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Abstract: Atypical or second-generation antipsychotics are used in the treatment of psychosis and
behavioral problems in older persons with dementia. However, these pharmaceutical drugs are
associated with an increased risk of stroke in such patients. In this study, we evaluated the effects
of risperidone treatment on phospholipid and sphingolipid composition and lipid raft function in
peripheral blood mononuclear cells (PBMCs) of older patients (mean age >88 years). The results
showed that the levels of dihydroceramides, very-long-chain ceramides, and lysophosphatidyl-
cholines decreased in PBMCs of the risperidone-treated group compared with untreated controls.
These findings were confirmed by in vitro assays using human THP-1 monocytes. The reduction
in the levels of very-long-chain ceramides and dihydroceramides could be due to the decrease in
the expression of fatty acid elongase 3, as observed in THP-1 monocytes. Moreover, risperidone
disrupted lipid raft domains in the plasma membrane of PBMCs. These results indicated that risperi-
done alters phospholipid and sphingolipid composition and lipid raft domains in PBMCs of older
patients, potentially affecting multiple signaling pathways associated with these membrane domains.

Keywords: antipsychotic; risperidone; older person; lipid metabolism; sphingolipid; lysophospholipid

1. Introduction

Antipsychotic drugs are widely used to manage psychiatric disorders. These drugs
are classified into typical or first-generation antipsychotics (FGAs), atypical or second-
generation antipsychotics (SGAs), and third-generation antipsychotics. The therapeutic
efficacy of the first two classes is strongly associated with the antagonism of dopamine
D2/D3 receptors [1]. SGAs have a lower affinity for D2/D3 receptors and a higher affinity
for serotonergic, histaminergic, muscarinic, and adrenergic receptors than FGAs [1]. Third-
generation antipsychotics act via partial agonism at D2/3 receptor sites [1].

FGAs and SGAs cause serious side effects, including acute and chronic extrapyramidal
symptoms and movement disorders [1]. SGAs cause fewer neurological side effects but
block the receptors of other neurotransmitters, which is thought to be related to other
adverse effects [1,2]. SGAs are widely used in the treatment of psychosis and behavioral
problems in older patients with dementia because these drugs are safer than FGAs [2].

Int. J. Mol. Sci. 2021, 22, 3919. https://doi.org/10.3390/ijms22083919 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-1436-699X
https://orcid.org/0000-0002-4368-433X
https://orcid.org/0000-0002-5190-3619
https://doi.org/10.3390/ijms22083919
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22083919
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22083919?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 3919 2 of 13

However, SGAs are potentially associated with an increased risk of stroke and death in
such patients [3–5]. The mechanisms underlying the link between stroke and SGAs are
incompletely understood [6].

Exposure to antipsychotics has been shown to alter lipid homeostasis [7,8]. Both
FGAs and SGAs inhibit cholesterol biosynthesis in vitro by decreasing the activity of
enzymes involved in this pathway, resulting in the accumulation of different sterol inter-
mediates [7,9–11]. This alteration in sterol composition affects lipid raft formation and
consequently hormone signaling, as demonstrated for insulin and somatostatin in cells
treated with the FGA haloperidol [9,10]. Furthermore, antipsychotics impair intracellu-
lar trafficking of cholesterol by interfering with cholesterol egress from endolysosomes,
thereby reducing the transport of endocytosed LDL cholesterol to the endoplasmic reticu-
lum [7,10–12] and trans-Golgi [13]. As cationic amphiphilic drugs (CAD), antipsychotics
alkalinize lysosomes, affecting lysosomal function, as demonstrated for haloperidol [14].
Moreover, antipsychotics increase LDL receptor transcription, thus stimulating LDL endo-
cytosis and worsening the intracellular accumulation of LDL-derived lipids [7,8].

Given the critical roles of lipids in cellular mechanisms, lipid analysis may help
understand the efficacy and side effects of antipsychotic treatments. Several studies have
assessed the role of phospholipids and sphingolipids in the structure and function of
cellular membranes in schizophrenia before and after antipsychotic treatment [15–19].
Ceramides and other sphingolipids are the main components of lipid rafts in plasma
membranes, where they act as structural and signaling molecules [20]. However, to the best
of our knowledge, the effects of antipsychotic treatment on membrane lipid composition in
older persons have not been examined.

This study evaluates the effects of risperidone treatment on phospholipid and sphin-
golipid composition and lipid raft function in peripheral blood mononuclear cells (PBMCs)
of older patients with dementia compared with patients not receiving antipsychotic. The
results showed that risperidone decreased the levels of dihydroceramides, very-long-
chain ceramides, and lysophosphatidylcholines in treated patients. Moreover, this drug
disrupted lipid raft domains in the plasma membranes of PBMCs. These results indi-
cate that risperidone alters the phospholipid and sphingolipid composition and impairs
lipid rafts in PBMCs of older persons, and these changes can potentially affect multiple
signaling pathways.

2. Results
2.1. Patients Characteristics

Twenty patients older than 70 years were included in the analysis. Of these, 10 partic-
ipants did not receive antipsychotic treatment (Control group), while the other 10 were
risperidone-treated patients that had reached a stable dose of this medication at least
3 months before the recruitment (Table 1). The mean daily dose of risperidone in the treated
group was 1.05 ± 0.15 mg. Age, sex distribution, and co-medications were similar between
the two groups (Table 1).

Table 1. Characteristics of study participants.

Control
(n = 10)

Risperidone
(n = 10)

Age 88.5 ± 2.6 88.5 ± 2.3
Gender: male/female 5/5 5/5

Risperidone mean daily dose (mg) — 1.05 ± 0.15
Self-caring (n) 6/10 1/10

Restricted diet (n) 0/10 0/10
Oral supplements (n) 0/10 1/10
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Table 1. Cont.

Control
(n = 10)

Risperidone
(n = 10)

Co-medication (n):
Antidepressants 2/10 2/10

Anxiolytic, sedatives and hypnotics 1/10 3/10
Anti-dementia drugs 3/10 3/10

Anithypertensives 8/10 6/10
Anticoagulants 7/10 6/10
Diabetes drugs 2/10 2/10

Drugs used for respiratory diseases 5/10 3/10
Analgesics 7/10 8/10

The patients in both groups were allowed to eat whatever they wanted and were
not placed on a restricted diet or enteral nutrition (Table 1). Only one risperidone-treated
patient received oral supplements. Most of the treated patients needed self-care eating,
while in the control group six of them needed self-care eating (Table 1).

There were no significant intergroup differences in the levels of biochemical markers,
except for ALT and AST (Table 2). Although ALT and AST values were within the normal
range, the means were significantly higher in treated patients than in the controls.

Table 2. Biochemical parameters in serum of non-antipsychotic (control) and risperidone-treated
(risperidone) older patients. Results are means ± SEMs, n = 10. Statistical comparisons shown are
risperidone vs. control (* p < 0.05). ALT, alanine amino transferase; AST, aspartate amino transferase;
γGT, γ glutamyl transpeptidase; TSH, thyroid-stimulating hormone.

Control Risperidone

Glucose (mg/dL) 100.3 ± 7.9 103.3 ± 14.7
Creatinine (mg/dL) 1.1 ± 0.2 0.8 ± 0.1
Uric acid (mg/dL) 5.6 ± 0.7 4.8 ± 0.8
Sodium (mM/L) 139.5 ± 1.4 138.7 ± 0.7

Potassium (mM/L) 4.2 ± 0.2 4.2 ± 0.2
Chlorine (mM/L) 104.2 ± 1.9 103.3 ± 1.1
Calcium (mg/dL) 8.8 ± 0.3 8.6 ± 0.2

Total protein (g/dL) 6.2 ± 0.3 5.6 ± 0.2
Total billirubin (mg/dL) 0.5 ± 0.1 0.5 ± 0.1

AST (U/L) 14.5 ± 1.6 21.7 ± 2.4 *
ALT (U/L) 11.5 ± 1.4 20.3 ± 3.8 *
γGT (U/L) 30.1 ± 6.1 23.4 ± 2.8

Lactate dehydrogenase (U/L) 163.2 ± 6.7 194.4 ± 28.6
Alkaline phosphatase (U/L) 79.9 ± 11.3 78.3 ± 5.9
C-reactive protein (mg/dL) 30.2 ± 13.4 85.7 ± 37.7

TSH (mU/L) 1.6 ± 0.2 2.5 ± 1.2

Total cholesterol (mg/dL) 159.5 ± 15.1 155.5 ± 20.5
Cholesterol-HDL (mg/dL) 33.9 ± 3.0 36.1 ± 6.9
Cholesterol-LDL (mg/dL) 99.6 ± 12.2 98.2 ± 14.0

Triglycerides (mg/dL) 128.4 ± 11.4 103.7 ± 16.7

Red blood cells (106/µL) 3.8 ± 0.2 3.6 ± 0.3
Hemoglobin (g/dL) 11.5 ± 0.5 10.9 ± 0.9

Hematocrit (%) 33.7 ± 1.4 32.3 ± 2.6
Mean corpuscular volume (fl) 90.2 ± 2.0 90.6 ± 1.8

Platelets (103/µL) 231.6 ± 35.8 249.1 ± 24.4
White blood cells (103/µL) 8.1 ± 0.7 9.7 ± 1.3

Neutrophils (%) 68.7 ± 3.5 72.4 ± 5.2
Lymphocytes (%) 19.9 ± 3.0 19.2 ± 5.0

Monocytes (%) 8.3 ± 0.5 7.2 ± 1.0
Eosinophils (%) 2.8 ± 0.5 2.0 ± 0.3
Basophils (%) 0.4 ± 0.1 0.3 ± 0.1
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2.2. Phospholipid and Sphingolipid Composition in PBMCs

The levels of phospholipids (phosphatidylcholine, phosphatidylethanolamine, and
lysophosphatidylcholine) and sphingolipids (ceramide, dihydroceramide, hexosylceramide,
and sphingomyelin) were measured in PBMCs from the control and risperidone-treated
older patients (Figure 1, Figure S1 and Table S2). There were no significant differences in
the levels of phosphatidylcholine, phosphatidylethanolamine, ceramide, hexosylceramide,
and sphingomyelin between the groups (Figure 1A). However, the concentrations of
lysophosphatidylcholine and dihydroceramide were significantly lower in the risperidone-
treated group (Figure 1A). Moreover, the ceramide/dihydroceramide concentration ratio
was significantly lower in the control patients compared with the risperidone-treated
group (control group = 4.092 ± 0.360 (mean ± SEM, n = 10) and risperidone-treated
group = 5.749 ± 0.448 (n = 10) (p < 0.01)).
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Figure 1. Phospholipid and sphingolipid contents in PBMCs of risperidone-treated older patients and
untreated controls. (A) Lipid class levels (nmol/mg of protein) of phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), lysophosphatidylcholine (LPC), sphingomyelin (SM), hexosylceramide
(HexCer), ceramide (Cer), and dihydroceramide (dhCer) were measured by mass spectrometry.
(B) Ceramide and dihydroceramide species. (C) Lysophosphatidylcholine species. Results are
means ± SEMs of ten samples per group. Statistical comparisons shown are risperidone vs. control
(* p < 0.05).

The levels of very-long-chain ceramides (Cer 40:1) and dihydroceramides (dhCer 38:0,
dhCer 40:0, or dhCer 42:0) and lysophosphatidylcholine species with 18:0 acyl chains were
significantly lower in the risperidone-treated patients (Figure 1B,C).

Small changes were observed in some species of phosphatidylethanolamine and
sphingomyelin in treated patients compared with the control ones (Figure S1 and Table S2),
the most outstanding being the increases in PE 34:2, PE 36:3, and SM 36:2. There were no
significant differences in the levels of phosphatidylcholine and hexosylceramide species
between the groups (Figure S1 and Table S2).
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2.3. Phospholipid and Sphingolipid Composition in Human Monocyte THP-1 Cells

We sought to investigate whether the decrease in the levels of very-long-chain ce-
ramides and dihydroceramide in PBMCs of risperidone-treated patients also takes place
in the human monocyte cell line. THP-1 monocytes were treated or not with 25 µM
risperidone for 72 h in LPDS-supplemented medium, and the levels of phospholipids
(phosphatidylcholine, phosphatidylethanolamine, and lysophosphatidylcholine) and sph-
ingolipids (ceramide, dihydroceramide, hexosylceramide, and sphingomyelin) were mea-
sured (Figure 2, Figure S2 and Table S3). There were no significant differences in the
concentrations of phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, ce-
ramide, dihydroceramide, and hexosylceramide between risperidone-treated and control
cells (Figure 2A). However, lysophosphatidylcholine levels were significantly lower in
risperidone-treated cells (Figure 2A).
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Figure 2. Effects of risperidone treatment on the phospholipid and sphingolipid profiles in mono-
cyte THP-1 cells. Cells were treated or not with 25 µM risperidone for 72 h. (A) Lipid class lev-
els (nmol/mg of protein) of phosphatidylcholine (PC), phosphatidylethanolamine (PE), lysophos-
phatidylcholine (LPC), sphingomyelin (SM), hexosylceramide (HexCer), ceramide (Cer), and di-
hydroceramide (dhCer) were measured by mass spectrometry in risperidone-treated and control
cells. (B) Ceramide and dihydroceramide species. (C) Lysophosphatidylcholine species. Results are
means ± SEMs of three independent experiments. Statistical comparisons shown are risperidone vs.
control (* p < 0.05).

The concentrations of Cer 42:1 and dhCer 42:0 species and some lysophosphatidyl-
choline species were significantly lower in risperidone-treated cells (Figure 2B,C).

There were no significant differences in the concentrations of hexosylceramide and
sphingomyelin species between treated and control THP-1 cells (Figure S2 and Table
S3). Quantitatively small changes were observed in some species of phosphatidylcholine
and phosphatidylethanolamine between treated and untreated THP-1 cells (Figure S2
and Table S3).
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Interestingly, the levels of very-long-chain ceramides, dihydroceramides, and lysophos-
phatidylcholines were significantly lower in risperidone-treated monocyte cells, recapitu-
lating our findings in PBMCs.

2.4. Risperidone Disrupts Lipid Rafts (Detergent-Resistant Membranes [DRMs]) in PBMCs and
Monocyte THP-1 Cells

We previously reported that haloperidol changed the lipid composition of lipid rafts
and the function of these domains in different cell lines, as indicated by the alteration of
signal transduction processes [9,10].

CD13 localizes to detergent-resistant lipid rafts in monocytes [21]. The flow cytometric
assay described by Gombos et al. [22] was used to assess whether risperidone treatment
affected the association of CD13 with DRMs in PBMCs. This assay has been validated
in a number of cell types, including primary monocytes, T cells, B cells, and various cell
lines [21–23]. This assay estimates the FCDR index. A value close to 0 is obtained if a
surface protein is highly soluble after detergent treatment (i.e., does not localize to DRM)
and a value close to 1 represents an insoluble surface protein after detergent treatment (i.e.,
localizes to DRM). The FCDR index values of CD13 in PBMCs from control and treated
patients were 0.805 ± 0.127 (mean ± SEM, n = 10) and 0.472 ± 0.045 (n = 10) (p < 0.05),
respectively, indicating the strong association of this surface antigen to lipid rafts in the
control patients and a decrease in the association with lipid raft or DRM domains in
risperidone-treated patients. This indicates that PBMCs of risperidone-treated patients
have altered lipid raft domains.

The FCDR index values of CD13 in risperidone-treated and control THP-1 cells were
0.572 ± 0.104 (n = 4) and 0.832 ± 0.063 (n = 4) (p < 0.05), respectively, which is consistent
with the results in PBMCs of older patients.

2.5. Effects of Risperidone on the Gene Expression of Fatty Acid Elongases

EVOVLs are fatty acid elongases involved in the synthesis of ceramides with long-
chain fatty acids [24]. The mRNA levels of different elongase isoforms (ELOVL1-7) were
measured in THP-1 cells. ELOVL3 and ELOVL6 expression decreased, whereas ELOVL4
expression increased in risperidone-treated cells (Figure 3). There were no significant
differences in the expression levels of ELOVL1, ELOVL2, ELOVL5, and ELOVL7 between
treated and control cells (Figure 3).
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Figure 3. Effects of risperidone on the gene expression of fatty acid elongases (ELOVLs). THP-1
cells were treated or not with risperidone for 72 h. Cells were collected, total mRNA was extracted,
and mRNA expression was quantified by qRT-PCR. Expression levels were normalized to RPLP0
and are shown as percentages of control. Data are means ± SEMs of five independent experiments
performed in triplicate. Statistical comparisons shown are risperidone vs. control (* p < 0.05 and
*** p < 0.001).
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3. Discussion

This study demonstrates that a 3-month risperidone treatment in older patients al-
ters the phospholipid and sphingolipid composition of circulating PBMCs and disrupts
detergent-resistant or lipid raft domains in the plasma membrane. These changes can affect
signaling pathways associated with these membrane domains and may play a role in the
pathophysiology of cardiovascular side effects of this drug.

Persons older than 70 years (mean age of 88.5 years) were included in this study.
Risperidone at a daily dose of 1.05 ± 0.15 mg for at least 3 months was well tolerated.
Plasma ALT and AST levels increased slightly in treated patients, which may be attributed
to drug metabolism in the liver, but remained within the normal range [25].

We studied the levels of phospholipid and sphingolipid in PBMCs isolated from
risperidone-treated patients and controls. With regard to sphingolipids, this drug caused
no detectable changes in the concentrations of hexosylceramide, sphingomyelin, and
ceramide but significantly decreased dihydroceramide levels. Moreover, risperidone signif-
icantly decreased the levels of ceramide and dihydroceramide species with very-long-chain
fatty acids in PBMCs. The decrease in very-long-fatty acid ceramide and dihydroceramide
species was confirmed by in vitro assays using human THP-1 monocytes treated with
risperidone. Lipidomic studies on psychotic states and the effects of drug treatment are
scarce, and the results are contradictory in some respects. Yan et al. have demonstrated
that ceramide and glucosylceramide species in plasma are relevant in schizophrenia and
that antipsychotic treatment dysregulates several lipid species [18]. Smesny et al. reported
a decrease in total ceramide levels in the skin of patients suffering from first-episode
schizophrenia [26]. In contrast, total ceramide levels increased in the skeletal muscle of
SGA-treated patients compared with those in the mood stabilizer group [16]. In preclinical
studies, mice chronically treated with haloperidol showed a decline in brain sphinganine,
a lipid intermediate in ceramide synthesis [27]. In female rats, clozapine treatment sig-
nificantly decreased ceramide and sphingomyelin levels in the liver, whereas olanzapine
increased sphingomyelin levels [17]. However, these SGAs did not alter sphingolipid
levels in the skeletal muscle [17]. The present study is the first carried out in patients over
70 years, and the results showed that risperidone decreased the concentration of very-
long-chain ceramides and dihydroceramides and in total dihydroceramide in peripheral
tissues such as PBMCs. The extent to which these changes in sphingolipid levels during
antipsychotic treatment are markers for the therapeutic action or are related to side effects
is currently unclear.

Ceramides and other sphingolipids have structural and signaling functions in cell
membranes [20]. Studies on long-chain ceramides and very-long-chain (≥C22) ceramides
revealed that membranes containing the latter are more tightly packed and interdigita-
tion with other lipids is increased compared with membranes with long-chain (<C22)
ceramides [28,29]. In hepatocytes, the depletion of C22:0-C24:0 ceramides increased plasma
membrane fluidity [28] and the elevation of dihydrosphingolipid levels increased mem-
brane rigidity [30]. Therefore, the decrease in dihydroceramide and very-long-chain
ceramide levels may decrease membrane rigidity in PBMCs of risperidone-treated patients.

Ceramides have been associated with disrupted insulin signaling and insulin resis-
tance [31]. Park et al. demonstrated that a reduction in the levels of very-long-chain
ceramides decreased insulin receptor phosphorylation in the liver and inhibited insulin
receptor translocation into DRM, leading to insulin resistance [32]. Our results showed
that risperidone significantly decreased the FCDR index of CD13 in PBMCs, which agrees
with the results found in human monocyte THP-1 cells and indicates that risperidone alters
lipid rafts or DRMs in cell membranes. Our previous studies showed that haloperidol treat-
ment disrupted lipid rafts in several cell lines and affected insulin and somatostatin signal
transduction [9,10]. These results suggest that risperidone treatment may affect certain
signaling pathways associated with lipid rafts, a hypothesis that needs to be elucidated.

Ceramide metabolism is closely connected to fatty acid metabolism. Fatty acids longer
than 16 carbons are required for the synthesis of long-chain ceramides and are produced by
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seven ELOVL isoforms [24]. Trying to explain the decrease of very-long-chain ceramides
and dihydroceramides, we explored the mRNA expression of ELOVL enzymes responsible
for fatty acid elongation in cultured monocytes. We found that risperidone decreased
ELOVL3 and ELOVL6 and increased ELOVL4 mRNA levels. ELOVL3 elongates both
saturated and unsaturated C16-C22 fatty acids and ELOVL6 elongates shorter fatty acids
(C12-C16) [24]. The decreased expression of ELOVL3 is in agreement with the decreased
concentration of very-long-acyl-chain ceramides and dihydroceramides in risperidone-
treated cells. Regarding ELOV4, its activity catalyzes the first and rate-limiting reaction of
the four reactions that constitute the ultra-long-chain fatty acid elongation cycle [24]. The
increased expression of ELOVL4 could represent a compensatory response to the decreased
synthesis of long-chain fatty acids. Weston-Green et al. reported that the SGA clozapine
upregulated ELOVL1 protein and decreased ceramide and sphingomyelin levels in the
liver of female rats [17]. Therefore, it may be suggested that during the treatment with
antipsychotics, the expression of ELOVL isoforms is readapted as a consequence of the
reduction of very-long-chain ceramides and dihydroceramides levels, which should be
demonstrated by more direct studies.

Ceramide levels were lower in the plasma of older patients (mean age of 83 years) with
vascular dementia than in healthy controls [33]. Lam et al. reported that the concentrations
of sphingolipids, including very-long-chain ceramides, were decreased in postmortem
brain tissues of subjects with vascular dementia [34]. Moreover, higher plasma ratios
of very-long-chain to long-chain ceramides have been associated with a reduced risk
of incident dementia and Alzheimer’s disease dementia in the Framingham offspring
cohort, with a mean age of 70 years [35]. We cannot rule out that dementia increased the
breakdown of sphingolipids in some tissues of risperidone-treated patients. Nevertheless,
the decreased expression of ELOVL3 may contribute to the reduction in the levels of
very-long-chain ceramides and dihydroceramides in these patients.

Antipsychotics are CADs, which are positively charged by virtue of an amine group
that can be protonated, and have both hydrophilic and hydrophobic properties. CADs
can cross biological membranes because of their amphiphilic character. As weak bases,
CADs are protonated in the acidic environment of the lysosome and become trapped in
this organelle [36]. One of the major concerns regarding the use of CADs is the induction of
phospholipidosis, which is associated with the accumulation of the drug or its metabolites
in multiple tissues [36]. Phospholipidosis is characterized by a decrease in lysophospho-
lipid levels [37]. Saito et al. reported that the reduction in the lysophosphatidylcholine
concentration was a potential blood biomarker for drug-induced hepatic phospholipido-
sis [38]. There were no detectable changes in total serum lysophosphatidylcholine between
before and after 7 months of antipsychotic treatment of first-episode psychosis [19]. In turn,
lysophosphatidylcholine levels were increased in the plasma of schizophrenia patients
(average age of 30 years) after risperidone treatment for 2 to 3 weeks [15]. Our findings
showed that risperidone treatment significantly decreased lysophosphatidylcholine con-
centrations in PBMCs and monocytes in vitro. Furthermore, we previously demonstrated
that risperidone impaired intracellular lipid trafficking and induced lipid accumulation in
endolysosomes [7]. Therefore, the decrease in lysophosphatidylcholines can be used as a
marker of impaired intracellular lipid trafficking caused by risperidone.

In the present study, PBMCs were used as a peripheral model to explore what may be
occurring in the brain. In this respect, it had been described by others that brain metabolism
can be indirectly assessed by studying lipid composition in peripheral cells [39–41]. There-
fore, changes in PBMCs can be considered as an approximation to what happens in the
brain, although more direct studies are necessary.

In conclusion, we show that risperidone administration in older persons decreases
the levels of dihydroceramides, very-long-chain ceramides, and lysophosphatidylcholines
in circulating PBMCs. The levels of the latter lipid class could be used as a marker of
intracellular lipid trafficking defects. Moreover, risperidone treatment disrupts lipid raft
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domains in the plasma membranes of PBMCs of older patients, potentially affecting
multiple signaling pathways.

Limitations

The sample size was small because of the difficulties in recruiting this kind of patient.
Notwithstanding this, the findings were statistically significant and agreed with those
obtained in a human monocyte cell line. In addition to the high age of our patients (mean
age of 88.5 years), the similarities between the two groups of patients in terms of age and
gender should be noted. It should also be mentioned that most of them were polymedicated
due to the multiple pathologies they suffered because of their age. Although we did not
find significant differences in co-medication between the groups, the effects of age or other
drugs on treatment outcomes cannot be ruled out.

4. Materials and Methods

All chemicals, unless otherwise stated, were purchased from Sigma (Sigma-Aldrich
Química, S.A., Tres Cantos, Madrid, Spain).

4.1. Participants

Two groups of patients older than 70 years of both sexes were recruited at the Geriatric
Outpatient Clinic of the Hospital Universitario Ramón y Cajal, including patients not
treated with antipsychotics or antidepressants for at least 3 months before the initiation of
the study and without dementia or behavioral and psychological symptoms of dementia
(n = 10) (control group), and patients with dementia or behavioral and psychological
symptoms of dementia treated with risperidone at 0.5–3 mg per day for the 3 months before
recruitment (n = 10) (treated group). The investigation conforms to the ethical guidelines
of the Declaration of Helsinki. The study protocol was approved by the Research Ethics
Committee of our hospital (Protocol No. 026/11). The exclusion criteria were treatment
with statins or other lipid-lowering drugs, thiazides, valproate, estrogens, or anabolic drugs;
renal insufficiency; liver disease with alanine transaminase (ALT), aspartate transaminase
(AST), or total bilirubin more than twice the upper limit of normal serum concentrations;
hypothyroidism or hyperthyroidism.

4.2. Biochemical Parameters

Serum samples were collected from fasting patients for hematological analysis. Bio-
chemical parameters were analyzed using an ARCHITECT c16000 analyzer (Abbott,
Madrid, Spain).

4.3. Isolation of PBMCs

Blood was drawn from fasting participants in test tubes containing lithium heparin,
diluted 1:1 with PBS, and layered on Lymphoprep (Axis-Shield PoC AS, Oslo, Norway), as
reported previously [42]. The samples were centrifuged at 800× g for 40 min and PBMCs
were collected from the interphase and washed three times with PBS. The PBMC fraction
was centrifuged, the supernatant was discarded, and the pellet was frozen at −80 ◦C until
further analysis.

4.4. Cell Culture

Human THP-1 monocytes (ATCC TIB-202) were cultured in RPMI-1640 medium
with L-glutamine (Fisher Scientific, S.L., Madrid, Spain), 0.05 mM 2-mercaptoethanol, 10%
fetal bovine serum (FBS), and antibiotics at 37 ◦C in a humidified 5% CO2 atmosphere.
Lipoprotein-deficient serum (LPDS) was prepared from FBS by ultracentrifugation at a
density of 1.21 kg/L. The cells were cultured in medium with 10% LPDS in the presence or
absence of 25 µM risperidone (Tocris, Bristol, UK) for 72 h as described before [7,11].
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4.5. Lipidomic Analysis

Lipids were extracted from PBMCs (50–500 µg of protein) and THP-1 cells (400 µg of
protein) according to Folch’s method [43]. The following internal standards were added
for each lipid class before lipid extraction to obtain a relative molar quantification of
lipid species: dihydroceramide (dhCer 35:0 (d18:0/17:0)) (Matreya LLC; State College,
PA, USA), ceramide (Cer 37:1 (d18:1/19:0)), hexosylceramide (HexCer 33:1 (d18:1/15:0)),
sphingomyelin (SM 30:1 (d18:1/12:0)), phosphatidylcholine (PC 28:2 (14:1:14:1)), phos-
phatidylethanolamine (PE 32:2 (16:1/16:1)), and lysophosphatidylcholine (LPC 17:1) (Avanti
Polar Lipids; Alabaster, AL, USA). The lipid extracts were dried and suspended in 250 µL
of acetonitrile/isopropanol (1:1). The lipid species were separated on a Kinetex C18 column
(100 × 2.1 mm, 1.7 µm; Phenomenex, Macclesfield, UK) at 55 ◦C. Elution was carried
out using a system consisting of solvent A (60% acetonitrile in water, 10 mM ammonium
formate) and solvent B (90% isopropyl alcohol in acetonitrile, 10 mM ammonium formate),
with a linear gradient from 60% A to 100% B in 12 min and 100% B to 60% A in 8 min
at a flow rate of 0.4 mL/min. The lipid species were analyzed using mass spectrometry
on a QTrap 4000 triple quadrupole (AB-Sciex LLP, Framingham, MA, USA) in positive
ESI mode. Nitrogen was used as the drying gas at a temperature of 500 ◦C. The injection
volume was 5 µL. Lipid species were identified by retention time and MS/MS fragmenta-
tion pattern, as previously described [44]. Briefly, ceramide and hexosylceramide species
were detected by neutral loss scan (NLS) at m/z 264 and dihydroceramide was detected
by NLS at m/z 266. Sphingomyelin, lysophosphatidylcholine, and phosphatidylcholine
species were monitored by the loss of the phosphocholine head group at m/z 184 and
phosphatidylethanolamine was detected by NLS at m/z 141. The LC-MS/MS peak chro-
matograms were processed using Skyline software version 4.1 [45], and molecular species
were quantified by direct comparison of the area for each species with the area of the
internal standard for their lipid class [46].

4.6. Analysis of Detergent-Resistant Membranes by Flow Cytometry

PBMCs (5 × 105 cells) from the treated and control group were labeled with CD-13
FITC-conjugated antibody (EBioscience, Thermo Fisher Scientific, Waltham, MA, USA) for
20 min at room temperature. THP-1 cells were treated or not with 25 µM risperidone for 72 h
and labeled as described above. The fluorescence intensity of CD13-FITC and FSC and SSC
signals in labeled and control cells were measured using a flow cytometer before and 5 min
after mixing the cells with 0.02% Triton-X100 on ice [22]. Ten thousand cells were acquired
from each sample. The fluorescence signals were gated by marking a cell population on
FSC-SSC dot plots and using the same marker for untreated and detergent-treated cells.
Detergent resistance was estimated by the flow cytometric detergent resistance (FCDR)
index according to the equation: FCDR = (FLT − AFUT)/(FLU − AFUU), where FLT
and AFUT are the fluorescence of labeled detergent-treated cells and autofluorescence of
unlabeled detergent-treated cells, respectively, and FLU and AFUU are the fluorescence of
labeled untreated cells and autofluorescence of unlabeled untreated cells, respectively [22].
The FCDR value is low if a membrane protein is highly soluble after the addition of
the detergent, while it is high (approaches 1) in the case of a typical detergent-resistant
protein [22].

4.7. RNA Isolation and Quantitative RT-PCR (qRT-PCR)

Total RNA from THP-1 cells was extracted using TriReagent (MRC Molecular Research
Center, Inc., Cincinnati, OH, USA) according to the manufacturer’s recommendations and
reverse-transcribed with random hexamers using the PrimeScript RT reagent kit (Takara Bio
Inc., Kusatsu, Shiga, Japan). The qRT-PCR amplification was performed on a LightCycler
480 using the SYBR Green I Master kit (Roche Applied Science, Penzberg, Germany). The
amplification protocol consisted of an initial denaturation step at 95 ◦C for 5 min, followed
by 45 cycles at 95 ◦C for 10 s, 60 ◦C for 10 s, and 72 ◦C for 10 s. Melting curves were
analyzed and amplification products were separated on 2% agarose gels to confirm the
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presence of a single band. The efficiency of the reaction was evaluated by amplifying serial
dilutions of cDNA (1:10, 1:100, 1:1000, and 1:10,000). We ensured that the relationship
between the threshold cycle (Ct) and the log(RNA) was linear (−3.6 < slope < 3.2). All
analyses were performed in triplicate and the expression of target genes was normalized to
the housekeeping gene RPLP0 (encoding ribosomal protein large P0). The primers used in
qRT-PCR are shown in Table S1.

4.8. Statistical Analysis

Data are shown as means ± SEMs. Differences in biochemical parameters, lipid
profiles, and FCDR values between groups were analyzed using a t-test. Gene expression
results were analyzed by one-way ANOVA analysis followed by Bonferroni post-hoc test.
Means were considered significantly different when the p-value was less than 0.05.
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.3390/ijms22083919/s1.

Author Contributions: M.A.L., A.J.C.-J., and R.B. conceived of and designed the project; A.C.-D.,
D.G.-S., Y.L.M., B.B., and M.L. performed the experiments. A.C.-D., C.S.-C., and R.B. analyzed the
data. Ó.P., J.M.-B., and D.G.-C. supervised the project. All the authors discussed the results and
wrote the manuscript. All authors have read and approved the final version of the manuscript.

Funding: This work was supported by grants from the Ministerio de Ciencia e Innovación, Spain:
SAF2015-70747-R (Plan Estatal de Investigación Científica y Técnica y de Innovación 2013–2016),
RTI2018-098113-B-I00 (Plan Estatal de Investigación Científica y Técnica y de Innovación 2017–2020)
and PI18/01152 (Instituto de Salud Carlos III, ISCIII); all the grants were cofinanced by European
Regional Development Fund. Centro de Investigación Biomédica en Red (CIBER) de Fisiopatología
de la Obesidad y Nutrición is an initiative of Instituto de Salud Carlos III. B.B. and Y.L.M. are
supported by predoctoral contracts (PEJD-2017-PRE/BMD-4142 and PEJD-2019-PRE/BMD-15962 for
B.B. and PEJD-2019-PRE/SAL-16152 for Y.L.M.) of the Comunidad de Madrid (CAM). J.M.B and R.B.
are researchers at Fundación para la Investigación Biomédica del Hospital Universitario Ramón y
Cajal, supported by Consejería de Sanidad (CAM). M.A.L. is Emeritus of the Servicio Madrileño de
Salud (SERMAS, CAM).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Research Ethics Committee of Hospital Universitario
Ramón y Cajal-Ramón y Cajal Institute for Health Research (IRYCIS) (Protocol No. 026/11).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are contained within the article or Supplementary Material.

Acknowledgments: We thank the Quantification and Molecular Characterization Unit (IRYCIS) for
their technical help and Pilar Dongil and Gema de la Peña for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Kaar, S.J.; Natesan, S.; McCutcheon, R.; Howes, O.D. Antipsychotics: Mechanisms underlying clinical response and side-effects

and novel treatment approaches based on pathophysiology. Neuropharmacology 2020, 172, 107704. [CrossRef]
2. Chacko, E.; Boyd, S.; Murphy, R. Metabolic side effects of atypical antipsychotics in older adults. Int. Psychogeriatr. 2018, 30,

1557–1566. [CrossRef] [PubMed]
3. Schneider, L.S.; Dagerman, K.S.; Insel, P. Risk of death with atypical antipsychotic drug treatment for dementia: Meta-analysis of

randomized placebo-controlled trials. JAMA 2005, 294, 1934–1943. [CrossRef]
4. Ballard, C.; Waite, J. The effectiveness of atypical antipsychotics for the treatment of aggression and psychosis in Alzheimer’s

disease. Cochrane Database Syst. Rev. 2006, CD003476. [CrossRef]
5. Chatterjee, S.; Chen, H.; Johnson, M.L.; Aparasu, R.R. Comparative risk of cerebrovascular adverse events in community-dwelling

older adults using risperidone, olanzapine and quetiapine: A multiple propensity score-adjusted retrospective cohort study.
Drugs Aging 2012, 29, 807–817. [CrossRef] [PubMed]

6. Herrmann, N.; Lanctot, K.L. Do atypical antipsychotics cause stroke? CNS Drugs 2005, 19, 91–103. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22083919/s1
https://www.mdpi.com/article/10.3390/ijms22083919/s1
http://doi.org/10.1016/j.neuropharm.2019.107704
http://doi.org/10.1017/S1041610218000273
http://www.ncbi.nlm.nih.gov/pubmed/29798734
http://doi.org/10.1001/jama.294.15.1934
http://doi.org/10.1002/14651858.CD003476.pub2
http://doi.org/10.1007/s40266-012-0013-4
http://www.ncbi.nlm.nih.gov/pubmed/23018582
http://doi.org/10.2165/00023210-200519020-00001
http://www.ncbi.nlm.nih.gov/pubmed/15697324


Int. J. Mol. Sci. 2021, 22, 3919 12 of 13

7. Canfran-Duque, A.; Casado, M.E.; Pastor, O.; Sanchez-Wandelmer, J.; de la Pena, G.; Lerma, M.; Mariscal, P.; Bracher, F.;
Lasuncion, M.A.; Busto, R. Atypical antipsychotics alter cholesterol and fatty acid metabolism in vitro. J. Lipid Res. 2013, 54,
310–324. [CrossRef] [PubMed]

8. Vantaggiato, C.; Panzeri, E.; Citterio, A.; Orso, G.; Pozzi, M. Antipsychotics Promote Metabolic Disorders Disrupting Cellular
Lipid Metabolism and Trafficking. Trends Endocrinol. Metab. TEM 2019, 30, 189–210. [CrossRef]

9. Sanchez-Wandelmer, J.; Hernandez-Pinto, A.M.; Cano, S.; Davalos, A.; de la Pena, G.; Puebla-Jimenez, L.; Arilla-Ferreiro,
E.; Lasuncion, M.A.; Busto, R. Effects of the antipsychotic drug haloperidol on the somastostatinergic system in SH-SY5Y
neuroblastoma cells. J. Neurochem. 2009, 110, 631–640. [CrossRef]

10. Sanchez-Wandelmer, J.; Davalos, A.; de la Pena, G.; Cano, S.; Giera, M.; Canfran-Duque, A.; Bracher, F.; Martin-Hidalgo, A.;
Fernandez-Hernando, C.; Lasuncion, M.A.; et al. Haloperidol disrupts lipid rafts and impairs insulin signaling in SH-SY5Y cells.
Neuroscience 2010, 167, 143–153. [CrossRef]

11. Kristiana, I.; Sharpe, L.J.; Catts, V.S.; Lutze-Mann, L.H.; Brown, A.J. Antipsychotic drugs upregulate lipogenic gene expression by
disrupting intracellular trafficking of lipoprotein-derived cholesterol. Pharm. J. 2010, 10, 396–407. [CrossRef]

12. Canfran-Duque, A.; Pastor, O.; Reina, M.; Lerma, M.; Cruz-Jentoft, A.J.; Lasuncion, M.A.; Busto, R. Curcumin Mitigates the
Intracellular Lipid Deposit Induced by Antipsychotics In Vitro. PLoS ONE 2015, 10, e0141829. [CrossRef]

13. Reverter, M.; Rentero, C.; Garcia-Melero, A.; Hoque, M.; Vila de Muga, S.; Alvarez-Guaita, A.; Conway, J.R.; Wood, P.; Cairns, R.;
Lykopoulou, L.; et al. Cholesterol Regulates Syntaxin 6 Trafficking at trans-Golgi Network Endosomal Boundaries. Cell Rep. 2014,
7, 883–897. [CrossRef]

14. Canfran-Duque, A.; Barrio, L.C.; Lerma, M.; de la Pena, G.; Serna, J.; Pastor, O.; Lasuncion, M.A.; Busto, R. First-Generation
Antipsychotic Haloperidol Alters the Functionality of the Late Endosomal/Lysosomal Compartment in Vitro. Int. J. Mol. Sci.
2016, 17, 404. [CrossRef]

15. Kaddurah-Daouk, R.; McEvoy, J.; Baillie, R.A.; Lee, D.; Yao, J.K.; Doraiswamy, P.M.; Krishnan, K.R. Metabolomic mapping of
atypical antipsychotic effects in schizophrenia. Mol. Psychiatry 2007, 12, 934–945. [CrossRef]

16. Burghardt, K.J.; Ward, K.M.; Sanders, E.J.; Howlett, B.H.; Seyoum, B.; Yi, Z. Atypical Antipsychotics and the Human Skeletal
Muscle Lipidome. Metabolites 2018, 8, 64. [CrossRef] [PubMed]

17. Weston-Green, K.; Babic, I.; de Santis, M.; Pan, B.; Montgomery, M.K.; Mitchell, T.; Huang, X.F.; Nealon, J. Disrupted sphingolipid
metabolism following acute clozapine and olanzapine administration. J. Biomed. Sci. 2018, 25, 40. [CrossRef]

18. Yan, L.; Zhou, J.; Wang, D.; Si, D.; Liu, Y.; Zhong, L.; Yin, Y. Unbiased lipidomic profiling reveals metabolomic changes during the
onset and antipsychotics treatment of schizophrenia disease. Metab. Off. J. Metab. Soc. 2018, 14, 80. [CrossRef] [PubMed]

19. Leppik, L.; Parksepp, M.; Janno, S.; Koido, K.; Haring, L.; Vasar, E.; Zilmer, M. Profiling of lipidomics before and after antipsychotic
treatment in first-episode psychosis. Eur. Arch. Psychiatry Clin. Neurosci. 2020, 270, 59–70. [CrossRef] [PubMed]

20. Pant, D.C.; Aguilera-Albesa, S.; Pujol, A. Ceramide signalling in inherited and multifactorial brain metabolic diseases. Neurobiol.
Dis. 2020, 143, 105014. [CrossRef] [PubMed]

21. Wolf, Z.; Orso, E.; Werner, T.; Klunemann, H.H.; Schmitz, G. Monocyte cholesterol homeostasis correlates with the presence of
detergent resistant membrane microdomains. Cytom. Part A J. Int. Soc. Anal. Cytol. 2007, 71, 486–494. [CrossRef]

22. Gombos, I.; Bacso, Z.; Detre, C.; Nagy, H.; Goda, K.; Andrasfalvy, M.; Szabo, G.; Matko, J. Cholesterol sensitivity of detergent
resistance: A rapid flow cytometric test for detecting constitutive or induced raft association of membrane proteins. Cytom. Part A
J. Int. Soc. Anal. Cytol. 2004, 61, 117–126. [CrossRef] [PubMed]

23. Kiss, E.; Nagy, P.; Balogh, A.; Szollosi, J.; Matko, J. Cytometry of raft and caveola membrane microdomains: From flow and imaging
techniques to high throughput screening assays. Cytom. Part A J. Int. Soc. Anal. Cytol. 2008, 73, 599–614. [CrossRef] [PubMed]

24. Sassa, T.; Kihara, A. Metabolism of very long-chain Fatty acids: Genes and pathophysiology. Biomol. Ther. 2014, 22, 83–92.
[CrossRef] [PubMed]

25. Mauri, M.C.; Reggiori, A.; Paletta, S.; Di Pace, C.; Altamura, A.C. Paliperidone for the treatment of schizophrenia and schizoaffec-
tive disorders—A drug safety evaluation. Expert Opin. Drug Saf. 2017, 16, 365–379. [CrossRef] [PubMed]

26. Smesny, S.; Schmelzer, C.E.; Hinder, A.; Kohler, A.; Schneider, C.; Rudzok, M.; Schmidt, U.; Milleit, B.; Milleit, C.; Nenadic, I.; et al.
Skin ceramide alterations in first-episode schizophrenia indicate abnormal sphingolipid metabolism. Schizophr. Bull. 2013, 39,
933–941. [CrossRef] [PubMed]

27. McClay, J.L.; Vunck, S.A.; Batman, A.M.; Crowley, J.J.; Vann, R.E.; Beardsley, P.M.; van den Oord, E.J. Neurochemical Metabolomics
Reveals Disruption to Sphingolipid Metabolism Following Chronic Haloperidol Administration. J. Neuroimmune Pharmacol. 2015,
10, 425–434. [CrossRef] [PubMed]

28. Pewzner-Jung, Y.; Park, H.; Laviad, E.L.; Silva, L.C.; Lahiri, S.; Stiban, J.; Erez-Roman, R.; Brugger, B.; Sachsenheimer, T.; Wieland,
F.; et al. A critical role for ceramide synthase 2 in liver homeostasis: I. alterations in lipid metabolic pathways. J. Biol. Chem. 2010,
285, 10902–10910. [CrossRef]

29. Pinto, S.N.; Silva, L.C.; Futerman, A.H.; Prieto, M. Effect of ceramide structure on membrane biophysical properties: The role of
acyl chain length and unsaturation. Biochim. Biophys. Acta 2011, 1808, 2753–2760. [CrossRef]

30. Vieira, C.R.; Munoz-Olaya, J.M.; Sot, J.; Jimenez-Baranda, S.; Izquierdo-Useros, N.; Abad, J.L.; Apellaniz, B.; Delgado, R.;
Martinez-Picado, J.; Alonso, A.; et al. Dihydrosphingomyelin impairs HIV-1 infection by rigidifying liquid-ordered membrane
domains. Chem. Biol. 2010, 17, 766–775. [CrossRef]

http://doi.org/10.1194/jlr.M026948
http://www.ncbi.nlm.nih.gov/pubmed/23175778
http://doi.org/10.1016/j.tem.2019.01.003
http://doi.org/10.1111/j.1471-4159.2009.06159.x
http://doi.org/10.1016/j.neuroscience.2010.01.051
http://doi.org/10.1038/tpj.2009.62
http://doi.org/10.1371/journal.pone.0141829
http://doi.org/10.1016/j.celrep.2014.03.043
http://doi.org/10.3390/ijms17030404
http://doi.org/10.1038/sj.mp.4002000
http://doi.org/10.3390/metabo8040064
http://www.ncbi.nlm.nih.gov/pubmed/30322152
http://doi.org/10.1186/s12929-018-0437-1
http://doi.org/10.1007/s11306-018-1375-3
http://www.ncbi.nlm.nih.gov/pubmed/30830385
http://doi.org/10.1007/s00406-018-0971-6
http://www.ncbi.nlm.nih.gov/pubmed/30604052
http://doi.org/10.1016/j.nbd.2020.105014
http://www.ncbi.nlm.nih.gov/pubmed/32653675
http://doi.org/10.1002/cyto.a.20403
http://doi.org/10.1002/cyto.a.20080
http://www.ncbi.nlm.nih.gov/pubmed/15382146
http://doi.org/10.1002/cyto.a.20572
http://www.ncbi.nlm.nih.gov/pubmed/18473380
http://doi.org/10.4062/biomolther.2014.017
http://www.ncbi.nlm.nih.gov/pubmed/24753812
http://doi.org/10.1080/14740338.2017.1288716
http://www.ncbi.nlm.nih.gov/pubmed/28140680
http://doi.org/10.1093/schbul/sbs058
http://www.ncbi.nlm.nih.gov/pubmed/22589371
http://doi.org/10.1007/s11481-015-9605-1
http://www.ncbi.nlm.nih.gov/pubmed/25850894
http://doi.org/10.1074/jbc.M109.077594
http://doi.org/10.1016/j.bbamem.2011.07.023
http://doi.org/10.1016/j.chembiol.2010.05.023


Int. J. Mol. Sci. 2021, 22, 3919 13 of 13

31. Turpin-Nolan, S.M.; Bruning, J.C. The role of ceramides in metabolic disorders: When size and localization matters. Nat. Rev.
Endocrinol. 2020, 16, 224–233. [CrossRef]

32. Park, J.W.; Park, W.J.; Kuperman, Y.; Boura-Halfon, S.; Pewzner-Jung, Y.; Futerman, A.H. Ablation of very long acyl chain
sphingolipids causes hepatic insulin resistance in mice due to altered detergent-resistant membranes. Hepatology 2013, 57,
525–532. [CrossRef]

33. Liu, Y.; Chan, D.K.Y.; Thalamuthu, A.; Wen, W.; Jiang, J.; Paradise, M.; Lee, T.; Crawford, J.; Wai Kin Wong, M.; Hua Xu, Y.; et al.
Plasma lipidomic biomarker analysis reveals distinct lipid changes in vascular dementia. Comput. Struct. Biotechnol. J. 2020, 18,
1613–1624. [CrossRef] [PubMed]

34. Lam, S.M.; Wang, Y.; Duan, X.; Wenk, M.R.; Kalaria, R.N.; Chen, C.P.; Lai, M.K.; Shui, G. Brain lipidomes of subcortical ischemic
vascular dementia and mixed dementia. Neurobiol. Aging 2014, 35, 2369–2381. [CrossRef] [PubMed]

35. McGrath, E.R.; Himali, J.J.; Xanthakis, V.; Duncan, M.S.; Schaffer, J.E.; Ory, D.S.; Peterson, L.R.; DeCarli, C.; Pase, M.P.; Satizabal,
C.L.; et al. Circulating ceramide ratios and risk of vascular brain aging and dementia. Ann. Clin. Transl. Neurol. 2020, 7,
160–168. [CrossRef]

36. Anderson, N.; Borlak, J. Drug-induced phospholipidosis. FEBS Lett. 2006, 580, 5533–5540. [CrossRef]
37. Garcia-Canaveras, J.C.; Castell, J.V.; Donato, M.T.; Lahoz, A. A metabolomics cell-based approach for anticipating and investigat-

ing drug-induced liver injury. Sci. Rep. 2016, 6, 27239. [CrossRef] [PubMed]
38. Saito, K.; Maekawa, K.; Ishikawa, M.; Senoo, Y.; Urata, M.; Murayama, M.; Nakatsu, N.; Yamada, H.; Saito, Y. Glucosylceramide

and lysophosphatidylcholines as potential blood biomarkers for drug-induced hepatic phospholipidosis. Toxicol. Sci. 2014, 141,
377–386. [CrossRef] [PubMed]

39. Yao, J.; Stanley, J.A.; Reddy, R.D.; Keshavan, M.S.; Pettegrew, J.W. Correlations between peripheral polyunsaturated fatty acid
content and in vivo membrane phospholipid metabolites. Biol. Psychiatry 2002, 52, 823–830. [CrossRef]

40. Peters, B.D.; Machielsen, M.W.; Hoen, W.P.; Caan, M.W.; Malhotra, A.K.; Szeszko, P.R.; Duran, M.; Olabarriaga, S.D.; de
Haan, L. Polyunsaturated fatty acid concentration predicts myelin integrity in early-phase psychosis. Schizophr. Bull. 2013, 39,
830–838. [CrossRef]

41. Gonzalez, C.E.; Venkatraman, V.K.; An, Y.; Landman, B.A.; Davatzikos, C.; Ratnam Bandaru, V.V.; Haughey, N.J.; Ferrucci, L.;
Mielke, M.M.; Resnick, S.M. Peripheral sphingolipids are associated with variation in white matter microstructure in older adults.
Neurobiol. Aging 2016, 43, 156–163. [CrossRef] [PubMed]

42. Cerrato, F.; Fernandez-Suarez, M.E.; Alonso, R.; Alonso, M.; Vazquez, C.; Pastor, O.; Mata, P.; Lasuncion, M.A.; Gomez-Coronado,
D. Clinically used selective oestrogen receptor modulators increase LDL receptor activity in primary human lymphocytes. Br. J.
Pharmacol. 2015, 172, 1379–1394. [CrossRef]

43. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues. J.
Biol. Chem. 1957, 226, 497–509. [CrossRef]

44. Pastor, O.; Guzman-Lafuente, P.; Serna, J.; Munoz-Hernandez, M.; Lopez Neyra, A.; Garcia-Rozas, P.; Garcia-Seisdedos, D.;
Alcazar, A.; Lasuncion, M.A.; Busto, R.; et al. A comprehensive evaluation of omega-3 fatty acid supplementation in cystic fibrosis
patients using lipidomics. J. Nutr. Biochem. 2019, 63, 197–205. [CrossRef] [PubMed]

45. Peng, B.; Ahrends, R. Adaptation of Skyline for Targeted Lipidomics. J. Proteome Res. 2016, 15, 291–301. [CrossRef] [PubMed]
46. Serna, J.; Garcia-Seisdedos, D.; Alcazar, A.; Lasuncion, M.A.; Busto, R.; Pastor, O. Quantitative lipidomic analysis of plasma and

plasma lipoproteins using MALDI-TOF mass spectrometry. Chem. Phys. Lipids 2015, 189, 7–18. [CrossRef]

http://doi.org/10.1038/s41574-020-0320-5
http://doi.org/10.1002/hep.26015
http://doi.org/10.1016/j.csbj.2020.06.001
http://www.ncbi.nlm.nih.gov/pubmed/32670502
http://doi.org/10.1016/j.neurobiolaging.2014.02.025
http://www.ncbi.nlm.nih.gov/pubmed/24684787
http://doi.org/10.1002/acn3.50973
http://doi.org/10.1016/j.febslet.2006.08.061
http://doi.org/10.1038/srep27239
http://www.ncbi.nlm.nih.gov/pubmed/27265840
http://doi.org/10.1093/toxsci/kfu132
http://www.ncbi.nlm.nih.gov/pubmed/24980264
http://doi.org/10.1016/S0006-3223(02)01397-5
http://doi.org/10.1093/schbul/sbs089
http://doi.org/10.1016/j.neurobiolaging.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27255825
http://doi.org/10.1111/bph.13016
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1016/j.jnutbio.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30414540
http://doi.org/10.1021/acs.jproteome.5b00841
http://www.ncbi.nlm.nih.gov/pubmed/26616352
http://doi.org/10.1016/j.chemphyslip.2015.05.005

	Introduction 
	Results 
	Patients Characteristics 
	Phospholipid and Sphingolipid Composition in PBMCs 
	Phospholipid and Sphingolipid Composition in Human Monocyte THP-1 Cells 
	Risperidone Disrupts Lipid Rafts (Detergent-Resistant Membranes [DRMs]) in PBMCs and Monocyte THP-1 Cells 
	Effects of Risperidone on the Gene Expression of Fatty Acid Elongases 

	Discussion 
	Materials and Methods 
	Participants 
	Biochemical Parameters 
	Isolation of PBMCs 
	Cell Culture 
	Lipidomic Analysis 
	Analysis of Detergent-Resistant Membranes by Flow Cytometry 
	RNA Isolation and Quantitative RT-PCR (qRT-PCR) 
	Statistical Analysis 

	References

