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Antipsychotic drugs cause metabolic abnormalities through a mechanism that involves
antagonism of Do dopamine receptors (D2R). Under healthy conditions, insulin release
follows a circadian rhythm and is low at night, and in pancreatic beta-cells, DoRs
negatively regulate insulin release. Since they are sedating, many antipsychotics are
dosed at night. However, the resulting reduction in overnight Do R activity may disrupt 24 h
rhythms in insulin release, potentially exacerbating metabolic dysfunction. We examined
retrospective clinical data from patients treated over approximately 1 year with the
antipsychotic drug aripiprazole (ARPZ), a D2R partial agonist. To identify effects of timing
on metabolic risk, we found cases treated with ARPZ either in the morning (n = 90)
or at bedtime (n = 53), and compared hemoglobin Alc, and six secondary metabolic
parameters across the two groups. After controlling for demographic and clinical factors,
patients treated with ARPZ at night had a significant decrease in HDL cholesterol, while
in patients who took ARPZ in the morning had no change. There was a non-significant
trend toward higher serum triglycerides in the patients treated with ARPZ at night vs.
morning. There were no group differences in hemoglobin A1c, BMI, total cholesterol,
LDL cholesterol, or blood pressure. Patients taking APPZ at night developed a worse
lipid profile, with lower HDL cholesterol and a trend toward higher triglycerides. These
changes may pose additional metabolic risk factors compared to those who take ARPZ
in the morning. Interventions based on drug timing may reduce some of the adverse
metabolic consequences of antipsychotic drugs.

Keywords: antipsychotic, diabetes mellitus, metabolism, circadian rhythm, weight gain, cholesterol, dopamine

INTRODUCTION

Serious mental illnesses (SMI) including Bipolar Disorder, Major Depression, and Schizophrenia
are commonly treated with antipsychotic medications. While these drugs differ in their
pharmacological mechanisms and clinical profiles, all are associated with weight gain, metabolic
changes in glucose and lipid homeostasis, hypertension and increased risk for non-insulin
dependent (type 2) diabetes mellitus (T2D)(1). SMI is associated with early mortality, in large part
due to metabolic disease (2-4). The mechanisms underlying this elevated risk are multifactorial.
Considerable evidence reveals that the presence of SMI may be an independent risk factor for the
development of insulin resistance and metabolic disease (5, 6). When examined in healthy controls
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in laboratory settings, antipsychotic drugs have direct effects on
glucose metabolism in Burghardt et al. (7). Even drugs considered
“metabolically neutral” like aripiprazole (ARPZ) may promote
glucose intolerance (8). Therefore, the metabolic consequences of
antipsychotic drugs may further exacerbate metabolic risk in the
SMI population that is already vulnerable by its predisposition to
metabolic diseases. Accordingly, induced weight gain is a major
limitation of antipsychotic drug treatment, and a common reason
for premature discontinuation (9). There is an important need
to reduce the metabolic burden on SMI patients treated with
antipsychotics.

Circadian mechanisms may contribute to antipsychotic-
induced metabolic disturbances. Circadian clocks in the brain,
liver, adipocytes, and endocrine organs serve important roles
in regulating feeding behaviors, activity, glucose homeostasis,
and lipid metabolism (10-14). Insulin release is regulated by
the circadian clock, with levels that peak during the day,
anticipating the food intake and higher levels of blood sugar
that typically occur during wakefulness. At night, insulin levels
are low, facilitating the breakdown of lipid and glycogen stores
to maintain glucose homeostasis during the fasting period
associated with sleep (15). In mutant mice with pancreatic beta
cell-specific knockout of the circadian clock, animals gain weight
and develop insulin resistance, phenotypes that resemble non-
insulin dependent T2D in humans (11). Similarly, humans with
T2D show disrupted circadian rhythms in insulin release (16).

Among its many functions, the circadian clock also regulates
dopamine, including its biosynthesis (17), the release of striatal
dopamine in the CNS (18), and the expression of dopamine
receptors (19). Interestingly, dopamine is also important in the
pancreas to negatively regulate the release of insulin by beta
islet cells (20). By blocking the D,/D3; dopamine receptors,
antipsychotic drugs have potent effects on glucose stimulated
insulin release, leading to disinhibition of insulin signaling,
greater overall release in response to a glucose challenge, and
decreasing insulin-stimulated glucose uptake (21, 22).

Due to their observed effects on beta cells and increasing
insulin release, we hypothesized that an antipsychotic drug taken
when insulin levels are high in the morning would show a more
favorable metabolic profile (especially glucose levels) compared
to the same drug taken in the evening when insulin levels
are low (14). To test this hypothesis, we used a naturalistic,
retrospectively ascertained cohort to compare patients who
took aripiprazole (ARPZ), an antipsychotic drug that selectively
targets the D, dopamine receptor (D,R) in the morning against
those who took ARPZ at night. Hemoglobin Alc (HbAlc) was
used as the primary endpoint to estimate changes in glucose
sensitivity. Lipid profile, body mass index (BMI) and blood
pressure were examined as secondary measures of metabolic
health.

MATERIALS AND METHODS

Study Design

Using pharmacy records at the VA San Diego Healthcare
System (VASDHS), we conducted a retrospective chart review to
compare long term metabolic outcomes in veterans taking ARPZ

in the morning vs. those taking ARPZ at night. Data from 14
years (January 1, 2002 to December 31, 2016) were included in
the analysis. The research was reviewed and approved by the
VASDHS IRB to ensure compliance with all pertinent regulations
regarding human subjects research.

Drug Selection and Dosing

ARPZ was previously considered metabolically neutral, but
recently has been associated with weight gain and metabolic
disturbances (23-25). Therefore, ARPZ was expected to be
informative, with a wide range of metabolic outcomes, and
perhaps sensitive to differences in dosing schedule. Moreover,
while many antipsychotic drugs target a variety of receptors,
the mechanism of ARPZ is relatively selective as a partial
agonist at D,R. Finally, large numbers of patients take ARPZ at
different times across the day, while other drugs we considered
(e.g., olanzapine, risperidone, perphenazine, haloperidol) were
strongly biased toward night or day, and/or prescribed in
insufficient numbers to yield a suitable cohort after applying
exclusion criteria. For each subject, pharmacy prescription orders
were analyzed. Subjects were considered to have taken the drug in
the morning if the instructions indicated morning, daily, QDAY
or gAM. Subjects were considered to have taken the drug at
night when the instructions indicated qHS or bedtime. Only
oral ARPZ was considered. Daily doses ranging from 2 to 30 mg
were included. In secondary analyses of dose, subjects taking 2
and 5mg were consolidated into a single group, as were subjects
taking 15 and 20 mg to account for the small number of subjects
taking 2 and 15mg doses. Those taking injectable ARPZ or
any other antipsychotic drugs (oral or injectable) were excluded.
Compliance with ARPZ was estimated by the frequency of on
time refills requested by the patient. Medication compliance was
defined as a proportion of days covered > 0.8.

Subjects

All subjects were veterans receiving standard clinical care for
SMI at the VASDHS. The study included adult patients (age 18—
75 years) taking ARPZ for a range of SMI indications including
psychotic disorders [schizophrenia (SCHZ), schizoaffective
disorder (SAD), or unspecified psychosis], bipolar disorders
(BD), including bipolar I, bipolar II, unspecified bipolar disorder,
and depressive disorders [major depressive disorder (MDD),
MDD with psychotic features, post-traumatic depression and
any unspecified depression]. Comorbid PTSD was pervasive
in our cohort, but not considered a primary indication
for ARPZ. Subjects with a diagnosis of Alzheimer’s disease,
Parkinson’s disease, dementia or other neurocognitive disorder
were excluded from consideration. Subjects with existing
metabolic disorders including T2D, essential hypertension, and
hypercholesterolemia were included.

Selection of Study Cohort

Study subjects were selected based on their use of long-term
ARPZ with confirmed compliance. We sought subjects taking
the medication for approximately 1 year. The index date was
defined as the first day that ARPZ was released to the patient and
the target end date was defined as the index date plus 365 days.
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Subjects were included in the study if two HbAlc reading were
present, one within 3 months of the start of ARPZ, and one 9-15
months later (i.e., target end date £ 3 months). Further inclusion
criteria were compliance with clinical and laboratory screening
for metabolic changes, both at baseline and at the end of the 1-
year study period, covering HbAlc, serum glucose, fasting lipid
panel, blood pressure, weight and BML

Data Collection

As outcome measures, we selected one primary variable, change
in HbAlc, and six related secondary variables: weight gain,
total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides,
blood pressure. Height was recorded to allow calculation of BMI,
but was not considered as an outcome variable, as it was not
expected to change as a result of drug treatment. Demographic
variables (age, sex, and race) and clinical data (dose of ARPZ,
hypertension, use of metformin, use of a statin drug) were
considered as potential modifiers. Also considered as modifiers
were medications commonly used in SMI that significantly affect
weight (valproic acid, mirtazapine, and topiramate). Smoking,
alcohol and substance use history were not reliably recorded in
the pharmacy database and were not included. Only data sets
including complete baseline and follow-up HbAlc, lipid panel,
and blood pressure measures were used. Missing data for BMI
was allowed (applied to 34 subjects).

Statistical Analyses

A one-way analysis of covariance (ANCOVA) comparing
morning versus nighttime APRZ groups for change in individual
metabolic parameters, using age, dose, sex, and race as covariates.
For univariate analyses of categorical measures, we used a chi
squares test. Additional post-hoc tests were performed using
ANOVA or t-tests. Statistical significance for each variable was
considered as p < 0.05. Analyses were conducted using SPSS
version 20 (IBM, Armonk NY).

RESULTS

After applying inclusion and exclusion criteria, our initial screen
identified 1,009 subjects treated for 1 year with ARPZ that had at
least one HbA1c reading during the treatment period. However,
only 143 subjects had complete data that were suitable for analysis
(i.e., data for each metabolic measure at the start and end of the
study period). Of these, a majority (n = 90) were treated with
oral ARPZ in the morning and the remainder (n = 53) were
treated with ARPZ at night. The mean time of follow-up was
similar for both groups (slightly longer than 1 year, Table 1).
The majority of subjects in both groups were male, but there was
no significant difference between groups in gender distribution.
Age, racial background, treatment for diabetes, treatment for
hypercholesterolemia, and the use of weight altering medications
was similar between groups (Table 1). The average dose (mean
+SEM) of ARPZ used in each group was 15.1 £ 0.9 mg for the
morning group, and 12.1 £ 1.3 mg for the night group, reflecting
the fact that the morning group was more likely to get ARPZ
doses of 10-20 mg, while the nighttime group was more like to get

TABLE 1 | Demographic characteristics of study sample.

Characteristic Morning Bedtime P-value
N =90 N =53

AGE

Age range (Years) 30-73 24-67

Age (mean + SEM) 53.46 + 1.1 5326 +1.2 NS

Male sex, n (%) 79 (87.7) 49 (92.4) NS

FOLLOW-UP PERIOD

Range (days) 249-554 295-552

Observation days 385 + 6.1 400 £ 9.4 NS

(Mean + SEM)

DIAGNOSIS

Psychotic disorder (%) 11 (21) 22 (24) NS

Depressive disoder (%) 28 (53) 42 (47)

Bipolar disorder (%) 14 (26) 26 (29)

RACE

Caucasian, n (%) 56 (62) 31 (58) NS

African American, n (%) 17 (19) 9(17)

Asian American, n (%) 6(7) 6 (11)

Other/Unknown, n (%) 11 (12) 6(11)

DOSE ARIPIPRAZOLE, N (%)

Average Dose (Mean + 152+£0.9 121 £13 0.05*

SEM)

2-5mg, n (%) 14 (16) 27 (51)

10mg, n (%) 32 (36) 9(17)

15-20mg, n (%) 24 (27) 8(15)

30mg, n (%) 16 (18) 9(17)

OTHER MEDICAL FACTORS

Diagnosis 51 (57) 36 (68) NS

hypertension, n (%)

Mirtazapine use, n (%) 7(8) 8) NS

Metformin use, n (%) 2(2) ) NS

Statin use, n (%) 7(8) 12 NS

doses of 2-5mg. These differences were statistically significant
(Table 1).

Baseline HbAlc levels were 6.69 + 0.15% for the morning
group and 6.25 & 0.22% for the night group (mean + SEM),
values that exceed the upper healthy limit (5.7%). In the morning
group 36% (33/90) had HbAlc >6.5% (cutoff value for probable
D2M). In the night group, the number was similar 33% (18/53),
indicating both groups showed evidence of poor glycemic
control, and were at high risk for D2M and other metabolic
disorders (Table 2). Over the course of treatment, there was a
statistically insignificant reduction in mean HbA1c levels in both
groups, and significant effect of ARPZ dose, with higher doses
significantly associated with greater HbAlc reduction (Figure 1).
However, regarding time of dosing and change in HbAlc, our
primary outcome variable, there were no significant differences
between daytime and nighttime schedules either nominally or
after adjusting for age, dose, sex, and race.

Among the secondary measures, serum HDL showed a
significant reduction in the night dosing group compared to the
morning group (Table 2). The effects remained significant after
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TABLE 2 | Metabolic parameters before/after treatment with oral aripiprazole.

Outcome Morning Bedtime P-value P-value
(AM) (PM) unadjusted adjusted

FOLLOW-UP PERIOD

Range (days) 249-554 295-552

Observation days 385 + 6.1 400+ 9.4 NS NS

(Mean + SEM)

BLOOD GLUCOSE

Baseline HbA1c (% 6.7 £0.2 6.4 +£0.2 NS NS

glycosylated)

Change HbA1c (% —-0.2 £0.1 -02+02 NS NS

glycosylated)

HbA1c > 5.7% at 33 (37%) 18 (34%) NS NS

baseline, number

(%)

BODY WEIGHT

Baseline BMI 33.4+£6.9 329+6.6 NS NS

(kg/m?)

Change BMI (kg/m?) 0.85+2.3 06+1.9 NS NS

SERUM CHOLESTEROL (MG/DL)

Baseline total 1844+ 5.8 183.7+6.2 NS NS

cholesterol

Change total —53+51 —-25+6.2 NS NS

cholesterol

Baseline LDL 102.4 + 4.2 103.3+54 NS NS

cholesterol

Change LDL —59+43.4 —-28+36.6 NS NS

cholesterol

Baseline HDL 432 +1.3 46.9+2 NS NS

cholesterol

Change HDL 0.2+0.9 -3.8+1.3 0.009 0.04*

cholesterol

Baseline 221 £1 166 £ 7 NS NS

triglycerides

Change triglycerides  22124.6 + 13.2  31.6+12.0 0.06 0.11

BLOOD PRESSURE (mmHg)

Baseline systolic 130 + 18.6 129+ 16.6 NS NS

Change systolic —2.57 £20.8 —1.4+20 NS NS

Baseline diastolic 78 £14.3 80+ 11.4 NS NS

Change diastolic —2.4+16.8 —26+159 NS NS

“statistically significant after adjusting for age, sex, dose, race.

adjusting for age, dose, sex, and race. In post-hoc tests we found
that the effects of timing on HDL cholesterol were nominally
present across the entire dose range (5-30mg), but reached
statistical significance only at the 20 mg dose (Figure 2). Serum
triglycerides showed a non-significant trend toward increase in
the nighttime group compared to the daytime group (Table 2).
There were no differences between nighttime and daytime ARPZ
dosing in the other outcome measures: total cholesterol, BMI,
LDL, diastolic, and systolic blood pressure (Table 2).

DISCUSSION

Food intake, sleep and metabolism are tightly coordinated
and interrelated physiological processes connected by two

Hemoglobin A1c
0.5+
0.0 @m PM

-0.5

-1.0

Change (%)

-1.5

-2.0-

5mg 10mg 20mg 30mg

Dose Aripiprazole

FIGURE 1 | Effects on glucose homeostasis as measured by hemoglobin A1c
(HbA1c) glycosylation after treatment for ~1 year with aripiprazole. The highest
dose (30 mg) was associated with reductions in HbA1c in both the morning
(AM) and night time (PM) group (Two-Way ANOVA, dose p < 0.05, Time NS,
interaction NS). Time of administration made no difference in HobA1c. For
morning group, N = 90 with N = 14-36 in each dose category. For night time,
N = 53, with N = 8-27 in each dose category. Data indicate mean values of
post minus pre HbA1c readings. Error bars reflect standard error of the mean
(SEM).

common features: the circadian clock and dopamine signaling
(14). The circadian clock strongly influences the 24 h. sleep-
wake cycle, and through this effect on activity on requisite
caloric expenditure, dictates the energy needs of the body.
Accordingly, glycogenolysis, lipolysis, adipogenesis, and
numerous other bioenergetic processes also follow circadian
rhythms (15). Disruption of rhythms in experimental animals
causes hyperglycemia, hyperlipidemia, and other metabolic
consequences (10-13), and in humans, T2D is associated with
altered rhythms in insulin release (16). Dopamine is one of
the signaling systems that link brain activity to peripheral
metabolism (26). The mesolimbic/mesocortical dopamine
systems are involved in goal directed activity and arousal
These forebrain dopamine systems stimulate wakefulness
and feeding behaviors in response to stimuli such as orexins,
serotonin, and neuropeptides. In the periphery, dopamine
negatively regulates insulin release from pancreatic beta cells
and leptin from adipocytes (27, 28). Dopaminergic agonists
such as bromocriptine suppress insulin and leptin release by
reducing peak amplitude of their rhythmic release, and have
been associated with improved metabolic function in obese
subjects with metabolic syndrome, and subjects suffering from
T2D (29, 30).

For the reasons above, we hypothesized that antagonism
of the D;R by ARPZ would have differential effects on
metabolism depending on the circadian cycle, and the time
of drug administration. We expected this effect to emerge
independently of master clock in the suprachiasmatic nucleus
which is largely depleted in D,R (14). Instead, we expected
the effect to emerge from the peripheral action of ARPZ on
DyR and D3R in islet beta cells, thereby increasing overnight
insulin release, with subsequent flattening of the insulin rhythm
(i.e., amplitude reduction). Given the retrospective nature of the
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HDL Cholesterol
10-
O AM

g 5 l * mm PM
) I . T
g 0
s |7 N
g
L
O 104

15

5mg  10mg  20mg  30mg

Dose Aripiprazole

FIGURE 2 | Effects on HDL cholesterol after ~1-year treatment with
aripiprazole. Time of administration made a significant difference in HDL levels
at ~1-year follow-up, with reductions seen only in the night time (PM), and not
in the morning (AM) group. The difference was nominally present at most
doses, but only the 20 mg dose showed a significant difference in a post-hoc
T-test (* indicates p < 0.05 indicates). For morning group N=90, with
N=14-36 in each dose category. For night time group, N = 53 PM, with

N = 8-27 in each dose category. Data indicate mean values of post minus
pre-HDL readings. Error bars reflect standard error of the mean (SEM).

study, we were not able to assess insulin directly, and relied
upon HbAlc as a proxy. Perhaps because of the nature of
HbA1lc, which averages blood glucose levels over weeks, we failed
to detect a time of day dependent difference in HbAlc, our
primary endpoint. However, we did find differences in HDL
cholesterol associated with the time of ARPZ administration.
Low HDL cholesterol is a risk factor for cardiovascular disease
(31). The decrease in serum HDL observed exclusively in
the ARPZ night treated group indicates this risk factor was
exacerbated over the course of treatment selectively in the night
group while remaining constant in the morning group. This
finding could indicate that the metabolic consequences of ARPZ,
and perhaps other antipsychotic drugs could be mitigated or
worsened by the administration schedule. As metabolic side
effects are a major limitation to the use of antipsychotics in
SMI, the ability to reduce this risk would mark an important
advance.

Based on previous literature, we hypothesize that nightly
dosing with ARPZ could interfere with typical rhythms of insulin
or leptin release that typically reach nadir overnight in human
subjects. Elevated insulin/leptin at night may lead to reduced
lipolysis or similar catabolic adaptations to provide the body
glucose during overnight fasting. Insulin stimulates triglyceride
accumulation, a key mechanism involved in reducing HDL in
T2D (32). While not statistically significant, we did observe
a nominal difference toward elevated triglycerides in patients
treated at night with ARPZ. Cholesterol levels, including HDL
cholesterol has been show to oscillate over the day in a circadian
manner, with higher amplitude oscillations in total cholesterol
associated with greater longevity (33). T2D subjects with a strong
predisposition toward night time activity (evening chronotypes)
show lower levels of HDL cholesterol, and elevated triglycerides
(34), a factor that may contribute to the excess mortality observed
in evening chronotypes in the general population (35). Therefore,
we propose that one explanation for the observed elevations

in triglyceride, and reductions in HDL could be due to ARPZ
disrupting rhythms in insulin.

We conducted our study in a population of veterans with SMI
who were chronically treated with ARPZ for approximately 1
year. The long-term follow-up data for our subjects including
laboratory monitoring and verified compliance are important
strengths of our work. However, this study population was
distinctive in several key respects and may not generalize to other
groups. ARPZ is not available as a first line medication at the
VASDHS and requires prior authorization from the pharmacy.
Therefore, the vast majority of subjects in our study were
older, male, and already receiving one or more antipsychotic
medications prior to receiving ARPZ. Indeed, they may have been
preferentially selected for treatment with ARPZ because they
experienced metabolic side effects as a result of prior treatments
with another antipsychotic drug. The high incidence in our study
of hyperglycemia at baseline, and the trend toward metabolic
improvement in some domains supports this interpretation.
Notably, the ARPZ morning group received higher average
doses of medication compared to the nighttime group, despite
the fact that high dose ARPZ is more likely to be sedating
(36). This could speak to possible group differences in activity
or sleep that were not assessed using our approach. Future
prospective studies conducted in drug naive subjects would be
informative.

ARPZ has a long half-life of approximately 75h. and active
metabolites (e.g., dehydro-ARPZ) with even longer half-lives
(>94h). Therefore, steady state drug levels are unlikely to explain
our findings. However, the major metabolic pathways affecting
metabolism of ARPZ in the liver, CYP2D6 and CYP3A4 have
been shown to oscillate under the regulation of the circadian
clock and it remains possible that one or more ARPZ metabolites
may fluctuate over the circadian time course (37, 38). Perhaps
more importantly, peak ARPZ levels and pharmacological
effects occur rapidly after oral administration, and in the
mouse, mesolimbic dopamine release and the expression of
both D2 and D3 dopamine receptors are rhythmic (18, 19).
Therefore, the primary drug targets of ARPZ may oscillate
independently of drug levels, and despite the long half-life of
ARPZ, there may be important pharmacodynamic consequences
of drug administration, particularly as it relates to time-sensitive
processes like insulin rhythms.

Our data must be interpreted with a number of considerations
and caveats in mind. ARPZ has an unusual mechanism of
action, working primarily as a partial agonist at DR and
D3R, but also has affinity for serotonin receptors including 5-
HT1A, 5-HT2A, 5-HT2B, and 5-HT7, effects that can modulate
dopamine indirectly (39). As the drug is neither fully inhibitory
nor excitatory at dopamine receptors, conclusions about the
metabolic effects of dopamine antagonism across the circadian
cycle must be made cautiously. We interpret our data in the
context of a substantial body of work that suggests D,R blockade
is the common mechanism across all antipsychotic drugs, all
of which cause weight gain to some extent, and accordingly
that blockade of dopamine receptors is likely an important
mechanism underlying metabolic dysfunction. However, future
studies addressing this hypothesis should use drugs with a
simpler mechanism to more clearly delineate this relationship.
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Our study design had a number of important limitations.
First, the study was retrospective without random assignment.
The stringency of our inclusion criteria reduced the sample
size, making the sample insufficiently powered to address some
key issues such as gender differences and the role of smoking,
alcohol and other key clinical variables. Next, we relied on
pharmacy records to determine dosing schedules, and were
unable to verify that our subjects took the medication at
the stated time. Finally, there was significant heterogeneity in
our sample in psychiatric diagnoses, duration of illness, prior
medication history, and medical comorbidity. Nonetheless, we
contend that this work marks an important preliminary step
in identifying circadian mechanisms underlying antipsychotic
induced metabolic dysfunction. Future studies with uniform
inclusion/exclusion criteria, random assignment, prospective
assessment and detailed laboratory analyses of diurnal insulin
levels, glucose tolerance, and lipid profiles are warranted. If
empirically supported, manipulations to the dosing schedule of
antipsychotic drugs could point the way to relatively simple,
and cost-effective methods to reduce the medical comorbidity
associated with antipsychotic drugs in the treatment of SMIL
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