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BACKGROUND AND PURPOSE
Antipsychotic drugs have been shown to modulate the expression of ATP-binding cassette transporter A1 (ABCA1), a key
factor in the anti-atherogenic reverse cholesterol transport process, in vitro. Here we evaluated the potential of the typical
antipsychotic drug haloperidol to modulate the cholesterol efflux function of macrophages in vitro and their susceptibility to
atherosclerosis in vivo.

EXPERIMENTAL APPROACH
Thioglycollate-elicited peritoneal macrophages were used for in vitro studies. Hyperlipidaemic low-density lipoprotein (LDL)
receptor knockout mice were implanted with a haloperidol-containing pellet and subsequently fed a Western-type diet for 5
weeks to induce the development of atherosclerotic lesions in vivo.

KEY RESULTS
Haloperidol induced a 54% decrease in the mRNA expression of ABCA1 in peritoneal macrophages. This coincided with a
30% decrease in the capacity of macrophages to efflux cholesterol to apolipoprotein A1. Haloperidol treatment stimulated the
expression of ABCA1 (+51%) and other genes involved in reverse cholesterol transport, that is, CYP7A1 (+98%) in livers of
LDL receptor knockout mice. No change in splenic ABCA1 expression was noted. However, the average size of the
atherosclerotic size was significantly smaller (−31%) in the context of a mildly more atherogenic metabolic phenotype upon
haloperidol treatment. More importantly, haloperidol markedly lowered MCP-1 expression (−70%) and secretion (−28%) by
peritoneal macrophages.

CONCLUSIONS AND IMPLICATIONS
Haloperidol treatment lowered the susceptibility of hyperlipidaemic LDL receptor knockout mice to develop atherosclerotic
lesions. Our findings suggest that the beneficial effect of haloperidol on atherosclerosis susceptibility can be attributed to its
ability to inhibit macrophage chemotaxis.

Abbreviations
ABCA1, ATP-binding cassette transport A1; ABCG1, ATP-binding cassette transport G1; ABCG5, ATP-binding cassette
transport G5; APOA1, apolipoprotein A1; CYP7A1, cholesterol 7α-hydroxylase; FASN, fatty acid synthase; Halo,
haloperidol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LXR, liver X receptor; MCP-1 (CCL2),
monocyte chemoattractant protein-1; OGTT, oral glucose tolerance test; QTc, corrected QT; SCD1, stearoyl-CoA
desaturase 1; SR-BI, scavenger receptor BI; VLDL, very-low-density lipoprotein
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Introduction

Atherosclerosis is the primary underlying cause of cardio-
vascular disease. High plasma concentrations of cholesterol
associated with low-density lipoproteins (LDLs) are an estab-
lished risk factor for the development of atherosclerosis,
while a strong negative correlation exists between levels of
cholesterol in the high-density lipoprotein (HDL) fraction
and atherosclerosis burden (Castelli et al., 1977). LDL-
cholesterol lowering by statins represents the first line treat-
ment of subjects at risk of cardiovascular disease. Statin
treatment only reduces the cardiovascular risk by 25–30%
(Cholesterol Treatment Trialists’ (CTT) Collaborators et al.,
2012), which highlights the need for alternative treatment
approaches.

Under hyperlipidaemic conditions, macrophages take up
excess amounts of cholesterol leading to the formation of
lipid-filled foam cells that lose their ability to migrate. The
accumulation of macrophage foam cells locally within the
arterial wall is a hallmark in the pathogenesis of atheroscle-
rosis. Because macrophages are unable to limit the uptake of
cholesterol, they rely on reverse cholesterol transport, that is,
the efflux of cholesterol from cells for subsequent excretion
via the liver, to maintain non-pathological intracellular cho-
lesterol levels. We and others have identified the energy-
dependent efflux of cholesterol by the full-size ATP-binding
cassette transporter A1 (ABCA1) as a primary route of choles-
terol disposal by macrophages and a key factor in the protec-
tion against atherosclerosis. More specifically, genetic
disruption of ABCA1 function in macrophages is associated
with an enhanced susceptibility for the development of foam
cells and atherosclerotic lesions (Aiello et al., 2002; Van Eck
et al., 2002), while overexpression of macrophage ABCA1
delays the initiation of atherosclerosis in hyperlipidaemic
mice (Van Eck et al., 2006).

Interestingly, in vitro studies by Vik-Mo et al. (2009) have
suggested that psychotropic drugs such as haloperidol, clo-
zapine and imipramine change the expression of ABCA1 in
cultured cells. Here we evaluated the potential of the typical
antipsychotic drug haloperidol to modulate the cholesterol
efflux function of macrophages in vitro and their susceptibil-
ity to atherosclerosis in vivo.

Methods

Mice
Animal experiments were performed at the Gorlaeus Labora-
tories of the Leiden Academic Centre for Drug Research.
Female homozygous LDL receptor knockout mice, 13–16
weeks old, were bred in house at the Gorlaeus Laboratories.
Food and water were supplied ad libitum. A total of 25 mice
(12 control; 13 haloperidol) were used in the experiment.
Mice were housed in groups of four to five in a temperature-
and light-controlled environment. All animal experiments
were performed in accordance with the principles of labora-
tory animal care and regulations of Dutch law on animal
welfare, and the experimental protocol was approved by the
Animal Ethics Committee of Leiden University. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Isolation of peritoneal cells and cell culture
Mice were injected i.p. with 3% Brewer’s thioglycollate
medium to induce the infiltration of macrophages into the
peritoneal cavity. At 5 days after injection, the peritoneal
cavity of the mice was lavaged with 10 mL cold PBS to collect
thioglycollate-elicited peritoneal leukocytes. Peritoneal mac-
rophages were incubated in DMEM containing 10% FBS for
24 h in the presence or absence of haloperidol to determine
its effect on gene expression and cytokine secretion.

Gene expression by real-time
quantitative PCR
Total RNA was extracted by the acid guanidinium thiocyanate-
phenol chloroform extraction method according to
Chomczynski and Sacchi (1987). RNA concentrations were
measured using the Nanodrop Spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA). cDNA was synthesized
from 1 μg of total RNA, and mRNA levels were quantitatively
determined as described previously (Hoekstra et al., 2003).
PCR primers were designed using Primer Express 1.5 Software
with the manufacturer’s default settings (Applied Biosystems,
Carlsbad, CA, USA). Primer sequences are available upon
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request. Expression levels were normalized to those of riboso-
mal protein S13, hypoxanthine-guanine phosphoribosyl-
transferase, β-actin and ribosomal protein 36B4.

Cytokine measurements
Murine monocyte chemoattractant protein-1 (MCP-1) levels
were assayed in cell culture medium using a MCP-1 instant
ELISA kit (eBioscience, Hatfield, UK) according to the manu-
facturer’s instructions.

Cholesterol efflux assay
To measure the cholesterol efflux capacity of the cells,
thioglycollate-elicited peritoneal macrophages were incu-
bated with 0.5 μCi·mL−1 [3H]-cholesterol in DMEM/0.2% BSA
(fatty acid free) for 24 h at 37°C. Cholesterol efflux was studied
by incubation of the cells with DMEM/0.2% BSA alone or
supplemented with either 10 μg·mL−1 apoAI (Calbiochem, San
Diego, CA, USA) or 50 μg·mL−1 human HDL (density 1.063–
1.21 g·mL−1) as lipid acceptors in the presence or absence of
10 μM haloperidol. Radioactivity in the medium and the cells
was determined by scintillation counting after 24 h of incu-
bation. Cholesterol efflux was calculated as the amount of
radioactivity in the medium compared with the total amount
of radioactivity measured in medium plus cells.

Atherosclerosis study design
Mice were randomly assigned to either haloperidol treatment
(7.5 mg per pellet 60 day release = 0.125 mg·day–1, n = 13) or
placebo treatment (n = 12). Mice were anaesthetized by use of
isoflurane inhalation, 5% starting dose, 1.5% maintenance
dose. The paws of the mice were pinched to verify the
absence of a pain response. Pellets containing either halop-
eridol or empty placebo pellets (Innovative Research, Sara-
sota, FL, USA) were implanted s.c. between the shoulders,
ensuring continuous drug release. One day after pellet
implantation, mice were challenged with a Western-type diet
containing 15% (w w–1) total fat and 0.25% (w w–1) choles-
terol (Diet W; Special Diet Services, Witham, UK) to induce
the development of atherosclerosis lesions. After 5 weeks of
the Western-type diet feeding, mice were anaesthetized, bled
by orbital bleeding and killed. Following perfusion of the
arterial tree in situ with PBS, the heart and other organs were
excised and fixed in 3.7% neutral-buffered formalin (Formal-
fixx; Shandon Scientific Ltd., Leicestershire, UK) or stored at
−20°C until further analysis.

Oral glucose tolerance test
Twenty-two days after the initiation of the Western-type diet,
six mice of both treatment groups were subjected to an oral
glucose tolerance test (OGTT). All mice were fasted after food
withdrawal from 17:30 h the day before the test. The OGTT
was started at 10:00 h. An initial blood sample (t = 0) was
taken, immediately followed by administration of 2 g·kg−1

glucose in water, through an orogastric tube. Additional
blood samples were taken via tail bleeding at 20, 40, 60, 90
and 120 min after glucose injection for measurement of
plasma glucose levels with an Accu-Check glucometer (Roche
Diagnostics, Almere, The Netherlands).

Plasma lipid analysis
Cholesterol and triglycerides in plasma were determined
using a standard enzymatic colorimetric assay (Roche Diag-

nostics, Mannheim, Germany). The distribution of choles-
terol over the different lipoproteins in plasma was
determined by fractionation of a pool of 12 μL serum of three
to four individual mice using a Superose 6 column (3.2 ×
300 mm, Smart-system; Pharmacia, Uppsala, Sweden). Cho-
lesterol content of the effluent was determined as indicated.

Histological analysis of atherosclerosis
The arterial tree was perfused in situ with PBS (at a pressure of
100 mmHg) for 10 min via a cannula in the left ventricular
apex. The heart plus aortic root was excised and stored in 3.7%
neutral-buffered formalin (Formalfixx®; Shandon Scientific
Ltd.). The atherosclerotic lesion areas in Oil red O-stained
cryostat sections of the aortic root were quantified using the
Leica image analysis system, consisting of a Leica DMRE micro-
scope coupled to a video camera and Leica Qwin Imaging
software (Leica Ltd., Cambridge, UK). Mean lesion area (μm2)
was calculated from Oil red O-stained sections starting at the
appearance of the tricuspid valves. Sections were stained
immunohistochemically for the presence of macrophages
using a rat MOMA-2 antibody, dilution 1:750 (Serotec Ltd,
Oxford, UK). Goat anti-rat coupled to HRP (1:100) (Dako,
Glostrup, Denmark) was used as a secondary antibody and
Nova red substrate (Vector Laboratories, Burlingame, CA, USA)
was used for HRP visualization. Collagen content of the lesions
was visualized using Masson’s Trichrome staining (Sigma
Diagnostics, St Louis, MO, USA). TUNEL staining using the In
Situ Cell Death Detection kit (Roche Diagnostics, Mannheim,
Germany) was performed to determine the rate of apoptosis in
lesional macrophages. TUNEL-positive nuclei were visualized
with Nova Red (Vector Laboratories) and sections were coun-
terstained with 0.3% methyl green. All quantifications were
performed blinded by computer-aided morphometric analysis
using the Leica image analysis system.

Statistical analysis
Data are presented as means ± SEM. Statistical analysis was
conducted using GraphPad Prism Software (Graphpad Soft-
ware, La Jolla, CA, USA). Statistically significant differences
among the means of the two treatment groups were tested
using Student’s two-tailed, unpaired t-test, or a two-way
ANOVA with a Bonferroni post test to compare replicate means
by row where appropriate. A probability value P < 0.05 was
considered significant.

Results

Haloperidol treatment diminishes the
ABCA1-mediated cholesterol efflux from
macrophages in vitro
A potential effect of haloperidol on the macrophage choles-
terol efflux function was evaluated in cultured murine
thioglycollate-elicited peritoneal macrophages (Figure 1A).
HDL was utilized as acceptor for cholesterol acquired by scav-
enger receptor BI (SR-BI) and ATP-binding cassette transporter
G1 (ABCG1)-mediated transport, while the rate of [3H]-
cholesterol efflux to apolipoprotein A1 (APOA1) was consid-
ered a quantitative measure for the ABCA1 functionality. As
expected, the acceptor availability had a significant impact on
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the cholesterol efflux rate (two-way ANOVA; P < 0.001). The
accumulation of [3H]-cholesterol in the culture medium of
solvent control-treated cells was respectively 3.5- and 4.8-fold
higher in the presence of 10 μg·mL−1 APOA1 and 50 μg·mL−1

HDL (P < 0.001 for both). Treatment with 10 μM haloperidol
also significantly influenced the overall cholesterol efflux
profile (two-way ANOVA; P < 0.001). Haloperidol treatment did
not change the basal, acceptor-independent flux of cholesterol
from cells or the HDL-induced cholesterol mobilization rate.
In accordance, no significant change was noted in the relative
mRNA expression levels of SR-BI and ABCG1 in response to
haloperidol treatment (Figure 1C). Strikingly, the percentage
of [3H]-cholesterol in medium containing APOA1 was
significantly lower (−20%; P < 0.001; Figure 1A) in haloperidol-
treated cells as compared with dimethylsulfoxide control-
treated cells. When considering the efflux percentage that can
be solely attributed to the addition of APOA1 into the
medium, it appears that the relative amount of cholesterol
transported by ABCA1 was decreased by 30% (P < 0.001) upon
haloperidol treatment (Figure 1B). As evident from Figure 1C,
haloperidol treatment was associated with a parallel 54%
decrease (P = 0.043) in the relative mRNA expression level of
ABCA1. It can therefore be suggested that, in murine perito-
neal macrophages, haloperidol diminishes the ABCA1 tran-
scription rate and/or decreases ABCA1 mRNA stability and, as
a result, lowers the efflux of cholesterol to APOA1.

Haloperidol treatment lowers the
susceptibility for atherosclerosis in vivo
To investigate whether the inhibitory effect of haloperidol on
the macrophage cholesterol efflux function in vitro also

translated into an altered atherosclerosis susceptibility in vivo,
hyperlipidaemic LDL receptor knockout mice were implanted
with an empty pellet (control) or a slow-release pellet con-
taining haloperidol, s.c., and fed a Western-type diet enriched
in cholesterol and fat for 5 weeks to induce the development
of atherosclerotic lesions.

The effect of haloperidol on the mRNA expression of
ABCA1 was determined in livers and spleens of the different
mice as measures for the expression level in respectively
hepatocytes and tissue macrophages (Figure 2A). A 51%
increase (P = 0.021) in ABCA1 gene expression was noted in
liver upon haloperidol treatment. In contrast, splenic relative
mRNA expression levels of ABCA1 were not significantly
changed by haloperidol exposure. The effect of haloperidol
treatment on the in vivo expression of ABCA1 thus appears to
be cell-type dependent.

The cell culture studies by Vik-Mo et al. (2009) have sug-
gested that the nuclear receptor liver X receptor (LXR) can be
involved in the effect of psychotropic drugs on metabolic
gene expression in vitro. To evaluate the potential contribu-
tion of LXR in the effect of haloperidol on hepatocyte ABCA1
expression in our in vivo setting, we quantified the relative
mRNA expression level of other established LXR target genes
in livers of haloperidol-treated mice (Figure 2B). Expression
of the sensitive LXR target gene cholesterol 7α-hydroxylase
(CYP7A1) increased upon haloperidol treatment (+98%; P =
0.004). In addition, transcript levels of the hepatic canalicular
half transporter ABCG5 tended to increase (+28%; P = 0.079).
In contrast, no change was observed in the expression of the
lipogenic LXR targets fatty acid synthase (FASN) and stearoyl-
CoA desaturase 1 (SCD1). In vivo haloperidol treatment thus
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Figure 1
Effect of haloperidol treatment (Halo) on the cholesterol efflux function of peritoneal macrophages. (A) Cholesterol efflux to medium was
measured in the presence (APOA1/HDL) or absence (BSA) of added acceptors. (B) Cholesterol efflux to APOA1 normalized for background efflux
to BSA. (C) Relative mRNA expression levels of genes involved in cholesterol efflux. Data represent means + SEM. *P < 0.05, ***P < 0.001.
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selectively stimulates the expression of LXR target genes
involved in reverse cholesterol transport, but not lipogenesis,
in hepatocytes.

Hearts and aortas were isolated after the mice had been
killed and subsequently evaluated for the extent of athero-
sclerosis. Microscopic examination of the aortic specimens
indicated that all mice lacked lesions in the aortic arch and
the descending part of their aorta. This can probably be
attributed to the relatively short period of Western-type diet
feeding (5 weeks). In accordance with an in-general initial
stage of lesion development, atherosclerotic plaques within
the aortic root of control (empty) pellet-implanted mice
consisted purely of macrophages (100% of cells MOMA-2
positive) and virtually lacked collagen (Figure 3A). Aortic

root atherosclerotic lesions in haloperidol-treated mice
exhibited a similar early stage appearance (Figure 3A). Fur-
thermore, the relative number of apoptotic cells in the ath-
erosclerotic plaques was not different between the two
groups of mice as judged from TUNEL stainings (16 ± 3%
apoptotic nuclei in haloperidol-treated vs. 14 ± 4% in
empty pellet-implanted mice; P > 0.05). However, quantifi-
cation of the aortic root plaque load revealed that the
average atherosclerotic lesion size was significantly smaller
(−31%; P = 0.039) in the haloperidol treatment group as
compared with the control group (Figure 3B). Combined,
these data suggest that haloperidol decreases the in vivo
atherosclerosis susceptibility in an ABCA1-independent
manner.
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Figure 2
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involved in cholesterol transport and lipogenesis. Data represent means + SEM. *P < 0.05, **P < 0.01.
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Haloperidol treatment is associated with a
mildly more atherogenic metabolic profile

We tried to uncover the mechanism behind the lower plaque
load after haloperidol treatment. Haloperidol treatment has
previously been associated with both disturbances in lipid
and glucose homeostasis in the clinical setting (Perez-Iglesias
et al., 2007; 2009). Because metabolic changes can underlie
an altered susceptibility to atherosclerosis, we measured
plasma lipid levels and total body glucose tolerance. Plasma
triglyceride and free cholesterol levels were not different
between the two experimental groups (Figure 4A). However,
total cholesterol levels tended to be higher (+25%; P = 0.057)
in plasma of haloperidol-treated mice (Figure 4A). Fast
performance liquid chromatography-based lipoprotein

distribution analysis revealed that the change in total choles-
terol levels could be attributed to a significant increase (two-
way ANOVA: P < 0.001 for haloperidol effect) in the amount of
cholesterol associated with pro-atherogenic VLDL/LDL frac-
tions (Figure 4B). In contrast, no change was observed in
plasma HDL-cholesterol levels. Fasting glucose levels were
not altered by haloperidol exposure. In contrast, a significant
increase in the overall plasma glucose response to an oral
glucose load was noted in haloperidol-treated mice (two-way
ANOVA: P < 0.05 for haloperidol effect; Figure 4C). Given the
small increase in pro-atherogenic VLDL/LDL-cholesterol
levels and the parallel decrease in glucose tolerance, it is
anticipated that the change in metabolic status induced by
haloperidol treatment does not underlie the associated
decrease in atherosclerosis susceptibility.
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Haloperidol treatment lowers macrophage
monocyte chemotactic protein-1
(MCP-1) expression
Inflammation, that is, sub-endothelial infiltration and
entrapment of monocytes and other immune cells, is an
essential part of the atherosclerosis pathology. Recent studies
have indicated that the hyperprolactinaemia associated with
haloperidol treatment inhibits inflammation in a rat model
of rheumatoid arthritis (Adán et al., 2013). We therefore
further examined the potential effect of in vivo haloperidol
treatment on the overall immune status. Total white blood
cell numbers and relative spleen weights were not altered by
haloperidol treatment. In addition, haematological analysis
did not indicate a difference in the absolute concentration of
all major leukocyte sub-populations in the blood of the two
groups of mice (data not shown). Splenic gene expression
levels of anti-inflammatory IL-4 and IL-10 were also not sig-
nificantly altered (Figure 5A). Furthermore, mRNA expression
levels of the pro-inflammatory cytokines TNF-α and IFN-γ
levels were virtually identical in spleens of both experimental
groups (Figure 5A). A clear trend towards a decrease (−30%; P
= 0.12) in the relative expression level of monocyte chemot-
actic protein-1 (MCP-1/CCL2), however, was detected in
spleens of haloperidol-treated mice (Figure 5A). The hetero-
geneity of the spleen regarding the cell content, that is,
monocytes/macrophages and T- and B-cells, can possibly
explain the failure of the MCP-1 effect to become significant.
In vitro studies in cultured peritoneal macrophages were
therefore performed to show a potential direct effect of halo-
peridol on the expression levels and secretion rate of MCP-1.
As can be appreciated from Figure 5B, exposure to 10 μM of
haloperidol for 24 h resulted in a striking 70% reduction (P <
0.001) in MCP-1 transcript levels. More importantly, this was
paralleled by a 28% decrease (P = 0.018) in the secretion of
MCP-1 protein from the cells into the culture medium
(Figure 5C). Based upon these observations, it is thought that

haloperidol inhibits the chemotactic potential of mac-
rophages both in vitro and in vivo.

Discussion and conclusions

The major finding of our current studies is that haloperidol
treatment is able to protect against atherosclerosis in spite of
a mildly more atherogenic metabolic profile. In accordance
with a potent atheroprotective capacity of haloperidol that is
independent of beneficial effects on the plasma compart-
ment, earlier studies by Houser et al. (2000) have also shown
a decrease in atherosclerotic plaque burden without parallel
changes in serum cholesterol or triglyceride levels upon halo-
peridol treatment in rats.

Our studies clearly show that the beneficial effect of halo-
peridol on atherosclerotic lesion development can not be
attributed to an increase in macrophage ABCA1 expression or
and/cholesterol efflux potential. In accordance with the data
from Vik-Mo et al. (2009) which showed the potency of
haloperidol to up-regulate ABCA1 in the human HepG2
hepatoma cell line, haloperidol did increase hepatic ABCA1
expression in our hyperlipidaemic LDL receptor knockout
mouse model. However, no significant effect on splenic (mac-
rophage) ABCA1 expression was noted in vivo, while halop-
eridol treatment decreased ABCA1 expression and the
cholesterol efflux to APOA1 in cultured macrophages in vitro.
Interestingly, a critical review of the data by Vik-Mo et al.
(2009) showed that, among the psychotic drugs evaluated,
haloperidol specifically decreased ABCA1 expression also in
human glioblastoma cells. Given the overlapping functions
of macrophages and certain types of glia cells, that is, micro-
glia, we anticipate that effects of haloperidol treatment on
the regulation of gene transcription noted in in vitro studies
can, in general, be efficiently translated into the in vivo
setting.
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Figure 5
Effect of in vitro and in vivo treatment with haloperidol on the expression and/or secretion of pro- and anti-inflammatory cytokines. (A) Splenic
relative mRNA expression levels of the indicated cytokines. (B) Peritoneal macrophage MCP-1 expression levels. (C) MCP-1 protein levels measured
in cell culture medium of peritoneal macrophages. Data represent means + SEM. *P < 0.05, ***P < 0.001.
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We have tried to delineate the mechanism through which
haloperidol inhibits atherogenesis. MCP-1 expression levels
were markedly decreased in in vitro cultured macrophages and
also tended to decrease in the spleen, an established
macrophage-rich tissue, upon haloperidol exposure in vivo.
MCP-1 interacts with the chemokine receptor CCR2 on
monocytes to facilitate monocyte recruitment. Disruption of
the MCP-1/CCR2 axis has been shown to slow down the
initiation of atherosclerosis in several types of hyperlipidae-
mic mice (reviewed by Charo and Taubman, 2004), which
highlights the importance of MCP-1 function for the devel-
opment of atherosclerotic lesions. We therefore consider the
haloperidol-induced decrease in macrophage chemotaxis
the primary reason for the observed protection against
atherosclerosis.

The increase in hepatic ABCA1 expression in haloperidol-
treated mice was paralleled by similar changes in other
known LXR target genes involved in reverse cholesterol trans-
port and biliary cholesterol disposal such as CYP7A1 and
ABCG5. As also previously suggested by Vik-Mo et al. (2009),
haloperidol may therefore in hepatocytes directly impact on
LXR-mediated gene regulation, resulting in a general stimu-
lation of LXR target genes. Activation of LXR by the synthetic
ligands T0901317 and GW3965 not only efficiently lowers
atherosclerotic plaque burden (Joseph et al., 2002; Terasaka
et al., 2003; Chen et al., 2012) but also induces major meta-
bolic side effects in liver, that is, hypertriglyceridaemia
(Schultz et al., 2000) and fatty liver development (Grefhorst
et al., 2002). Interestingly, we did not observe a change in the
established lipogenic LXR-sensitive genes FASN and SCD1 in
livers of haloperidol-treated mice. Haloperidol treatment
apparently induces gene-selective modulation of LXR targets
in hepatocytes in vivo. The fact that we did not note a change
in plasma triglyceride levels upon haloperidol treatment
further supports the absence of functional changes in LXR-
mediated lipogenic pathways. It can therefore be anticipated
that haloperidol – in addition to the recently identified LXR
ligands 2,4,6-trihydroxybenzoate (Hoang et al., 2012b) and
fucosterol (Hoang et al., 2012a) – should be added to the list
of selective LXR modulators that only stimulate the hepatic
expression of genes involved in reverse cholesterol transport.

A note of caution is necessary before translating our
current findings to the human (clinical) setting and provid-
ing cardiovascular disease patients with haloperidol.
Although haloperidol is generally well tolerated in humans, it
should be acknowledged that multiple studies have identified
corrected QT (QTc) interval prolongation as side effect
of haloperidol use, especially in combination treatments
(Metzger and Friedman, 1993; Tisdale et al., 2001). An
increase in QTc interval is causally related to total mortality
and cardiac sudden death (van der Bijl et al., 2012;
Noseworthy et al., 2012). Furthermore, high-risk patients are
generally prescribed with other drugs, that is, lipid-lowering
pharmaceuticals such as statins and/or blood pressure lower-
ing agents. We therefore do not recommend haloperidol use
for the treatment of cardiovascular disease, but suggest that
haloperidol can rather be used as model compound in studies
aimed at defining the molecular mechanism underlying
LXR’s gene selectivity in hepatocytes.

In conclusion, our studies show that haloperidol treat-
ment lowers the susceptibility of hyperlipidaemic LDL recep-

tor knockout mice to develop atherosclerotic lesions. Our
findings suggest that the beneficial effect of haloperidol on
atherosclerosis susceptibility can be attributed to its ability to
inhibit macrophage chemotaxis.
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