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Abstract

Cholesterol metabolism is vital for brain function. Previous work in cultured cells has shown that a 

number of psychotropic drugs inhibit the activity of 7-dehydrocholesterol reductase (DHCR7), an 

enzyme that catalyzes the final steps in cholesterol biosynthesis. This leads to the accumulation of 

7-dehydrocholesterol (7DHC), a molecule that gives rise to oxysterols, vitamin D, and atypical 

neurosteroids. We examined levels of cholesterol and the cholesterol precursors desmosterol, 

lanosterol, 7DHC and its isomer 8-dehydrocholesterol (8DHC), in blood samples of 123 

psychiatric patients on various antipsychotic and antidepressant drugs, and 85 healthy controls, to 

see if the observations in cell lines hold true for patients as well. Three drugs, aripiprazole, 

haloperidol and trazodone increased circulating 7DHC and 8DHC levels, while five other drugs, 

clozapine, escitalopram/citalopram, lamotrigine, olanzapine, and risperidone, did not. Studies in 

rat brain verified that haloperidol dose-dependently increased 7DHC and 8DHC levels, while 

clozapine had no effect. We conclude that further studies should investigate the role of 7DHC and 

8DHC metabolites, such as oxysterols, vitamin D, and atypical neurosteroids, in the deleterious 

and therapeutic effects of psychotropic drugs. Finally, we recommend that drugs that increase 
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7DHC levels should not be prescribed during pregnancy, as children born with DHCR7 deficiency 

have multiple congenital malformations.
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Introduction

Cholesterol is an essential component of cellular membranes (Maxfield and Tabas, 2005). 

As much as 25% of cholesterol and cholesterol derivatives are contained in the human brain, 

even though the brain accounts for only 2% of total body weight (Dietschy and Turley, 2001, 

2004). Although some of the body’s cholesterol is derived from nutritional sources, the brain 

depends predominantly on intrinsic de novo cholesterol biosynthesis as the blood-brain 

barrier limits the uptake of cholesterol from the circulation (Korade et al., 2009; Nicholas 

and Thomas, 1961).

Mitochondria play an important role in many aspects of cholesterol metabolism (Tatsuta et 

al., 2014). Endogenous cholesterol synthesis is essential for brain development, and intact 

cholesterol metabolism remains critical throughout life for normal brain function. In the 

elderly, high cholesterol is associated with better memory function, while low cholesterol is 

associated with an increased risk of depression (Huang and Chen, 2005; You et al., 2013).

Acetyl-CoA, a central player in energy metabolism, is the seed molecule for cholesterol 

biosynthesis, which in over 20 enzymatic steps leads to cholesterol (fig. 1). Though the 

pathway branches at lanosterol, 7-dehydrocholesterol reductase (DHCR7) is crucial in both 

paths to complete the synthesis of cholesterol. In one branch DHCR7 catalyzes the 

conversion of 7-dehydrocholesterol (7DHC) into cholesterol, and in the other branch the 

conversion of 7-dehydrodesmosterol into desmosterol.

A number of psychotropic drugs have been shown to increase 7DHC levels in cell lines 

(Korade et al., 2016). A preliminary study suggested that patients on aripiprazole or 

trazodone might have elevated blood levels of 7DHC, indicating DHCR7 inhibition (Hall et 

al., 2013). However, a comparison and contrast of the effects of a larger group of 

psychotropic drugs on cholesterol metabolism, levels of 7DHC, and its isomer 8-

dehydrocholesterol (8DHC), in patients’ blood has not been carried out yet.

Much of the current knowledge about DHCR7 comes from research of Smith-Lemli-Opitz 

syndrome (SLOS), caused by mutations in the DHCR7 gene. SLOS is characterized by 

altered CNS structure and function, manifested in developmental disabilities and autism 

(Bukelis et al., 2007; Nowaczyk and Irons, 2012). While cholesterol deficiency likely plays 

a central role in the disease, so might be the accumulation of 7DHC and 8DHC, the ensuing 

lipid peroxidation, and the formation of oxysterols (Liu et al., 2013; Xu et al., 2009). SLOS 

studies point to an important function of DHCR7 and cholesterol particularly during early 

brain development. Curiously, the disproportionate frequency of a small number of null 

alleles in SLOS has raised the possibility that decreased DHCR7 activity and increased 
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levels of 7DHC confer an evolutionary advantage in heterozygous individuals, despite the 

devastating effects of homozygous mutations (Witsch-Baumgartner et al., 2000).

A competitive advantage of increased 7DHC levels could rest in its role as the sole source 

for endogenously synthesized vitamin D3 (cholecalciferol). Since polymorphisms in 

DHCR7 are associated with vitamin D levels, it has been suggested that higher 

concentrations of 7DHC might be protective against hypovitaminosis (Wang et al., 2010). 

Vitamin D deficiency is prevalent in Western populations and has been associated with 

memory function, depression, and psychosis (Anglin et al., 2013; Crews et al., 2013; Holick, 

2009; McGrath et al., 2010). The presence of the vitamin D receptor in the brain indicates a 

role for vitamin D in brain function (Eyles et al., 2005). Moreover, the biologically active 

form of vitamin D, a metabolite of 7DHC and ligand for the vitamin D receptor, 1,25-

dihydroxyvitamin D (dhVitD), mediates a diverse array of neuroprotective functions 

(Garcion et al., 2002).

Mitochondrial enzymes cleave 7DHC into novel, neurosteroid-like compounds (Acimovic et 

al., 2016; Marcos et al., 2004). Although neurosteroids were initially described as nuclear 

receptors that activate specific genetic programs, it is now accepted that they can also 

modulate neuronal excitability by rapid, non-genomic actions (Compagnone and Mellon, 

2000; Omura, 2006; Slominski et al., 2015). Neurosteroids can have mood-stabilizing, 

anxiolytic, anticonvulsive and antidepressant effects, through modification of GABA and 

glutamate systems in the brain (Dubrovsky, 2005; Reddy et al., 2004; Zorumski et al., 2013). 

However, dependent on type, concentration and brain area in which they accumulate, they 

can also have the opposite effect (Dubrovsky, 2005). Thus, the effect of neurosteroids 

synthesized from elevated 7DHC on brain function is currently unknown.

Accumulation of 7DHC can also have negative consequences. As the clinical manifestations 

of SLOS demonstrate, disruption of DHCR7 activity, particularly during early development, 

has deleterious effects on brain function. While its role as a precursor for cholesterol, 

vitamin D and neurosteroids might be beneficial for brain function, 7DHC and 8DHC are a 

source of lipid peroxidation and oxysterols (Liu et al., 2013; Xu et al., 2009). Of relevance to 

treatment with psychotropic drugs, oxysterols have been associated with metabolic 

syndrome, a side effect of treatment with psychoactive drugs manifested in cardiovascular 

disease and obesity (Guillemot-Legris et al., 2016). Moreover, cellular stress caused by lipid 

peroxidation might contribute to the extrapyramidal side effects in the brain caused by 

treatment.

At this point, we are in need of more information about psychotropic drug effects on 

cholesterol metabolism and accumulation of 7DHC in patients. Understanding the individual 

profiles of psychotropic drugs is the first step toward determining if protection against lipid 

peroxidation and oxysterols in patients on these drugs can mitigate side effects, on one hand, 

and if an increase in vitamin D levels or formation of particular neurosteroids might 

contribute to the therapeutic profile, on the other. Furthermore, as the experience with SLOS 

shows, we need to identify which drugs inhibit DHCR7 activity and limit their prescription 

during pregnancy.
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Materials and Methods

Materials

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). [25,26,26,26,27,27,27- d7] 7-DHC and 8-DHC were obtained by chemical synthesis as 

previously described (Anastasia et al., 1981; Xu et al., 2011b).

Study Participants

One hundred twenty-three patients with a psychiatric disorder (21 with major depressive 

disorder, MDD; 22 with bipolar disorder, BPD; and 80 with schizophrenia, SZ, 

schizoaffective disorder, SA, or schizophreniform disorder, grouped together into SZ+) were 

recruited through the inpatient unit and outpatient clinic at the Vanderbilt Psychiatric 

Hospital, and 85 healthy controls were recruited via advertisements within the community 

(table 1). The study was approved by the Vanderbilt University Institutional Review Board 

and all study subjects provided written informed consent. All participants were administered 

the Structured Clinical Interview for the DSM-IV-TR (SCID), which was reviewed by an 

experienced psychiatrist. Participants with any significant medical or neurological disease, 

head injury or a history of drug dependence, were excluded. The Vanderbilt Psychiatric 

Hospital has a detailed protocol to assess and verify diagnoses of study participants, and to 

capture clinical, psychological and demographic data (Sheffield et al., 2013; Woodward and 

Heckers, 2015).

Medication History

The medication history was based on self-report, and included current and prior medication. 

When available, the research group at the Vanderbilt Psychiatric Hospital cross-referenced 

the supplied information with current medical records. Despite best efforts, medication 

nonadherence, a well-known challenge in psychotic disorders, might have occurred in some 

instances (Chapman and Horne, 2013).

Collection of blood samples

A blood sample was drawn into PaxGene Blood RNA tubes (BD Biosciences, San Joes, 

CA), which contain 6.9 ml of RNA stabilization additive to which a maximum of 2.5 ml of 

blood can be added. Therefore, all analyses were corrected for a dilution factor of 3.8. Since 

the amount of blood collected per tube varied, we normalized sterol metabolites to free 

cholesterol levels measured in the same samples. Tubes were frozen and stored at −20°C.

A number of controls were carried out to ensure accuracy of measurements. First, a potential 

interference of the RNA stabilization additive with the measurements of sterol levels was 

examined. No effect on 7DHC measurements were observed, but desmosterol and lanosterol 

levels were reduced by approximately 50%. Second, storage effects were tested in 117 

sample aliquots measured in 2014 and 2016, and no significant differences were observed 

(supplemental figure 1). Both measurements for each sample were averaged in the final 

analysis.
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Animals

Twenty-four male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing an 

average of 230 g before the first injection were housed three to a cage on a 12 hr light/dark 

cycle. The animals were allowed five days of habituation to the colony prior to the first drug 

administration. All rats received single, daily injections, of the respective drug or vehicle, 

administered intraperitoneally. Rats gained weight at the same rate, with an average weight 

of 350 g at the end of the experiment. Animal care and experimental procedures conformed 

to PHS Policy on Humane Care and Use of Laboratory Animals.

Drug treatment and tissue harvest of rats

Animals were assigned randomly to the following groups: controls (vehicle-treated; n=6), 

clozapine (8 mg/kg/day; n=6), haloperidol 0.2 (0.2 mg/kg/day; n=6) and haloperidol 0.05 

(0.05 mg/kg/day; n=6). Haloperidol and clozapine were purchased from Sigma (St. Louis, 

MO) and Tocris Cookson, Inc. (Ellisville, MO), respectively, and dissolved in 0.2% lactic 

acid. The injections were administered i.p. once per day for twenty-four consecutive days. 

Vehicle injections consisted of 0.2% lactic acid. Animals were sacrificed by rapid 

decapitation twenty-four hours after the final injection and brains were immediately frozen. 

Tissue samples from prefrontal cortex and striatum were dissected from frozen brains on a 

freezing microtome and stored again at −80°C. Prefrontal cortex was defined as the cortical 

area rostral to bregma 2.2 mm, which included prelimbic, infralimbic, and cingulate cortex 

area 1 (Paxinos and Watson, 1998; Uylings et al., 2003). Striatum was obtained from a 3 mm 

round punch between bregma 1.20 mm to 0.20 mm (Paxinos and Watson, 1998).

Processing of tissue samples

Frozen tissue was homogenized in lysis buffer (125 mM NaCl, 50 mM HEPES, 1% Igepal) 

in the presence of 10 μg/ml butylated hydroxytoluene (BHT) and 25 μg/ml 

triphenylphosphine (TPP) using ultrasonic homogenization. After protein measurement 

using the Bio-Rad DC Protein Assay kit (Bradford, 1976), 50 μg protein were added to 

800μl of Folch solution for lipid extraction.

Lipid extraction

Ten μl of human blood or 50 μg protein from rat samples were added to 800 μl of Folch 

solution containing 0.25 mg/ml TPP, 0.005% BHT, and the internal standards d7-7-DHC (13 

ng), d7-8-DHC (30 ng), 13C3-Des (100 ng), 13C3-Lano (100 ng), d7-Chol (34 ng), followed 

by the addition of 400 μl of 0.9% NaCl. The resulting mixture was vortexed and centrifuged. 

The lower organic phase was recovered and dried under a stream of nitrogen. 200 μl of 1 

mg/ml freshly prepared PTAD solution in MeOH was added to the residues of blood 

extracts, the solutions incubated for 30 minutes at room temperature with occasional 

shaking, and transferred into sample vials. The samples were stored at −80°C until analysis 

by LC-MS/MS.

LC-MS/MS conditions

LC separations were performed on a Waters Acquity UPLC system equipped with an 

autosampler (Waters, Milford, MA) using a Waters Acquity UPLC BEH C18 column (1.7 
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μm, 2.1 × 50 mm). A TSQ Quantum Ultra tandem mass spectrometer (ThermoFisher) was 

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

Analyses of 4-Phenyl-1,2,4-triazoline-3,5-dione (PTAD) derivatized samples were carried 

out with an isocratic solvent of methanol/0.1% acetic acid at a flow rate of 0.5 ml/min. 

MS/MS analysis of the PTAD derivatives was acquired in the positive ion mode using 

atmospheric pressure chemical ionization (APCI) and selected reaction monitoring (SRM). 

MS parameters were optimized for 7DHC-PTAD and were as follows: auxiliary nitrogen gas 

pressure at 55 psi and sheath gas pressure at 60 psi; discharge current at 22 μA and vaporizer 

temperature at 265°C. Collision induced dissociation (CID) was optimized at 12 eV under 

1.0 mTorr of argon.

Statistical analyses

Boxplots, non-parametric Anovas, linear regression analyses and Dunnet’s two-tailed 

comparison to control with multiple comparison correction were carried out in SAS Studio, 

University Edition (Cary, NC).

Results

Haloperidol, but not clozapine, increased 7DHC and 8DHC levels in human blood

Haloperidol and clozapine are the prototypical conventional and atypical antipsychotics, 

respectively. Haloperidol treatment increased levels of 7DHC and 8DHC in whole blood of 

patients, while clozapine had no effect (fig. 2). In figure 2a, six patients were on a single 

antipsychotic drug, while 15 patients had additional prescriptions. Samples of patients on 

multiple psychotropic drugs were included only after it was established in preliminary tests 

that the secondary drug(s) did not affect sterol levels. In concordance with preliminary tests, 

a subgroup of patients on a single drug mirrored the pattern of the larger group (fig. 2b). The 

list of secondary drugs is provided in the supplemental information (supplemental table 1).

Desmosterol, lanosterol and cholesterol where not affected by either drug. However, as has 

been shown previously, desmosterol levels were lower in the female control group compared 

to male controls (supplemental fig. 2) (Matthan et al., 2013). Age had no significant effect 

on sterol levels in the control group (supplemental fig. 3).

Haloperidol, but not clozapine increased 7DHC and 8DHC levels in rat brain

Rats treated chronically with haloperidol showed a dose-dependent increase of 7DHC and 

8DHC levels in the striatum and the prefrontal cortex (fig. 3). Clozapine had no effect. 

Neither drug had an effect on desmosterol, lanosterol or cholesterol levels. Levels of 7DHC 

and 8DHC were correlated within each brain area, owing to the strong effect of haloperidol 

(supplemental fig. 4a).

Aripiprazole and trazodone increased 7DHC and 8DHC levels in human blood

Aripiprazole, an atypical antipsychotic, and trazodone, an antidepressant and hypnotic, 

increased levels of 7DHC and 8DHC, but not of desmosterol, lanosterol or cholesterol (fig. 

4a, 4c). Other drugs tested (es/citalopram, lamotrigine, olanzapine, and risperidone) did not 
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affect circulating 7DHC levels. Levels of 7DHC and 8DHC were correlated (supplemental 

fig. 4b).

Although 51 patients were on multiple drugs, the subgroup of 46 patients on single drugs 

mirrored the pattern of the larger group (fig. 4b). Samples from patients on multiple 

psychotropic drugs were included only once and grouped with the drug of known effect on 

sterol levels (supplemental table 1). Trazodone, prescribed for its sleep-inducing effect, and 

lamotrigine, were always combined with other prescriptions.

Relationship of body-mass index (BMI), Positive and Negative Syndrome Scale (PANSS), 
Global Assessment of Functioning (GAF) scores and disease duration with sterol 
metabolites

For the analysis of BMI, PANSS, GAF and disease duration, sterol metabolite data were not 

normalized to cholesterol. BMI was available for 189 samples, and was not correlated with 

sterol metabolites (supplemental table 2). BMI was significantly increased with disease 

duration and with age, as well as in MDD patients who in our dataset had increased disease 

duration, and with es/citalopram treatment which was the main treatment for MDD.

In the rat experiments, all rats gained weight at the same rate and no correlations were 

observed between weight gain and sterol metabolites in either brain area examined.

PANSS scores (positive, negative, general, and total) were available for all patients 

diagnosed with SZ+, and 18 of the 22 patients with BPD. Pans scores were significantly 

higher in SZ+ (t[96]=3.7, p>=0.0004, for total score). No correlations were observed with 

sterol metabolites, drug treatment or disease duration.

GAF scores were available for 195 study participants, and showed a positive relationship 

with cholesterol, desmosterol in males, and lanosterol, in the whole dataset, but not within 

normal control samples only (supplemental table 3). GAF scores were decreased in all 

disorders when compared to control. Lowest levels were observed in SZ+, with increasing 

levels in BPD and MDD. Drug treatments followed the trend of the disorder they were 

treating.

Levels of sterols did not change with disease duration, with the qualifier that many of the 

patients were first-episode patients.

Discussion

Here we present the first comprehensive analysis of the effect of a number of psychotropic 

drugs on the levels of 7DHC, 8DHC, and other cholesterol metabolites in human blood. Our 

data support findings from a small previous study that retroactively associated increased 

plasma levels of 7DHC with prescriptions of aripiprazole and trazodone (Hall et al., 2013). 

We also show that metabolic adaptations in patients taking haloperidol, aripiprazole or 

trazodone mirror Neuro2a cells in vitro, though there were also differences (Korade et al., 

2016). For example, risperidone, which increased 7DHC levels in cell lines, had no effect in 

patients (Canfran-Duque et al., 2013).
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Lanosterol and desmosterol, two cholesterol precursors, were not altered in patients on 

haloperidol, aripiprazole or trazodone. Unlike in cell lines, the increases in 7DHC levels did 

not affect levels of desmosterol and cholesterol (fig. 1), (Kim et al., 2016; Korade et al., 

2016). Because of the considerable differences of cholesterol regulation in cell culture 

systems and whole body, it is ultimately important to verify cell culture findings in the actual 

tissue of interest (Gordon et al., 2014; Kupferberg et al., 1991).

It is not known to what extent the effect of drugs on plasma sterol levels is reflected in the 

brain. However, we found that chronic administration of haloperidol in rats leads to a dose-

dependent increase of 7DHC and 8DHC in the striatum and prefrontal cortex, while 

clozapine had no effect. These data parallel the data in human blood and support the 

assumption that the effects of psychotropic drugs on sterol metabolism in blood are likely to 

occur in brain as well.

An interesting remaining question concerns the common features of haloperidol, 

aripiprazole, and trazodone. Haloperidol, a conventional antipsychotic drug, and aripiprazole 

an atypical antipsychotic drug, are prescribed for SZ and BPD, while trazodone is prescribed 

for MDD and insomnia (de Oliveira et al., 2009; Docherty et al., 2010; Roth et al., 2011; 

Saletu-Zyhlarz et al., 2003). The piperazine ring in aripiprazole and trazodone has raised 

some interest because of similarities with known DHCR7 inhibitors (Hall et al., 2013). 

However, haloperidol increases 7DHC and 8DHC levels and does not contain a piperazine in 

its chemical structure, and other piperazines, such as clozapine or olanzapine, did not affect 

7DHC or 8DHC levels in our study. Therefore, structural studies are needed to better 

understand if, and how, these drugs interfere with DHCR7 activity.

Many drugs that treat psychiatric disorders have unwanted side effects that limit their 

effectiveness and often lead to patient noncompliance. For example, extrapyramidal 

symptoms (EPS) are common with first generation antipsychotics. EPS are caused by 

oxidative stress and disruption of neuronal function in the basal ganglia (Casey, 1997; Lohr 

et al., 2003; Tsai et al., 1998). Though less common with subsequent generations of 

antipsychotics, EPS are still observed, such as with aripiprazole treatment (Bernagie et al., 

2016; Etminan et al., 2016; Hall et al., 2009; Pena et al., 2011). The increased levels of the 

highly oxidizable 7DHC and 8DHC may accelerate oxidative stress and lipid peroxidation, 

and thus contribute to EPS (Korade et al., 2013; Xu et al., 2011a; Xu et al., 2013; Xu et al., 

2011b). Therefore, measures to reduce oxidative stress, such as antioxidant supplementation, 

could be particularly important considerations for drugs that increase levels of 7DHC and 

8DHC (Korade et al., 2014).

Another problem with psychotropic medications is their propensity to cause obesity and 

metabolic syndrome, manifested by hypertriglyceridemia, abnormal glucose tolerance, 

insulin resistance, and cardiovascular disease (Rojo et al., 2015; Rummel-Kluge et al., 

2012). Metabolic syndrome has been associated with oxysterols (Guillemot-Legris et al., 

2016). However, the incidence of metabolic syndrome under haloperidol exposure is 

comparable to, or even lower than with second generation antipsychotic drugs, and some 

second generation antipsychotic drugs that cause metabolic syndrome did not show elevated 

7DHC levels in the blood samples we tested (Kahn et al., 2008).
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7DHC could also have therapeutic effects. As a precursor of vitamin D, it can counteract 

vitamin D deficiency. Vitamin D deficiency is prevalent in Western populations and has been 

associated with depression and psychosis (Anglin et al., 2013; Crews et al., 2013; Holick, 

2009; McGrath et al., 2010). The presence of the vitamin D receptor in the brain indicates a 

role for vitamin D in brain function (Eyles et al., 2005). Moreover, the biologically active 

form of vitamin D and ligand for the vitamin D receptor, dhVitD, mediates a diverse array of 

neuroprotective functions (Garcion et al., 2002). Similarly, neurosteroid-like compounds 

generated from 7DHC could have therapeutic potential and should be further investigated 

(Acimovic et al., 2016; Marcos et al., 2004). Since neurosteroids have been shown to protect 

against symptoms associated with stress, depression, and SZ, these novel neurosteroids 

could potentially have powerful therapeutic actions, or reveal further information on 

pathological processes in the brain (Wong et al., 2015; Zorumski et al., 2013). It is therefore 

possible that the increase in 7DHC and 8DHC by some psychotropic drugs contributes to 

their therapeutic benefits. This line of research should be further pursued.

While the adult brain can retrieve cholesterol from dietary sources, endogenous synthesis of 

cholesterol is important for early brain development and myelination (Marcos et al., 2007; 

Saher et al., 2005). Thus, a potential inhibition of DHCR7 by psychotropic medications in 

the developing brain could have adverse effects on brain function. This issue is particularly 

apparent in SLOS, where mutations of DHCR7 affect CNS structure and function, leading to 

developmental disabilities and autism (Bukelis et al., 2007; Nowaczyk and Irons, 2012). 

Experience with SLOS suggests that agents that inhibit DHCR7 function could have 

teratogenic consequences and should be avoided during pregnancy.

In conclusion, a number of psychotropic agents increase 7DHC and 8DHC levels in blood 

and brain. While the brain should be protected against 7DHC-mediated lipid peroxidation, 

the metabolic route of 7DHC to vitamin D should be supported. Furthermore, investigation 

of novel neurosteroid-like compounds could provide further insight in, and potential 

therapeutic approaches to, psychiatric disorders. Finally, the propensity of psychotropic 

drugs to increase 7DHC and 8DHC levels needs to be considered in prescription practices 

during pregnancy, as teratogenic effects of these drugs cannot be excluded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DHCR7 7-dehydrocholesterol reductase

7DHC 7-dehydrocholesterol
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SLOS Smith-Lemli-Opitz syndrome

dhVitD 1,25-dihydroxyvitamin D

8DHC 8-dehydrocholesterol

BHT butylated hydroxytoluene

TPP triphenylphosphine

PTAD 4-Phenyl-1,2,4-triazoline-3,5-dione

APCI atmospheric pressure chemical ionization

SRM selected reaction monitoring

CID Collision induced dissociation

EPS extrapyramidal symptoms

IPP isopentenyl pyrophosphate

Dhcr24 24-dehydrocholesterol reductase

MDD Major depressive disorder

BPD bipolar disorder

SZ schizophrenia

SA schizoaffective disorder

SZ+ SZ, SA and schizophreniform disorder
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Figure 1. Synthesis of cholesterol, 7DHC and vitamin D
Cholesterol synthesis commences with 3 molecules of acetyl-CoA, which in the mevalonate 

pathway are converted to isopentenyl pyrophosphate (IPP). IPP gives rise to lanosterol in a 

series of enzymatic reactions. Two separate enzymatic pathways generate cholesterol from 

lanosterol. Metabolites from both pathways are interconvertible via 24-dehydrocholesterol 

reductase (Dhcr24). For detailed metabolic pathway information see (Sharpe and Brown, 

2013). Metabolites measured in the current study are shown in green, important enzymes are 

shown in red.
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Figure 2. Haloperidol, but not clozapine, increased 7DHC and 8DHC levels in whole blood 
samples of patients
A: Levels in all patients, including patients on more than one psychotropic drug. B: 

Subgroup of patients who were solely on haloperidol or clozapine. The bimodal distribution 

of haloperidol samples suggests that some patients might not have taken their medication 

(Griffiths et al., 2016). A, B, All sterols corrected for cholesterol levels; C: Cholesterol 

levels (μg/μl blood) were not affected by haloperidol or clozapine. Gray boxes show non-

parametric Anova data, which were not significant for 8DHC, though parametric Anova 

analysis showed significance. Post-hoc analyses carried out using Dunnett’s comparison to 

control. ***p<0.0001, **p<0.01.
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Figure 3. Haloperidol, but not clozapine, increased 7DHC and 8DHC levels in the rat striatum 
and prefrontal cortex
Chronic haloperidol treatment at 0.2 mg/kg/day, for 24 days, increased levels of 7DHC and 

8DHC in the rat striatum, A, and prefrontal cortex, C. A trend toward increase was also 

observed at 0.05 mg/kg/day haloperidol, while chronic clozapine treatment had no effect. 

Patterns were similar if samples were normalized to protein (not shown), or to cholesterol 

levels. B, D, cholesterol levels (ng/μg protein) in striatum and prefrontal cortex, respectively. 

Gray boxes show non-parametric Anova data. ***p<0.0001 in post-hoc analysis using 

Dunnett’s comparison to control.
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Figure 4. Aripiprazole and trazodone increased 7DHC and 8DHC levels in whole blood samples 
of patients
A: Levels in all patients, including patients on more than one psychotropic drug. B: Patients 

who were on a single psychotropic drug. C: Treatment did not affect cholesterol levels. ‘Es/

citalopram’: combined group of citalopram and its stereoisomer, escitalopram; ‘no meds’: 

five patients were not on psychotropic drugs. Gray boxes show non-parametric Anova data. 

***p<0.0001 in post-hoc analysis using Dunnett’s comparison to control.
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