterol synthesis by neurons occurs during a critical period for the proper establishment 

of neuronal architecture. As a consequence, disturbances in cholesterol biosynthesis, either 

by genetic mutations in sterol synthesis genes or by pharmacological inhibition of sterol 

synthesis enzymes (see Figure 1), can have deleterious consequences on neurodevelopment. 

One example of a genetically induced error in cholesterol biosynthesis is the 
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neurodevelopmental disorder Smith–Lemli–Opitz syndrome (SLOS) with the genetic error 

leading to mutations in DHCR7, the enzyme that promotes the reduction of 7-

dehydrocholesterol (7-DHC) to cholesterol, the last step in the biosynthesis. The result of a 

pathological mutation in DHCR7 is significantly elevated levels of 7-DHC and a modestly 

decreased amount of cholesterol in all cells having active cholesterol synthesis.

Small molecules, including many highly prescribed medications, can lead to perturbations of 

sterol homeostasis. The DHCR7 enzyme, in particular, can be inhibited by dozens of 

medications, including highly prescribed antipsychotics and antidepressants.1–4 Screening 

studies of libraries of FDA approved drugs in cultures of Neuro2a cells led to the conclusion 

that over 5% of the compounds tested caused increased levels of 7-DHC in the cells.1,2 

Assays of banked human sera from groups prescribed various psychoactive medications 

connect only those samples from donors taking “DHCR7 active” drugs with elevated levels 

of 7-DHC found in the samples, providing a link between the in vitro screening studies and 

the general population.5,6

Studies in rodents exposed to “DHCR7 active” drugs also link the cell culture screening 

studies with effects on sterol homeostasis. For example, cariprazine (CAR), a recently 

approved antipsychotic marketed as Vraylar, was found to be one of the most potent 

inhibitors of DHCR7 tested in Neuro2a cells, and this compound also affects sterol levels in 

the brain and serum of mice treated with the drug.7 It is notable that the experimental 

compound AY9944 affects DHCR7 in Neuro2a with about the same potency as cariprazine 

since AY9944 has been used for nearly 2 decades as a pharmacological model for SLOS.8–12 

Rat pups exposed to AY9944 in utero have elevated levels of 7-DHC at birth, and they 

subsequently display some of the attending deficits associated with SLOS, the genetic 

disorder.13–20

The fact that drugs having a significant inhibitory effect on DHCR7 account for over 150 

million U.S. prescriptions annually along with the potential risk associated with exposure to 

these drugs5,6 stimulated us to examine the effects of a set of FDA approved drugs on sterol 

homeostasis in cultured murine cortical neurons and astroglial cells. Thus, cortical neurons 

and astrocytes were cultured in the presence of three antipsychotic medications (haloperidol 

(HAL), aripiprazole (ARI), cariprazine (CAR)), two antidepressants (trazodone (TRZ) and 

sertraline (SERT)), and an antiarrhythmic medication, amiodarone (AMIOD). We report 

here the results of that effort. As a part of the study, an LC/MS method was developed that 

includes the assay of 14 sterols in the cholesterol biosynthesis pathway along with another 

seven cholesterol-derived oxysterols. The method, which involves the derivatization of 

alcohol functional groups to dimethylglycyl esters, includes assay of the oxysterols and 

parent sterols in a short LC/MS run.

RESULTS AND DISCUSSION

Prescription Medications Tested in Neuron and Astrocyte Cultures.

All of the compounds tested in this study cross the blood–brain barrier, have the potential to 

affect brain cholesterol biosynthesis, and therefore present a risk to a developing fetal 

nervous system. Studies have shown, for example, that serum samples from individuals 
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taking ARI, HAL, and TRZ have increased levels of 7-DHC compared to controls,5,6 as do 

the brains of fetal mice exposed to these drugs during pregnancy.21,22 CAR was recently 

approved by the FDA, has a substructure similar to ARI, and is a potent inhibitor of DHCR7 

in Neuro2a cells.7 SERT has been found to affect sterol homeostasis in cell culture but only 

at much higher concentrations than was the case for ARI, HAL, CAR, and TRZ. AMIOD 

has been shown to affect DHCR24 and EBP enzymes in neuronal cultures, but its effect on 

the complete sterol set has not been reported.23 The six drugs included in this study were 

prescribed over 71 million times in the U.S. in 2017. Figure S1 shows the chemical 

structures of the drugs tested and their prescription information.

Sterol and Oxysterol Analysis as N,N-Dimethylglycyl (DMG) Esters.

The important post-lanosterol sterols in the biosynthetic sequence along with several 

cholesterol-derived oxysterols were analyzed in a single LC/MS run after conversion of OH 

functional groups to the DMG esters. Sterols were derivatized at the C-3 alcohol (Figure 2), 

while for some oxysterols, two OH groups were converted; see Figure S3. We found that 

C-3 alcohol derivatizations of sterols bearing 4,4-gemdimethyl substituents (Lan and 

dHLan) were generally sluggish and required modestly elevated temperatures for complete 

conversion. Our conditions were chosen to maximize derivatization under the mildest 

conditions possible in order to minimize decomposition of sensitive oxysterols. The DMG 

sterol protocol is derived from established approaches24 for chemical derivatization of 

oxysterol hydroxy groups and extends the protocol to include 14 sterols that are formed in 

the biosynthetic pathway between lanosterol and cholesterol. DMG derivatizations 

chemically tag hydroxyls with a group that provides a site for charge introduction in short 

reaction times at room temperature. Chromatography of the DMG sterol esters is excellent, 

and MS fragmentation patterns are informative. DMG fragmentation of all sterols that 

contain a Δ5–6 double bond, for example, occurs with loss of a neutral DMG group, leaving 

the positive charge on the stable homoallylic sterol carbocation; see Figure 2. We note that 

this protocol adds to other chemical derivatization approaches reported25 as well as methods 

utilizing a charge-tagging enzyme-mediated approach26 and a combination ESI/APCI 

method for analysis of underivatized sterols and oxysterols.27

Matched deuterated standards for all of the sterols (d6 for those sterols with a Δ24 double 

bond in the Bloch pathway and d7 for those in the Kandutsch–Russell sequence) were 

prepared by independent synthesis to further minimize any error introduced by incomplete 

reaction of Lan and dHLan. We assumed that the endogenous and matched deuterated 

standard have the same reactivity, compensating for any reduced reactivity relative to other 

sterols. We note that 4,4-gemdimethyl steric hindrance may be a problem for other analytical 

protocols that involve reaction at C-3 if isotopically labeled standards are not used in the 

protocol. The general synthetic approach to the isotopically labeled standards is shown in 

Figure 3, and the details are presented in Supporting Information. The syntheses started from 

cholenic acid, ergosterol, and lanosterol and generally involved manipulation of the ring 

double bonds and/or side chain to generate the prerequisite aldehyde or alcohol. The 

resultant aldehyde or alcohol was converted to the d6- and d7-deuterated sterols with Wittig 

or organometallic coupling reactions.
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The DMG moiety provides a site of protonation, which allowed the sterols to be readily 

detected by electrospray ionization (ESI). Furthermore, collision induced dissociation of the 

DMG-derivatized sterols gave characteristic fragments with SRMs determined for each 

sterol that are presented in Table 1. Sterols containing a 5,6-double bond fragmented to 

generate the sterol moiety as the major ion detected, while those sterols lacking the 5,6-

double bond gave the N,N-dimethylglycine as the major fragment ion. The DMG-sterols 

were separated on an Agilent Poroshell EC-C18 column coupled with ESI in the positive 

mode. All of the sterol intermediates could be assayed by comparison with a known amount 

of added deuterated derivative and separation by chromatography and/or by characteristic 

SRMs. In addition, the DMG derivative gave sensitivity such that all of the sterols could be 

detected at pmol levels in biological samples.

Cholesterol-derived oxysterols28–32 were included in the DMG derivatization scheme and 

were chromatographed under the same conditions used for sterol analysis. We included in 

this assay only those cholesterol-derived oxysterols for which pure standards are 

commercially available or for oxysterols that can be synthesized by known methods. This 

list now includes 7-ketocholesterol (7-keto), 24-hydroxycholesterol (24-OH), 25-

hydroxycholesterol (25-OH), 27-hydroxycholesterol (27-OH), 3,5-dihydroxycholestanone 

(DHCAO), 5,6-α epoxycholestanol (α-epChol) and 5,6-β epoxycholestanol (β-epChol). 

Table 2 presents SRM fragmentation patterns for each oxysterol, including those obtained 

for DMG derivatization at one or two hydroxyl groups when that occurs under standard 

derivatization conditions. The structures of parent DMG derivatives monitored by SRM are 

presented in Figure S2. Response factors for each oxysterol SRM were measured relative to 

d7-cholesterol, and those factors were used to determine levels of each oxysterol assayed. 

Efforts are underway to prepare isotopically labeled derivatives of the important set of 

oxysterols that are not available from commercial sources.

Figure 2 shows chromatograms for the sterols and oxysterols assayed under standard 

conditions. Note that the three chromatograms presented in the figure were obtained from 

the same LC/MS run but they are differentiated according to the particular SRMs monitored 

in the run. All of the sterols eluted in under 15 min under isocratic conditions, and it was 

possible to reduce cycle times to 12 min, with appropriate caution, since dHLan is normally 

not found at significant levels in most cellular lipidomes.33

Comparison of DMG Ester and PTAD Sterol Assays.

4-Phenyl-1,2,4-triazoline-3,5-dione (PTAD) derivatization of sterols followed by LC/MS 

analysis has been used to develop screens of drugs that affect cellular levels of 7-DHC, 

desmosterol, lanosterol, and cholesterol.1,2,34–36 7-DHC readily undergoes a Diels–Alder 

reaction with PTAD, and the adduct is detected at pmol levels by LC/MS. Desmosterol, 

lanosterol, and other sterols in the Bloch pathway react with PTAD in an “enetype” reaction 

giving adducts having characteristic fragmentation patterns that are also readily detected by 

LC/MS.34 The reaction of these sterols with PTAD is rapid, the adducts chromatograph with 

run times of less than a minute, and the derivatization and workup can be carried out in a 96-

well format, making high throughput screening possible. There are limitations to the PTAD 

method for assay of other sterols however since PTAD reacts with most sterols, giving some 
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adducts that do not readily separate by chromatography. Notably, 8-DHC and 7-DHD react 

with PTAD giving adducts that have similar chromatographic and MS fragmentation 

characteristics excluding those sterols from assay by the PTAD method.

We have assayed the sterols in neurons and astrocytes by both the DMG and PTAD methods 

for several of the drug treatments, and the methods are in good agreement for lanosterol, 

desmosterol, 7-DHC, and cholesterol. Comparison data for one such sterol mixture analyzed 

by both methods are provided in Supporting Information; see Figure S4. We conclude that 

the PTAD method does provide high sensitivity and speed for a limited set of sterols if high 

throughput is important. Regardless of the method of analysis, the use of isotopically labeled 

standards provides a clear advantage over other methods of quantification. We have 

undertaken the synthesis of many of the labeled analytes and have made them generally 

available for use. Details of the synthetic methods are presented in Supporting Information.

Sterol and Oxysterol Profiles in Neurons and Astrocytes.

Primary cortical neuronal and astrocytes cultures were prepared from E18 C57BL/6J mice as 

previously described.22,37 Briefly, both neurons and astrocytes were plated in 96-well plates, 

grown for 9 days, and analyzed for sterols. Figure 4 compares the levels in neurons and 

astrocytes in nmol/million cells of the 14 sterols and 7 oxysterols assayed by the DMG 

method. Note that the Bloch sterols are present in higher concentrations than those along the 

Kandutsch–Russell pathway, with the exception of desmosterol/cholesterol pair. Sterol levels 

found in nmol/million cells are generally greater in neurons than in astrocytes with the one 

exception of 7-DHD, which is present at higher levels in astrocytes. 7-Ketocholesterol (7-

keto) was found at significantly higher levels in astrocytes than neurons, while 24-

hydroxycholesterol (24-OH) and 25-hydroxycholesterol (25-OH) were the major oxysterols 

detected in neurons.38 The four other oxysterols included in the DMG assay (see Figure 2) 

were found at much lower levels than 7-keto, 24-OH and 25-OH in both neurons and 

astrocytes.

Neurons and astrocytes were treated with different concentrations of pharmaceuticals for 6 

days. Haloperidol, aripiprazole, trazodone, sertraline, and amiodarone were used at 

concentrations ranging from 10 to 500 nM; cariprazine was generally more potent than the 

other compounds, and concentrations of 1–100 nM were used for this drug. After 

incubation, deuterated standards were added, and lipids were extracted and converted to the 

DMGesters at room temperature in 30 min. Both neurons and astrocytes showed altered 

sterol composition in response to each of the drugs tested with the exception of sertraline, 

where differences were found only at higher concentrations (Supporting Information).

Figure 5 presents the sterol levels assayed for incubations of neurons and astrocytes with 

10–500 nM haloperidol. The figure is oriented to match the sterol cellular concentrations 

with the biosynthetic scheme, with the Bloch sterols along the top row, those in the 

Kandutsch–Russell pathway along the bottom, and the overall transformation from 

lanosterol on the top left to cholesterol on the bottom right as in Figure 1. The scales for all 

of the sterols in Figure 5 before 7-DHD and 7-DHC in the biosynthetic sequence are set with 

a maximum of 3.5 nmol/million cells so that the differences in steady state levels are 
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apparent. Desmosterol, 7-DHD, 7-DHC, and cholesterol are also scaled identically at 40 

nmol/million cells for comparison purposes.

Haloperidol treatment led to significant concentration dependent increases in 7-DHC in both 

neurons and astrocytes as expected for a DHCR7 inhibitor. It is notable that increases in 

levels of 7-DHD were also observed, with the increases found for this sterol being more 

prominent in neurons than astrocytes. Indeed, the Bloch sterols were generally found to have 

higher cellular steady state levels than the Kandutsch–Russell counterparts in neurons at all 

concentrations of haloperidol, the exception being desmosterol/cholesterol, the final pair in 

the sequence. At 100 nM haloperidol, 7-DHD is the major sterol found in neurons followed 

in order by 7-DHC, cholesterol, and desmosterol. In addition, Bloch sterols were found to be 

higher in neurons than astrocytes at every concentration of haloperidol tested. At 

concentrations of haloperidol of 50 nM and above, desmosterol was found at concentrations 

lower than 7-DHC and 7-DHD in both neurons and astrocytes. The increase in levels of 14-

dZym found at 500 nM haloperidol should also be noted and suggests the possibility of an 

effect of haloperidol on the 14-reductase enzyme.

We note that sterol levels measured are at a steady-state condition and no conclusions about 

the relative kinetics of individual steps in the biosynthesis can be drawn from these data. It is 

notable, however, that Kandutsch–Russell sterols are not found at appreciable levels in the 

biosynthetic sequence before zymostenol, suggesting that the first significant Bloch/

Kandutsch–Russell crossover point in the biosynthesis is at the zymosterol–zymostenol pair 

for both neurons and astrocytes. This mechanism, the modified Kandutsch–Russell pathway, 

is in accord with previous detailed studies of sterol biosynthetic flux that identified the 

zymosterol DHCR24 crossover point as being dominant in the brain.39

Figure 6 presents the sterol analysis data for comparison of five of the six drugs assayed 

(HAL, CAR, ARI, TRZ, and AMIOD) that had significant activity as inhibitors of late-stage 

sterol biosynthesis. The sterol profiles of function of inhibitor for HAL, CAR, ARI, and 

TRZ were remarkably similar, the effect of compound on sterol levels found principally as 

an increase in 7-DHD and 7-DHC and a decrease in desmosterol. Cholesterol levels were 

minimally affected except at the highest concentration of these DHCR7 inhibitors. AMIOD 

had a minimal effect on 7-DHD and 7-DHC, but as expected for an EBP inhibitor, levels of 

Zym and Zyme increased with increasing AMIOD concentrations. SERT showed no 

measurable effect on post-lanosterol sterol levels at concentrations of 1 μM or below; see 

Figure S5.

Oxysterol Profiles in Neurons and Astrocytes.

Oxysterol profiles assayed by the DMG method in neurons and astrocytes differed 

significantly. As shown in Figure 4B, 24-hydroxycholesterol (24-OH) and 25-

hydroxycholesterol (25-OH) were the major oxysterols found in neurons; their levels were 

much higher than those found for 7-ketocholesterol (7-keto) in these cells. Treatment of 

neurons with the DHCR7 inhibitors haloperidol, cariprazine, and aripiprazole resulted in 

levels of 24-OH and 25-OH that decreased with increasing drug concentrations, as shown in 

Figure 7. The decrease of these oxysterols at higher levels of the DHCR7 inhibitors 

paralleled the decrease in cholesterol found for treatment of neurons at the higher drug 
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levels; see Figure 5. So one explanation for the observed trend is simply the lower substrate 

availability for the P450 enzymes that promote the conversion of cholesterol to the 

oxysterols.26,28,29,31,32,40 In contrast to the results in neurons, 25-OH levels increased at the 

highest doses of haloperidol, cariprazine, and aripiprazole in astrocytes.

Consequences of Exposures.

All of the drugs in this study that have been classified are listed in the pregnancy category C 

(see Table S1), indicating that animal reproduction studies have shown an adverse effect on 

the fetus but that potential benefits may warrant use of the drug in pregnant women. Indeed, 

a recent review has linked DHCR7 inhibitors to significant adverse fetal outcomes, including 

unexpected loss, deformaties, and malformations.41 These facts raise the possibility that 

fetal exposure to DHCR7 inhibitors will ultimately have significant neurodevelopmental 

consequences. The clinical consequence of mutations in the gene that codes DHCR7 is 

Smith–Lemli–Opitz syndrome (SLOS), a devastating disorder characterized by elevated 

serum levels of 7-DHC similar to those found in patients taking cariprazine, aripiprazole, 

and other drugs that inhibit DHCR7. SLOS is a neurodevelopmental disorder that is linked 

to intellectual disabilities and behavioral problems, including autistic features42 and 

hyperactivity, raising the possibility that fetal exposure to DHCR7-active drugs may have 

similar associated risks.

It is of some note then that aripiprazole,21 haloperidol,6 cariprazine,22 and trazodone43 cross 

the rodent placenta and reach the brain of fetuses during embryonic development. The 

current work shows that the drugs have a significant and parallel effect on sterol homeostasis 

in both neurons and astrocytes, leading to increased levels of both 7-DHD and 7-DHC, 

highly oxidizable lipids44–47 that affect neuronal arborization, cell viability, and gene 

expression changes.48,49 Indeed, as shown in Figure 8, levels of 7-DHC assayed in WT 

neurons at 500 nM haloperidol approach those found in neurons from a T93MKI50 SLOS 

mouse and the treated WT astrocytes have 7-DHC levels that exceed those of the T93MKI 

astrocytes. The results support the notion that screening for DHCR7 inhibition in the 

assessment of drug toxicity may help to prevent long-term adverse neurodevelopmental 

outcomes.

METHODS

Materials.

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO). 

HPLC grade solvents were purchased from Thermo Fisher Scientific Inc. (Waltham, MA). 

The derivatizing reagents 2-methyl-6-nitrobenzoic anhydride and N,N-dimethylglycine were 

purchased from Combi-Blocks (San Diego, CA). The synthesis of d7-7-DHC and d7-8-DHC 

has been reported,36 and the remaining deuterated standards are described in the Supporting 

Information. The oxysterols 24-OH, 25-OH, and 27-OH cholesterol are available from 

Sigma-Aldrich. DHCAO,51 7-keto cholesterol,52 and epChol53 were synthesized according 

to literature procedures. The ratio of α- and β-epChol was determined by 1H NMR. All 

deuterated sterol standards are available from Kerafast, Inc. (Boston, MA).
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Primary Neuronal and Astrocytes Cultures.

Primary cortical neuronal cultures were prepared from E18 C57BL/6J (The Jackson 

Laboratory stock 000664) mice as previously described.54 All 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 7912) and water in Comparative Medicine at 

UNMC, Omaha, NE. Embryonic and newborn mice were used for the study. All procedures 

were performed in accordance with the Guide for the Humane Use and Care of Laboratory 

Animals. T93M mice were obtained from FD Porter.50 These mice have a mutation in both 

Dhcr7 alleles at c.278C>T, a mutation equivalent to the human T93M missense mutation. 

The T93M is the most common missense mutation described in patients with SLOS.50 These 

mice survive into adulthood and breed. The use of mice in this study was approved by the 

Institutional Animal Care and Use Committee of UNMC. Briefly, the brain was placed in 

prechilled HBSS solution (without Ca2+ or Mg2+), and two cortexes were dissected and cut 

with scissors into small chunks of similar sizes and transferred to trypsin/EDTA (0.25%) for 

25 min at 37 °C. Trypsin was inactivated by adding trypsin inhibitor (Sigma T6522) for 5 

min. The tissue was rinsed in neurobasal medium with B-27 supplement (Gibco no. 17504–

044) and then triturated with a fire-polished Pasteur pipet. The cells were pelleted by 

centrifugation for 5 min at 80g. The cell pellet was resuspended in neurobasal medium 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 neurobasal medium with B-27 

supplement and Glutamax. After the incubation of cells at 37 °C, 5% CO2 cell culture 

incubator for 3 days, the cells were treated with six different concentration of drugs. For 

each condition there were 6–12 technical replicates. Each 96-well plate contained 24 control 

wells without drug. The incubation time with different drugs was 6 days. At the end point of 

the incubation, Hoechst dye was added to all wells in the 96-well plate and the total number 

of cells counted using an ImageXpress Pico and cell counting algorithm in 

CellReporterXpress. After removal of the medium, wells were rinsed twice with 1× PBS, 

treated with an antioxidant mixture (10 μL per well), and stored at −80 °C for sterol analysis. 

The antioxidant mixture contained BHT (2.5 mg/mL) and PPh3 (1 mg/mL) in EtOH. All 

samples were analyzed within 2 weeks of freezing.

After plating of the required number of cells for neuronal cultures, leftover cells were plated 

in 100 mm dishes at a density of 10 × 106 per tissue culture plate in DMEM with 10% FBS. 

Under these conditions, astrocytes adhere and divide and completely populate the plate 

within 10–14 days. Once the plates were full, they were rinsed using the cold jet method.55 

The astrocytes were trypsinized and plated in 96-well plates in DMEM plus 10% FBS at 30 

000 cells/well. The following day the medium was replaced with neurobasal medium with 

B-27 supplement (same medium as neuronal cells) ± drugs. Cells were incubated at 37 °C, 

5% CO2 for 6 days in the presence of drugs. For each condition there were 6–12 technical 

replicates. Each 96-well plate contained 24 control wells without drug. At the end point, 

cultures were processed the same way as neuronal cultures. The preparation of primary 

cortical neuronal and astrocytes cultures was repeated from five different mouse litters, and 

each time all drugs were tested and their effects on sterols assayed by LC–MS/MS. The 

results were concordant across an independent set of experiments.
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Extraction of Sterols.

A stock solution of deuterated standards was made containing 30 μM d7-Chol, d6-Lan, d7-

dHLan and 3 μM d7-7-DHC, d7-8-DHC, d6-Des, d6-7-DHD, d6-8-DHD, d7-Lath, d6-DHL, 

d7-Zyme, d6-Zym, d7-14d-Zyme, d6-14d-Zym in MeOH. The standards stock solution 

contained 1% (v/v) Et3N and antioxidant mixture (BHT and PPh3) described above to 

prevent isomerization and/or oxidation. To each well of the 96-well plate were added the 

standards mixture (10 μL) and MeOH (100 μL). The plate was agitated on a shaker for 20 

min and then allowed to rest to settle cell debris. The MeOH was transferred to an analysis 

plate, dried under vacuum, and derivatized as described below.

Derivatization and LC–MS/MS Analysis of Sterols.

Derivatizing reagent was freshly prepared with 2-methyl-6-nitrobenzoic anhydride (20 mg), 

N,N-dimethylglycine (14 mg), DMAP (6 mg), and Et3N (0.1 mL) in anhydrous CHCl3 (0.9 

mL). To each sample was added derivatizing reagent (100 μL) and allowed to react at room 

temperature for 30 min. The samples were dried under vacuum and subsequently dissolved 

in MeOH (100 μL) for LC–MS/MS analysis. Samples were analyzed on an Acquity UPLC 

system equipped with ANSI-compliant well plate holder. The sterols (10 μL injection) were 

analyzed on an Agilent Poroshell EC-C18 (10 cm × 2.1 mm, 1.9 μm) with 

CH3CN:MeOH:H2O, 70:25:5 (0.01% (v), formic acid, 1 mM NH4OAc) mobile phase at a 

column temperature of 40 °C. The flow rate was 400 μL/min for 11.5 min, then ramped to 

600 μL/min at 11.6 min with a total run time of 16 min. A TSQ Quantum Ultra tandem mass 

spectrometer (ThermoFisher) was used for MS detections, and data were acquired with a 

Finnigan Xcalibur software package. Selected reaction monitoring (SRM) of the DMG 

derivatives was acquired in the positive ion mode using electrospray ionization (ESI). MS 

parameters were optimized using DMG-Chol and were as follows: spray voltage at 4500 V, 

capillary temperature at 300 °C, auxiliary nitrogen gas pressure at 55 psi, and sheath gas 

pressure at 60 psi. Collision energy (CE) was optimized for each sterol and oxysterol under a 

collision gas pressure of 1.5 mTorr. The monitored transitions are listed in Tables 1 and 2. 

Endogenous sterol levels were quantified based on the known matched deuterated standard 

amount and then normalized to cell count. Oxysterol levels were quantified using d7-Chol as 

standard and a response factor that was determined for each compound, then also normalized 

to cell count. Since the DMG derivatization is the same reaction among all of the sterols, it 

does lack some specificity when compared to the PTAD method. To compensate for this, 

SRMs were optimized for each sterol so that its signal was enhanced relative to other sterols. 

In cases where the SRMs were similar, the sterols were separated chromatographically.

Statistical Analysis.

Statistical analyses were performed using GraphPad Prism 8 for Windows. Unpaired two-

tailed t tests were performed for individual comparisons between two groups. Discovery was 

determined using the two-stage linear step-up procedure of Benjamini, Krieger and 

Yekutieli, with Q = 5%. Each analysis was performed individually, without assuming a 

consistent SD. Statistical tests showed a normal distribution in all comparison groups. The p 
values for statistically significant differences are highlighted in the figure legends.
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Figure 1. 
Postlanosterol cholesterol biosynthesis pathway. Only chemical structures of sterols 

analyzed by LC–MS/MS in this study are shown. The enzymes are shown in red. The ∗ 
identifies conversion of the 8-DHD double bond to form 8-DHC, promoted by the DHCR24 

enzyme.
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Figure 2. 
LC–MS/MS separation of DMG-derivatized deuterated (d6 and d7) sterols and oxysterols. 

(A) Bloch and (B) Kandutsch–Russell sterols and (C) cholesterol oxysterols were separated 

on an Agilent Poroshell EC-C18 (10 cm × 2.1 mm, 1.9 μm) column using a solvent mixture 

of CH3CN:MeOH:H2O, 70:25:5 (0.01% (v) formic acid, 1 mM NH4OAc) with a column 

temperature of 40 °C. A TSQ Quantum Ultra tandem mass spectrometer (ThermoFisher) 

was used for MS detections, and data were acquired with a Finnigan Xcalibur software 

package. Selected reaction monitoring (SRM) of the DMG derivatives was acquired in the 

positive ion mode using electrospray ionization (ESI).
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Figure 3. 
General strategy for synthesis of deuterated standards. All standards were synthesized from 

cholenic acid, ergosterol, or lanosterol. The deuterium was incorporated utilizing a Wittig or 

Grignard reaction to generate the Bloch (d6) or Kandutsch–Russel (d7) sterols, respectively.
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Figure 4. 
Bloch and Kandutsch–Russell sterols in neurons and astrocytes. Fourteen sterols (A) and 

cholesterol oxysterols (B) were analyzed by DMG method: blue, neurons; red, astrocytes. 

Neurons have higher levels of all sterols except for 7DHD which is present at higher levels 

in the astrocytes. The most abundant sterols in both cell types are cholesterol and 

desmosterol. N = 44; **p < 0.001.
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Figure 5. 
Haloperidol treatment inhibits DHCR7 enzyme in neurons and astrocytes. Cortical neuronal 

and astrocytes cultures were treated with haloperidol (10–500 nM). Fourteen sterols were 

analyzed by the DMG method. The data are presented to coincide with the sterol 

biosynthesis scheme presented in Figure 1. The scale for 7-DHD, Des, 7-DHC, and Chol is 

0–40 nmol/million cells. The scale of all other sterols shown is 0–3.5 nmol/million cells. 

Statistical significance between neurons and astrocytes is shown in black, and significance 

between control and treatment is shown in blue for neurons and in red for astrocytes: *p < 

0.05; **p < 0.01; ***p < 0.001.
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Figure 6. 
Sterol profile in neurons and astrocytes exposed to three antipsychotics, an antidepressant, 

and an antiarrhythmic: (A) haloperidol; (B) cariprazine; (C) aripiprazole; (D) trazodone; (E) 

amiodarone; blue = neurons; red = astrocytes. Cells were exposed to increasing 

concentrations of (a). Concentrations for treatments with haloperidol, aripiprazole, 

trazodone, and amiodarone were control (DMSO), 10, 25, 50, 100, and 500 nM. (b) 

Concentrations for treatment with cariprazine were control (DMSO), 5, 10, 25, 50, and 100 

nM. Statistical significance is marked by *p < 0.01.

Tallman et al. Page 20

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Profile of cholesterol oxysterols in neurons and astrocytes exposed to three antipsychotics 

haloperidol, cariprazine, and aripiprazole: blue = neurons; red = astrocytes. Neurons and 

astrocytes were exposed to increasing concentrations of compounds for 6 days, and seven 

oxysterols were analyzed by the DMG method. n = 11 for control; n = 6 for drug. The major 

oxysterols found are shown here. Statistical significance is marked by *p < 0.05; **p < 0.01; 

***p < 0.001. (a) Concentrations for treatments with haloperidol and aripiprazole were 

control (DMSO), 10, 25, 50, 100, and 500 nM. (b) Concentrations for treatment with 

cariprazine were control (DMSO), 5, 10, 25, 50, and 100 nM.
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Figure 8. 
Comparison of 7-DHC in SLOS T93MKI and WT cells treated with haloperidol. (A) WT 

neurons and (B) WT astrocytes were treated with haloperidol at 10, 50, and 500 nM and 

compared with neurons and astrocytes from a SLOS mouse.
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Table 1.

MS Parameters for Sterol Analysis

metabolite SRM parent (M + H) (m/z) SRM fragment (m/z) CE (eV) rt (min)

7-DHD 468.30 365.30 15 5.6

14d-Zym 468.31 104.10 21 5.1

8-DHD 468.32 365.30 20 5.8

7-DHC 470.30 367.30 13 8.4

8-DHC 470.31 367.31 20 8.8

Des 470.31 367.31 20 7.6

DHL 470.32 104.10 21 7.4

Zym 470.32 104.10 21 6.9

14d-Zyme 470.32 104.10 21 7.1

Chol 472.30 369.30 20 11.3

Lath 472.31 104.10 21 10.5

Zyme 472.31 104.10 21 10.8

Lan 512.31 104.10 21 11.3

diHLan 514.31 104.10 21 15.6

d6-7-DHD 474.30 371.30 15 5.4

d6-14d-Zym 474.31 104.10 21 4.9

d6-8-DHD 474.32 371.30 20 5.6

d7-7-DHC 477.30 374.30 13 8.2

d7-8-DHC 477.31 374.31 20 8.6

d7-14d-Zyme 477.32 104.10 21 7.4

d6-Des 476.30 373.30 20 7.2

d6-DHL 476.31 104.10 21 6.7

d6-Zym 476.31 104.10 21 6.9

d7-Chol 479.30 376.30 20 11.1

d7-Lath 479.31 104.10 21 10.3

d7-Zyme 479.31 104.10 21 10.6

d6-Lan 518.31 104.10 21 11.1

d7-diHLan 521.31 104.10 21 15.4

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 19.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tallman et al. Page 24

Table 2.

MS Parameters for Cholesterol Oxysterol Analysis

metabolite SRM parent (m/z) SRM center (m/z) CE (eV) rt (min) rf (d7-Chol)

7-keto-Chol 486.31 383.31 20 2.9 1.3

25-OH-Chol 488.30 367.30 20 2.0 6.0

β-epChol 488.30 367.30 20 4.4 4.4

α-epChol 488.30 367.30 20 4.9 14.0

DHCAO 504.32 365.32 30 2.9 45.0

24-OH-Chol 573.30 470.30 20 2.9 3.1

27-OH-Chol 573.30 470.30 20 3.3 5.3

ACS Chem Neurosci. Author manuscript; available in PMC 2021 March 19.


	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Prescription Medications Tested in Neuron and Astrocyte Cultures.
	Sterol and Oxysterol Analysis as N,N-Dimethylglycyl (DMG) Esters.
	Comparison of DMG Ester and PTAD Sterol Assays.
	Sterol and Oxysterol Profiles in Neurons and Astrocytes.
	Oxysterol Profiles in Neurons and Astrocytes.
	Consequences of Exposures.

	METHODS
	Materials.
	Primary Neuronal and Astrocytes Cultures.
	Extraction of Sterols.
	Derivatization and LC–MS/MS Analysis of Sterols.
	Statistical Analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1.
	Table 2.

