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Abstract
Polyunsaturated fatty acids (PUFA), a lipid family comprised of omega-3 (n-3) and n-6 fatty
acids, are a critical component of cellular membranes, and recent in vitro studies have found that
antipsychotic medications up-regulate genes responsible for PUFA biosynthesis. To evaluate this
effect in vivo, rats were treated with risperidone (1.5, 3, 6 mg/kg/d), paliperidone (1.5, 3, 6 mg/kg/
d), olanzapine (2.5, 5, 10 mg/kg/d), quetiapine (5, 10, 20 mg/kg/d), haloperidol (1, 3 mg/kg/d) or
vehicle through their drinking water for 40 d. Effects on liver Fads1, Fads2, Elovl2, and Elovl5
mRNA expression, plasma indices of n-3 (plasma 22:6/18:3 & 20:5/18:3 ratios) and n-6 (plasma
20:4/18:2 & 20:3/18:2 ratios) biosynthesis, and peripheral (erythrocyte, heart) and central (frontal
cortex) membrane PUFA composition were determined. Only risperidone and its metabolite
paliperidone significantly and selectively up-regulated liver delta-6 desaturase (Fads2) mRNA
expression, and robustly increased plasma indices of n-3 and n-6 fatty acid biosynthesis. In
risperidone- and paliperidone-treated rats, plasma indices of n-3 and n-6 fatty acid biosynthesis
were all positively correlated with liver Fads2 mRNA expression, but not Fads1, Elovl2, or Elovl5
mRNA expression. All antipsychotics at specific doses increased erythrocyte docosahexaenoic
acid (DHA, 22:6n-3) composition, and all except quetiapine increased arachidonic acid (AA,
20:4n-6) composition. Risperidone, paliperidone, and olanzapine increased heart DHA and AA
composition, and no antipsychotic altered frontal cortex DHA or AA composition. These in vivo
data demonstrate that augmentation of PUFA biosynthesis is not common to all antipsychotic
medications, and that risperidone and paliperidone uniquely increase delta-6 desaturase (Fads2)
mRNA expression and most robustly increase PUFA biosynthesis and peripheral membrane
composition.
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1. Introduction
Polyunsaturated fatty acids (PUFA), a lipid family comprised of omega-3 (n-3) and omega-6
(n-6) fatty acids, are critical components of cellular membranes and play a vital role in
normal brain development and function (Innis, 2008; Maekawa et al., 2009; McNamara &
Carlson, 2006; Ryan et al., 2010; Salem et al., 2001). The long-chain n-3 PUFA
docosahexaenoic acid (DHA, 22:6n-3) and long-chain n-6 PUFA arachidonic acid (AA,
20:4n-6) exert opposing effects on synaptic, immune, and inflammatory signaling pathways
(Calder, 2008; Groeger et al., 2010; McNamara et al., 2006, 2010a). The biosynthesis of
DHA from the short-chain fatty acid precursor α-linolenic acid (ALA, 18:3n-3), and AA
from linoleic acid (LA, 18:2n-6), are mediated by a common biosynthetic pathway. Principle
biosynthetic enzymes include delta6-desaturase (FADS2, Cho et al., 1999a), delta5-
desaturase (FADS1, Cho et al., 1999b), and elongases (Elovl2, Elovl5, Jakobsson et al.,
2006). The genes encoding these enzymes have been cloned and are predominantly
expressed in liver and brain (Cho et al., 1999a,b; Marquardt et al., 2000; Matsuzaka et al.,
2002). Pharmacological (Harmon et al., 2003; Obukowicz et al., 1999), mutant mouse
(Guillou et al., 2010; Stoffel et al., 2008) and human genomic (Martinelli et al., 2008;
Schaeffer et al., 2006) studies have confirmed the critical role of these enzymes in regulating
PUFA homeostasis.

Emerging evidence from basic and clinical studies suggest that antipsychotic medications
may augment PUFA biosynthesis (McNamara, 2009). Specifically, in vitro studies have
found that different antipsychotic medications up-regulate the expression of multiple
lipogenic genes regulated by the sterol regulatory element-binding protein (SREBP)(Ferno
et al., 2005; Raeder et al., 2006), and both FADS1 (delta5-desaturase) and FADS2 (delta6-
desaturase) promoters are positively regulated by SREBP (Matsuzaka et al., 2002). Indeed, a
microarray study found that typical and atypical antipsychotic medications up-regulate
FADS1 and FADS2 mRNA expression in human cell lines (Polymeropoulos et al., 2009).
However, FADS1 and FADS2 mRNA expression and associated enzymatic activity are
regulated by multiple physiological factors that could be altered by antipsychotic
medications in vivo but not in vitro, including insulin/glucose (Brenner, 2003), gonadal
hormones (Childs et al., 2010; McNamara et al., 2009a), and long-chain PUFAs (Igarashi et
al., 2007). Clinical studies have found that chronic treatment with risperidone or olanzapine
significantly increase plasma indices of delta6-desaturase activity (Kaddurah-Daouk et al.,
2007) and erythrocyte DHA and AA composition (Evans et al., 2003) in schizophrenic
patients. However, because these studies did not control for dietary n-3 and n-6 PUFA
intake, the etiology of these effects cannot be determined.

To begin to characterize the effects of chronic antipsychotic exposure on PUFA biosynthesis
in vivo under controlled dietary conditions, we recently examined the effects of chronic
risperidone treatment on erythrocyte and frontal cortex PUFA composition in rats
maintained on ALA-fortified diet and ALA-free diets (McNamara et al., 2009b). It was
found that risperidone-treated rats maintained on ALA-fortified diet exhibited significantly
greater erythrocyte and frontal cortex DHA composition, and that these elevations were not
observed in risperidone-treated rats maintained on ALA-free diet. These data suggest
chronic risperidone augments ALA→DHA biosynthesis. To extend these findings, in the
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present study we investigated the effects of chronic treatment with multiple doses of
different antipsychotic drugs (risperidone, paliperidone, olanzapine, quetiapine, haloperidol)
on liver Fads1, Fads2, Elovl2, and Elovl5 mRNA expression and indices of desaturase- and
elongase-mediated long-chain n-3 (plasma 22:6/18:3 & 20:5/18:3 ratios) and n-6 (plasma
20:4/18:2 & 20:3/18:2 ratios) fatty acid biosynthesis. We also investigated effects on
peripheral (erythrocyte & heart) and central (frontal cortex) membrane DHA and AA
composition.

2. Materials and methods
2.1. Animals and diet

Adult (P56) male Long-Evans hooded rats were purchased from Harlan-Farms Indianapolis,
IN. Upon arrival, all rats were maintained on the same custom research diet (TD.04285,
Harlan-TEKLAD, Madison, WI). This diet contained casein (vitamin-free) 200 g/kg, L-
cystine 3 g/kg, sucrose 270 g/kg, dextrose monohydrate 99.5 g/kg, corn starch 200 g/kg,
maltodextrin 60 g/kg, cellulose 50 g/kg, mineral mixture AIMN-93G-MX 35 g/kg, vitamin
mixture AIN-93-VX 10 g/kg, choline bitartrate 2.5 g/kg, TBHQ (antioxidant) 0.02 g/kg).
Analysis of diet fatty acid composition by gas chromatography found that it contained the
short-chain n-6 fatty acid precursor linoleic acid (18:2n-6, 22% of total fatty acid
composition) and the short-chain n-3 fatty acid precursor α-linolenic acid (ALA, 18:3n-3,
4.6% of total fatty acid composition)(for complete diet lipid composition, see Table 1 in
McNamara et al., 2008). Neither diet contained preformed long-chain n-3 or n-6 fatty acids
including DHA and AA, respectively. Rats were housed 2 per cage under standard vivarium
conditions, and food and fluids were available ad libitum. Changes in food consumption (g/
kg/d), fluid intake (ml/kg/d), and body weight (kg) were recorded. Rats were sacrificed by
decapitation on P99–101 in counterbalanced manner. Trunk blood was collected into
EDTA-coated tubes, plasma isolated by centrifugation, and erythrocytes washed 3x with
4°C 0.9% NaCl. The brain was dissected on ice to isolate the frontal cortex (olfactory
tubercle and residual striatal tissue were removed) and heart and liver samples were
collected and flash frozen in liquid nitrogen. All samples were stored at −80°C deg. All
experimental procedures were approved by the University of Institutional Animal Care and
Use Committee, and adhere to the guidelines set by the National Institutes of Health.

2.2. Drug administration
On P60, rats (n=122) were randomly assigned to receive chronic treatment with drug vehicle
(0.1 M acetic acid diluted in deionized water), risperidone (1.5, 3, 6 mg/kg/d; supplied by
Ortho-McNeil Janssen Scientific Affairs LLC), paliperidone (1.5, 3, 6 mg/kg/d, supplied by
Ortho-McNeil Janssen Scientific Affairs LLC), olanzapine (2.5, 5, 10 mg/kg/d, supplied by
Eli Lilly and Company), quetiapine (5, 10, 20 mg/kg/d, supplied by AstraZeneca
Pharmaceuticals), or haloperidol (1, 3 mg/kg/d, Sigma-Aldrich Chemicals) through their
drinking water for 40 d (n=8/drug dose). Drug doses were selected based on prior studies
finding that they produce therapeutically-relevant plasma concentrations in rats following
oral administration (Andersson et al., 2002; McNamara et al., 2009b; Terry et al., 2005).
Doses of quetiapine were selected based on prior findings of significant effects on
behavioral and neurochemical variables within this dose range (Migler et al., 1993; Tarazi et
al., 2002), and to avoid significant sedative effects observed at higher doses (≥40 mg/kg,
Betz et al., 2005). Drugs were administered through the rat’s drinking water to avoid daily
injection stress and surgical implantation of mini-pumps, to mimic oral administration in
human patients, and to permit maintenance of drug dose in accordance with age-related
increases in body weight. For three days prior to drug delivery, 24 h water consumption was
determined for each cage using bottle weights (1 g water = 1 ml water), and ml water intake/
mean kg body weight calculated. All drugs were dissolved and diluted in 0.1 M acetic acid
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to prepare a stock solution (stored at 4 deg) which was added to tap water in a volume
required to deliver the targeted daily dose. To maintain intake of the targeted daily dose,
drug concentrations were adjusted to daily fluid intake and mean body weight (ml/kg/day)
every 3 days. Red opaque drinking bottles were used to protect drug from light degradation.
Rats were maintained on their respective drug and dose until being sacrificed on P99–101
(39–41 days of treatment).

2.3. Fatty acid composition
The gas chromatography procedure used to determine plasma, erythrocyte, heart, and frontal
cortex fatty acid composition has been described in detail previously (McNamara et al.,
2009a,b). Briefly, total fatty acid composition was determined with a Shimadzu GC-2014
(Shimadzu Scientific Instruments Inc., Columbia MD). Analysis of fatty acid methyl esters
was based on area under the curve calculated with Shimadzu Class VP 4.3 software. Fatty
acid identification was based on retention times of authenticated fatty acid methyl ester
standards (Matreya LLC Inc., Pleasant Gap PA). Data are expressed as weight percent of
total fatty acids (mg fatty acid/100 mg fatty acids). All analyses were performed by a
technician blinded to treatment.

2.4. Liver mRNA expression
Frozen liver was homogenized (BioLogics Model 300 V/T ultrasonic homogenizer,
Manassas, VA) in Tri Reagent, and total RNA isolated and eluted according to the
manufacturer’s instructions (RNeasy Lipid Tissue Mini Kit, Qiagen, Valencia, CA). RNA
was quantified using a Nanodrop instrument (Nanodrop Instruments, Wilmington, DE).
RNA quality was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA). cDNA was prepared from total RNA using a high-capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA). mRNA levels of delta-6 desaturase
(Fads2, Rn00580220_m1), delta-5 desaturase (Fads1, Rn00584915_m1), elongase-2
(Elovl2, Rn01450661_m1), and elongase-5 (Elovl5, Rn00592812_m1) were measured in
triplicate by real-time quantitative PCR using an ABI 7500 Real Time PCR System (Applied
Biosystems, Foster City, CA). Data were analyzed by comparing the difference between
target and endogenous control (GAPDH, Rn99999916_s1) cycle thresholds using the
comparative ΔCt method (Livak et al., 2001), and expressed as fold difference from the
control group.

2.5. Statistical analysis
Within-drug differences in fatty acid composition (vehicle vs. drug doses) and mRNA
expression were evaluated with a one-way ANOVA, and pairwise comparisons made with
unpaired t-tests (2-tail, α=0.05). Homogeneity of variance was evaluated using Bartlett’s
test. Parametric correlation analyses were used to determine the relationship between fatty
acid and hepatic gene expression (2-tail, α=0.05). Analyses were performed with GB-STAT
(V.10, Dynamic Microsystems, Inc., Silver Springs MD).

3. Results
3.1. Food/fluid intake and body weight

For food intake (g/kg/d)(Fig 1A), the main effect was not significant for risperidone,
F(3,16)=1.8, p=0.19, paliperidone, F(3,16)=2.3, p=0.13, olanzapine, F(3,16)=1.5, p=0.25,
quetiapine, F(3,16)=1.1, p=0.37, or haloperidol, F(2,14)=1.8, p=0.21. For fluid intake (ml/
kg/d)(Fig 1B), the main effect was not significant for risperidone, F(3,16)=1.2, p=0.33, or
paliperidone, F(3,16)=0.5, p=0.69, and there was a significant main effect for olanzapine,
F(3,16)=47.6, p≤0.0001, quetiapine, F(3,16)=3.9, p=0.04, and haloperidol, F(2,14)=30,
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p≤0.0001. There were no significant group differences in body weight at baseline (mean ±
SD: 276 ± 11 kg). For weight gain (endpoint-baseline), the main effect was significant for
paliperidone, F(3,33)=2.9, p=0.04, and olanzapine, F(3,33)=3.7, p=0.02, but not for
risperidone, F(3,33)=2.1, p=0.12, quetiapine, F(3,33)=0.8, p=0.49, or haloperidol,
F(2,25)=2.2, p=0.14. For endpoint body weight (kg) (Fig 1C), the main effect was
significant for paliperidone, F(3,33)=3.0, p=0.04, and olanzapine, F(3,33)=3.5, p=0.03, but
not for risperidone, F(3,33)=0.7, p=0.57, quetiapine, F(3,33)=1.2, p=0.31, or haloperidol,
F(2,25)=1.4, p=0.26.

3.2. Plasma indices of n-3 PUFA biosynthesis
For plasma ALA (18:3n-3)(Fig. 2A), the main effect of treatment was significant for
risperidone, F(3,33)=8.2, p=0.0004, paliperidone, F(3,33)=3.8, p=0.01, quetiapine,
F(3,33)=2.9, p=0.04, but not for olanzapine, F(3,33)=1.6, p=0.23, or haloperidol,
F(2,25)=0.9, p=0.41. For the plasma DHA (22:6n-3) composition (Fig. 2B), the main effect
of treatment was significant for risperidone, F(3,33)=6.6, p=0.001, and paliperidone,
F(3,33)=4.0, p=0.01, but not for olanzapine, F(3,33)=0.3, p=0.79, quetiapine, F(3,33)=0.2,
p=0.88, or haloperidol, F(2,25)=0.5, p=0.58. For the plasma 22:6/18:3 ratio, an index of
ALA→DHA biosynthesis (Fig. 2C), the main effect of treatment was significant for
risperidone, F(3,33)=11.1, p≤0.0001, and paliperidone, F(3,33)=3.2, p=0.04, but not for
olanzapine, F(3,33)=1.6, p=0.23, quetiapine, F(3,33)=1.7, p=0.19, or haloperidol,
F(2,25)=0.5, p=0.63. For the plasma 20:5/18:3 ratio, an index of ALA→EPA biosynthesis,
the main effect of treatment was significant for risperidone, F(3,33)=6.7, p=0.001, and
paliperidone, F(3,33)=9.5, p=0.0002, but not for olanzapine, F(3,33)=1.5, p=0.23,
quetiapine, F(3,33)=0.75, p=0.53, or haloperidol, F(2,25)=0.2, p=0.79 (Supplemental Fig.
1A).

3.3. Plasma indices of n-6 PUFA biosynthesis
For plasma LA (18:2n-6) composition (Fig. 3A), the main effect of treatment was significant
for risperidone, F(3,33)=3.5, p=0.03, and paliperidone, F(3,33)=2.8, p=0.04, but not for
olanzapine, F(3,33)=2.1, p=0.12, quetiapine, F(3,33)=1.6, p=0.2, or haloperidol,
F(2,25)=0.4, p=0.7. For plasma AA (20:4n-6) composition (Fig. 3B), the main effect of
treatment was significant for risperidone, F(3,33)=6.7, p=0.001, and paliperidone,
F(3,33)=3.2, p=0.03, but not for olanzapine, F(3,33)=0.2, p=0.87, quetiapine, F(3,33)=1.8,
p=0.17, or haloperidol, F(2,25)=0.3, p=0.71. For the plasma 20:4/18:2 ratio, an index of
LA→AA biosynthesis (Fig. 3C), the main effect of treatment was significant for risperidone,
F(3,33)=8.3, p=0.0003, and quetiapine, F(3,33)=2.9, p=0.048, but not for paliperidone,
F(3,33)=1.9, p=0.14, olanzapine, F(3,33)=1.2, p=0.34, or haloperidol, F(2,25)=0.6, p=0.53.
For the plasma 20:3/18:2 ratio, an index of LA→homo-γ-LA biosynthesis, the main effect of
treatment was significant for risperidone, F(3,33)=2.9, p=0.04, paliperidone, F(3,33)=3.4,
p=0.03, and olanzapine, F(3,33)=4.2, p=0.01, but not for quetiapine, F(3,33)=0.6, p=0.62, or
haloperidol, F(2,25)=0.6, p=0.56 (Supplemental Fig. 1B).

3.4. Liver desaturase and elongase mRNA expression
Liver Fads1, Fads2, Elovl2, and Elovl5 mRNA expression were determined in controls and
groups receiving the middle dose of atypical antipsychotic (risperidone: 3 mg/kg;
paliperidone: 3 mg/kg; olanzapine: 5 mg/kg; quetiapine: 10 mg/kg) and low dose of
haloperidol (1 mg/kg)(n=48). For Fads1 mRNA expression, there was a significant main
effect of treatment, F(5,47)=2.6, p=0.04, and rats treated with quetiapine exhibited lower
Fads1 mRNA expression relative to controls (p=0.02)(Fig. 4A). For Fads2 mRNA
expression, there was a significant main effect of treatment, F(5,47)=4.1, p=0.004, and rats
treated with risperidone (p=0.04) and paliperidone (p=0.02) exhibited greater Fads2 mRNA
expression relative to controls (Fig. 4B). For Elovl2 mRNA expression, there was a
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significant main effect of treatment, F(5,47)=2.6, p=0.039, and rats treated with quetiapine
exhibited lower Elovl2 mRNA expression relative to controls (p=0.009)(Fig. 4C). For Elovl5
mRNA expression, the main effect of treatment was not significant, F(5,47)=1.1, p=0.39
(Fig. 4D).

3.5. Correlations with liver mRNA expression
Among all rats for which liver gene expression data were collected (n=48), the plasma
22:6/18:3 (n-3) ratio was positively correlated with Fads2 (r = +0.37, p=0.01) and Elovl2 (r
= +0.38, p=0.008), but not Fads1 (r = −0.05, p=0.73) or Elovl5 (r = +0.19, p=0.39). The
plasma 20:5/18:3 (n-3) ratio was positively correlated with Fads1 (r = +0.29, p=0.02) and
Elovl2 (r = +0.35, p=0.009), and was not significantly correlated with Fads2 (r = +0.16,
p=0.28) or Elovl5 (r = −0.13, p=0.55). The plasma 20:4/18:2 (n-6) ratio was positively
correlated with Fads1 (r = +0.32, p=0.03), but not Fads2 (r = +0.16, p=0.29), Elovl2 (r =
+0.25, p=0.07), or Elovl5 (r = +0.22, p=0.22). The plasma 20:3/18:2 (n-6) ratio was
positively correlated with Elovl2 (r = +0.34, p=0.02), but not Fads2 (r = +0.02, p=0.89),
Fads1 (r = +0.09, p=0.54), or Elovl5 (r = +0.09, p=0.54).

In view of the finding that risperidone and paliperidone uniquely up-regulated liver Fads2
mRNA expression, we performed a sub-analysis restricted to controls and risperidone- (3
mg/kg) and paliperidone-treated (3 mg/kg) rats (n=24). Fads2 expression was positively
correlated with the plasma 22:6/18:3 (r = +0.64, p=0.0008), 20:5/18:3 (r = +0.54, p=0.006),
and 20:4/18:2 (r = +0.58, p=0.003) and 20:3/18:2 ratio (r = +0.47, p=0.02), ratios (Fig. 5). In
contrast, liver Fads1 expression was not significantly correlated with plasma 22:6/18:3 (r =
+0.39, p=0.06), 20:5/18:3 (r = +0.27, p=0.29), 20:2/18:2 (r = +0.30, p=0.15), or 20:4/18:2 (r
= +0.34, p=0.10) ratios. Neither Elovl2 nor Elovl5 mRNA expression were correlated with
plasma 22:6/18:3, 20:5/18:3 or 20:4/18:2 ratios, and Elovl2 was positively correlated with
the plasma 20:3/18:2 ratio (r = +0.63, p=0.001).

3.6. Membrane PUFA composition
3.6.1. Erythrocytes—For DHA composition (Fig. 6A), the main effect of treatment was
significant for risperidone, F(3,33)=3.7, p=0.02, paliperidone, F(3,33)=4.3, p=0.014, and
olanzapine, F(3,33)=3.1, p=0.041, quetiapine, F(3,33)=3.0, p=0.044, and haloperidol,
F(2,25)=3.6, p=0.046. For EPA composition, the main effect of treatment was significant for
risperidone, F(3,33)=6.7, p=0.001, paliperidone, F(3,33)=73.0, p=0.04, and haloperidol,
F(2,25)=11.6, p=0.0004, but not for olanzapine, F(3,33)=0.9, p=0.45, or quetiapine,
F(3,33)=1.3, p=0.29 (Supplemental Fig. 2A). For AA composition (Fig. 6B), the main effect
of treatment was significant for risperidone, F(3,33)=4.8, p=0.008, paliperidone,
F(3,33)=7.9, p=0.0005, olanzapine, F(3,33)=6.2, p=0.002, and haloperidol, F(2,25)=4.4,
p=0.03, but not for quetiapine, F(3,33)=2.0, p=0.13. Among all rats (n=122), the plasma
20:5/18:3 ratio was positively correlated with erythrocyte EPA (20:5n-3) composition (r =
+0.40, p≤0.0001)(Supplemental Fig. 3A), but not erythrocyte DHA composition (r = +0.10,
p=0.26). The plasma 20:4/18:2 ratio was not correlated with erythrocyte arachidonic acid
(20:4n-6) composition (r = +0.15, p=0.10)(Supplemental Fig. 3C).

3.6.2. Heart—For DHA composition (Fig. 6C), the main effect of treatment was significant
for risperidone, F(3,33)=5.4, p=0.004, paliperidone, F(3,33)=5.8, p=0.003, and olanzapine,
F(3,33)=5.0, p=0.006, but not for quetiapine, F(3,33)=1.2, p=0.32, or haloperidol,
F(2,25)=2.3, p=0.12. For EPA composition, the main effect of treatment was significant for
paliperidone, F(3,33)=3.0, p=0.04, and haloperidol, F(2,25)=3.9, p=0.03, but not for
risperidone, F(3,33)=1.4, p=0.26, olanzapine, F(3,33)=0.7, p=0.55, or quetiapine,
F(3,33)=1.2, p=0.31 (Supplemental Fig. 2B). For AA composition (Fig. 6D), the main effect
of treatment was significant for risperidone, F(3,33)=3.0, p=0.047, paliperidone,
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F(3,33)=3.9, p=0.017, and olanzapine, F(3,33)=3.3, p=0.03, but not for quetiapine,
F(3,33)=0.3, p=0.79, or haloperidol, F(2,25)=3.2, p=0.06. The plasma 20:5/18:3 ratio was
positively correlated with heart DHA (22:5n-6) composition (r = +0.32, p=0.0004)
(Supplemental Fig. 3B), and the plasma 20:4/18:2 ratio was positively correlated with heart
arachidonic acid (20:4n-6) composition (r = +0.41, p≤0.0001)(Supplemental Fig. 3D).

3.6.3. Frontal cortex—For DHA composition (Fig. 6E), the main effect of treatment was
not significant for risperidone, F(3,33)=0.5, p=0.68, paliperidone, F(3,33)=1.0, p=0.41,
olanzapine, F(3,33)=0.5, p=0.66, quetiapine, F(3,33)=1.8, p=0.17, or haloperidol,
F(2,25)=0.9, p=0.39. For AA composition (Fig. 6F), the main effect of treatment was not
significant for risperidone, F(3,33)=1.7, p=0.18, paliperidone, F(3,33)=1.1, p=0.38,
olanzapine, F(3,33)=0.9, p=0.96, quetiapine, F(3,33)=0.3, p=0.83, or haloperidol,
F(2,25)=0.01, p=0.99.

4. Discussion
The main finding of this study is that chronic treatment with either risperidone or its primary
metabolite 9-OH-risperidone (paliperidone) up-regulate expression of liver Fads2 mRNA
(delta-6 desaturase), the rate-limiting step in PUFA biosynthesis, and robustly increased
plasma indices of n-3 (22:6/18:3 & 20:5/18:3 ratios) and n-6 (20:4/18:2 & 20:3/18:2 ratios)
fatty acid biosynthesis. Among risperidone- and paliperidone-treated rats, plasma indices of
both n-3 and n-6 fatty acid biosynthesis were positively correlated with liver Fads2 mRNA,
but not Fads1, Elovl2, or Elovl5 mRNA expression. However, chronic treatment with the
atypical antipsychotics olanzapine and quetiapine, and the typical antipsychotic haloperidol,
did not significantly up-regulate liver Fads2 mRNA expression or plasma indices of n-3
fatty acid biosynthesis. Nevertheless, among all rats plasma indices of n-3 and n-6 fatty acid
biosynthesis were positively correlated with liver Fads2 and/or Fads1 mRNA expression,
and all antipsychotic medications increased erythrocyte DHA and/or AA composition at
specific doses. Risperidone, paliperidone, and olanzapine increased heart DHA and AA
compositions, and none of the antipsychotics significantly altered frontal cortex DHA or AA
composition. These data demonstrate that augmentation of PUFA biosynthesis is not
common to all antipsychotic medications, and that risperidone and paliperidone uniquely
increase delta-6 desaturase (Fads2) mRNA expression and most robustly increase PUFA
biosynthesis and peripheral membrane composition.

This study has four notable limitations. First, rats treated with higher doses of olanzapine
and quetiapine, and both doses of haloperidol, exhibited significant reductions in fluid intake
which may have reduced drug intake. However, because drug concentrations were adjusted
every 3 days to mean daily fluid intake and body weight (ml/kg/day), these reductions would
not substantially alter daily drug intake. Nevertheless, in the absence of plasma drug
concentration data it remains possible that greater changes in PUFA measures may have
been observed using a different mode of administration. Second, this study examined one
duration of drug exposure (40 d), and shorter or longer treatment durations may have yielded
different results. However, the 40 d treatment duration was based in part on our prior finding
that a similar duration (30 d) of risperidone treatment increased indices of PUFA
biosynthesis (McNamara et al., 2009b). Third, only male rats were employed, precluding
evaluation of gender effects. However, male rats were selected to obviate potential
interactions with ovarian hormones previously found to influence primary outcome
measures (Childs et al., 2010; McNamara et al., 2009a). Fourth, we did not directly evaluate
enzyme activity, and used plasma product/precursor ratios as an estimate. However, the
pattern of changes in plasma fatty acids observed in risperidone and paliperidone rats,
reductions in short-chain precursors and reciprocal elevations in long-chain products, are
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consistent with elevated delta-6 desaturase activity (Guillou et al., 2010; Harmon et al.,
2003; Obukowicz et al., 1998; Stoffel et al., 2008).

Consistent with our prior study (McNamara et al., 2009b), the present study also found that
chronic treatment with risperidone (3 mg/kg/d) significantly increased erythrocyte long-
chain n-3 fatty acid composition. In our earlier study, we found that rat plasma
concentrations of 9-OH-risperidone (paliperidone), the principle metabolite of risperidone,
following chronic risperidone treatment was approximately 4-fold greater than risperidone
concentrations (McNamara et al., 2009b). In the present study, we further demonstrate that
chronic treatment with paliperidone alone is sufficient to increase erythrocyte DHA
composition, and that both risperidone and paliperidone up-regulate liver delta6-desaturase
expression and indices of enzyme activity. In our prior study (McNamara et al., 2009b), we
also found that chronic risperidone treatment produced a small (7%) but statistically
significant increase in frontal cortex DHA composition (McNamara et al., 2009b). In the
present study, chronic treatment with risperidone, or other antipsychotics, did not
significantly altered frontal cortex DHA or AA composition. The reason for this discrepancy
may be related to differences in the presence of long-chain fatty acids in the diets used
during perinatal (E0-P60) development (TD.04285 diet vs. rodent chow in the present
study). Nevertheless, this finding is consistent with prior rat studies finding that chronic
treatment with atypical antipsychotics do not alter whole brain DHA or AA composition
(Levant et al., 2006; Parikh et al., 2003). It may be relevant that blockade of phospholipase
A2 (PLA2)-coupled serotonin 5-HT2A/C (Qu et al., 2003) and dopamine D2 (Myers et al.,
2001) receptors, which are blocked by atypical antipsychotic medications, down-regulate
PUFA turnover in rat brain.

A prior in vitro study found that exposure to different antipsychotic medications up-regulate
FADS1 and FADS2 mRNA expression in human cell lines (Polymeropoulos et al., 2009). In
the present study, we did not observe a uniform up-regulation of Fads1 or Fads2 mRNA
expression in rat liver following treatment with different antipsychotic medications. Indeed,
only risperidone and paliperidone significantly up-regulated Fads2 mRNA expression, and
no antipsychotic up-regulated Fads1 mRNA expression. These different results may be due
in part to multiple physiological factors that regulate Fads1 and Fads2 mRNA expression
and activity, including insulin/glucose (Brenner, 2003), gonadal hormones (Childs et al.,
2010; McNamara et al., 2009a), and long-chain PUFAs (Igarashi et al., 2007), not
represented in vitro. Additional studies will be required to determine whether these
physiological factors mediate or mitigate antipsychotic effects on Fads2 mRNA expression
in vivo.

Despite differential effects of antipsychotics on indices of PUFA biosynthesis, all
antipsychotic medications increased erythrocyte DHA and/or AA composition at certain
doses. Importantly, erythrocyte membrane AA and DHA composition is regulated by not
only liver biosynthesis but also by circulating PLA2 activity and lipid peroxidation.
Regardless of the mechanism, the present data suggest that increasing erythrocyte PUFA
composition is common to both typical and atypical antipsychotic medications. It is notable
therefore that we previously found that chronic treatment with the antidepressant fluoxetine
did not significantly alter erythrocyte DHA or AA composition (McNamara et al., 2010b),
and chronic treatment with the mood-stabilizer lithium increased erythrocyte AA, but not
DHA, composition (McNamara et al., 2008). Together, these data suggest that increasing
both erythrocyte DHA and AA composition may be a mechanism specific to antipsychotic
medications. These data may take on additional significance in view of a prior prospective
longitudinal study finding that chronic exposure to risperidone or olanzapine also increased
erythrocyte DHA and AA composition in medication-naïve first-episode psychotic patients
(Evans et al., 2003).
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Antipsychotic medications may have adverse effects on cardiac function, as evidenced by
increased heart rate variability and QTc prolongation, which may increase risk for cardiac
arrhythmias (Czekalla et al., 2001; Silke et al., 2002). Prior preclinical evidence indicates
that n-3 fatty acids are protective against cardiac arrhythmias (Billman et al., 1999; Ninio et
al., 2005), and clinical studies have found that greater n-3 fatty acid intake is associated with
reduced rates of sudden cardiac mortality (Harris, 2008). Additionally, we found that
erythrocyte and heart DHA compositions were positively correlated, a finding consistent
with a prior human cardiac biopsy study (Harris et al., 2004). Importantly, cardiac biopsy
studies have found that low heart AA and DHA composition is associated with increased
mortality in patients with a history of coronary heart disease (Chattipakorn et al., 2009). In
the present study, we found that risperidone and paliperidone robustly increased heart DHA
and AA compositions compared with olanzapine, quetiapine, and haloperidol. The effect
may represent one mechanism accounting for the reduced relative risk of cardiovascular
disease in patients treated with risperidone compared with other antipsychotic medications
(Daumit et al., 2008). It may also be relevant that adjunctive treatment with long-chain n-3
fatty acids reduce elevated triglyceride levels, an independent risk factor for coronary heart
disease, in schizophrenic patients treated with clozapine (Caniato et al., 2006).

In conclusion, the present preclinical data demonstrate that chronic treatment with
risperidone or it principle metabolite paliperidone uniquely and preferentially up-regulate
liver Fads2 mRNA expression and associated plasma indices of n-3 and n-6 fatty acid
biosynthesis. These findings confirm and extend our previous report (McNamara et al.,
2009b) by demonstrating that the mechanism mediating augmentation of n-3 fatty acid
biosynthesis by risperidone involves up-regulation of liver Fads2 mRNA expression.
Although the clinical relevance of this mechanism remains to be determined, it is notable
that adjunctive treatment with long-chain n-3 fatty acids were found to accelerate treatment
response and improved tolerability in first-episode psychotic patients treated with atypical
antipsychotic medications (Berger et al., 2007).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effects of chronic treatment with drug vehicle (V)(n=10), risperidone (RSP)(1.5, 3, 6 mg/kg/
d), paliperidone (PAL)(1.5, 3, 6 mg/kg/d), olanzapine (OLZ)(2.5, 5, 10 mg/kg/d), quetiapine
(QTP)(5, 10, 20 mg/kg/d), or haloperidol (HAL)(1, 3 mg/kg/d)(n=8/drug dose) on food
intake (g/kg/d)(A), fluid intake (ml/kg/d)(B), and endpoint body weight (kg)(C). Note that
none of the antipsychotic medications significantly altered food intake. Values are group
mean ± S.E.M. *p≤0.05, **p≤0.01, ***p≤0.0001 vs. Vehicle.
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Fig. 2.
Effects of chronic treatment with drug vehicle (V)(n=10), risperidone (RSP)(1.5, 3, 6 mg/kg/
d), paliperidone (PAL)(1.5, 3, 6 mg/kg/d), olanzapine (OLZ)(2.5, 5, 10 mg/kg/d), quetiapine
(QTP)(5, 10, 20 mg/kg/d), or haloperidol (HAL)(1, 3 mg/kg/d)(n=8/drug dose) on plasma
18:3n-3 (ALA) composition (A), plasma DHA (22:6n-3) composition (B), and the plasma
22:6/18:3 ratio (an index of ALA→DHA biosynthesis)(C). Values are group mean ± S.E.M.
*p≤0.05, **p≤0.01, ***p≤0.0001 vs. Vehicle.
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Fig. 3.
Effects of chronic treatment with drug vehicle (V)(n=10), risperidone (RSP)(1.5, 3, 6 mg/kg/
d), paliperidone (PAL)(1.5, 3, 6 mg/kg/d), olanzapine (OLZ)(2.5, 5, 10 mg/kg/d), quetiapine
(QTP)(5, 10, 20 mg/kg/d), or haloperidol (HAL)(1, 3 mg/kg/d)(n=8/drug dose) on the
plasma 18:2n-6 (LA) composition (A), plasma AA (20:4n-6) composition (B), and the
20:4/18:2 ratio (an index of LA→AA biosynthesis)(C). Values are group mean ± S.E.M.
*p≤0.05, **p≤0.01, ***p≤0.0001 vs. Vehicle.
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Fig. 4.
Effects of chronic treatment with drug vehicle (V)(n=8), risperidone (RSP)(3 mg/kg/d),
paliperidone (PAL)(3 mg/kg/d), olanzapine (OLZ)(5 mg/kg/d), quetiapine (QTP)(10 mg/kg/
d), or haloperidol (HAL)(1 mg/kg/d)(n=8/drug) on liver Fads1 (A), Fads2 (B), Elovl2 (C),
and Elovl5 (D) mRNA expression. Values are group mean ± S.E.M. *p≤0.05, **p≤0.01 vs.
Vehicle.
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Fig. 5.
Relationship between liver Fads2 mRNA expression and the plasma 22:6/18:3 (A) and
20:5/18:3 (B) ratios (indices of n-3 fatty acid biosynthesis), and the plasma 20:4/18:2 (C)
and 20:3/18:2 (D) ratios (indices of n-6 fatty acid biosynthesis) in rats treated with drug
vehicle, RSP (3 mg/kg/d), or PAL (3 mg/kg/d)(n=24). Pearson correlation coefficients and
associated p-values (two-tailed) are presented.
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Fig. 6.
Effects of chronic treatment with drug vehicle (V)(n=10), risperidone (RSP)(1.5, 3, 6 mg/kg/
d), paliperidone (PAL)(1.5, 3, 6 mg/kg/d), olanzapine (OLZ)(2.5, 5, 10 mg/kg/d), quetiapine
(QTP)(5, 10, 20 mg/kg/d), or haloperidol (HAL)(1, 3 mg/kg/d)(n=8/drug dose) on
erythrocyte DHA (22:6n-3)(A) and AA (20:4n-6)(B) compositions, heart DHA (22:6n-3)(C)
and AA (20:4n-6)(D) compositions, and frontal cortex DHA (22:6n-3)(E) and AA (20:4n-6)
(F) compositions. Values are group mean ± S.E.M. *p≤0.05, **p≤0.01, ***p≤0.0001 vs.
Vehicle.
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