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Abstract

Background: Second-generation antipsychotics (SGAs) is thought responsible for the metabolic abnormalities of schizophrenic patients,
however, some untreated schizophrenic patients had already developed problems with glucose metabolism. The present study examined
the hypothesis that schizophrenia itself but not risperidone, an extensively employed SGA, is accountable for metabolic abnormalities.
Methods: A 56-day risperidone regimen (1 mg/kg/day) was employed for rats of social isolation rearing (SIR) beginning at different
developmental stage (28 or 56 days after weaning, i.e., adolescent and young adulthood, respectively). Metabolic parameters including
body weight, systolic blood pressure (SBP), triglyceride, high-density lipoprotein (HDL), low-density lipoprotein (LDL), total choles-
terol, and plasma glucose were measured at baseline, 28, and 56 days of the regimen. Oral glucose tolerance test (OGTT) was performed
at the end of the regimen. Insulin function was evaluated by area under the curve (AUC) of OGTT, homeostasis model assessment-insulin
resistance (HOMA-ir), and Matsuda index. Results: Our results demonstrated that: (i) SIR rats presented higher body weight, plasma
triglyceride, and HOMA-ir than social controls. (ii) Higher insulin resistance was specifically presented in young adult rather than ado-
lescent SIR rats. (iii) Adolescent drugged rats showed a lower level of LDL in day 28 of the regimen than young adult. Risperidone led
to a lower LDL level in only young adult IR rats in day 56 than undrugged rats. (iv) SIR-induced dysregulation of insulin can be reversed
by chronic risperidone treatment beginning at adolescence but not young adulthood. Conclusions: Our findings support the primary role
of schizophrenia in metabolic abnormalities and risperidone appear beneficial when administered earlier.
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1. Introduction

Patients of schizophrenia experience a long-term suf-
fering of multidimensional malfunctions, mostly including
distortions of thought and perception (positive symptoms),
lack of motivation and agility (negative symptoms), and
cognitive deterioration as time lapses [1]. Treatment of
schizophrenia obtains a great achievement after the emer-
gence of antipsychotics in the last century. In particu-
lar, the extensive use of SGAs proves helpful in treating
schizophrenia by relieving both the positive and negative
symptoms of patients and with a lower risk of extrapyrami-
dal side effects (EPS) [2]. However, high risk of metabolic
abnormalities and its associated adverse cardiovascular ef-
fects leads to poor drug compliance and increased mortality
rate [3,4]. It raises the concerns about the pros and cons of
SGAs [5].

While SGA-induced metabolic abnormalities are con-
sidered among of the most serious long-term side effects in
treating schizophrenia, studies also revealed that unhealthy

lifestyle and diet habit of schizophrenic patients contribute
to the metabolic abnormalities too [6,7]. The patients are
used to having unhealthy diet, rich in saturated fats and poor
in fiber and fruit, which in turn promotes development or
worsens the metabolic abnormalities in predisposed indi-
viduals [8]. In other words, it is possible that the treatment
of SGAs is not the primary reason of metabolic abnormal-
ities; the causative relationships between the progress of
schizophrenia and the antipsychotic intervention are worth
to clarify.

Increasing evidence obtained from human studies
with small sample sizes demonstrated that untreated
schizophrenic patients in their first episode may have prob-
lems with glucose metabolism already [9–12], raising the
possibility that the metabolic problem is among the initial
symptoms of schizophrenia. To elaborate the assumption,
neurodevelopmental model of pathoetiology of schizophre-
nia is worth investigating, as it stresses the primary impact
of the disorder can be traced back to patients’ juvenile and
adolescent stages [13]. It is interesting to know whether
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the metabolic dysfunctions occur during the development
of schizophrenia and if they can be corrected by early an-
tipsychotic intervention.

The aim of the present study is twofold. First, we
examined the link between schizophrenia and metabolic
abnormalities in drug-naïve, social isolation rearing (SIR)
rats. Second, we determined whether the metabolic
changes, if any, are relevant to the developmental stage of
schizophrenia with or without the intervention of risperi-
done, a broadly employed SGA. SIR rats have profound
psychological, behavioral and neurochemical abnormali-
ties in their adulthood and are commonly used to model
schizophrenia in the context of the developmental hypoth-
esis [14,15]. The rats are raised socially isolated since their
weanling, they are allowed to see, smell and hear other rats
but not to have physical contact with them. The hallmark
feature of SIR rats in modelling schizophrenia is that their
impaired acoustic sensorimotor gating deficit of prepulse
inhibition (PPI), one of the characteristics of schizophrenia
and which can be corrected by antipsychotics [16].

Previously we demonstrated that risperidone was
more beneficial when administering earlier (i.e., adoles-
cence) than later (i.e., young adulthood) in correcting the
impairment of PPI in SIR rats [5]. In the present study, SIR
rats that received risperidone intervention at different age
would be measured for their metabolic parameters [blood
pressure, body weight, plasma levels of triglyceride, to-
tal cholesterol (TC), high-density lipoprotein (HDL), low-
density lipoprotein (LDL) and glucose]. Insulin function
was evaluated after oral glucose tolerance test (OGTT),
by calculating homeostasis model assessment-insulin resis-
tance (HOMA-ir), Matsuda index, and area under the curve
(AUC) of glucose [17]. The present study delineates the
causal relationships among metabolic abnormalities, the in-
tervention of antipsychotics, and the age of schizophrenic
patients to receive medication, thus highlighting the impor-
tance of intervention timing during the developmental of
schizophrenia.

2. Methods
2.1 Subjects

Male Sprague-Dawley rats (BioLASCO, Taiwan) of
the same batch were used in all experiments. The rats
were 21–23 days old and had been weaned upon arrival
at the animal center of the National Defense Medical Cen-
ter (NDMC, Taipei, Taiwan). Rats in the SIR group were
housed singly (cage size: 43 × 22 × 21 cm3). They could
see, hear, and smell others but were kept separate and de-
nied physical contact. The control group for SIR was a so-
cial rearing (SOC) group. These rats were from the same
batch as the SIR rats but were reared socially (n = 2 for each
cage) in the same sized cage as the SIR rats. All rats were
housed in a temperature (21–25 °C)- and humidity (40–
60%)-controlled holding facility with 12 hour light/dark cy-
cles (light on from 0700 to 1900) and received food and

water ad libitum. All experimental procedures were made
to minimize animal suffering and reduce the number of an-
imals used and were approved by the Laboratory Animal
Center from the National DefenseMedical Center (IACUC-
11-237).

2.2 Experimental Design
(1) After weaning (3 weeks postnatal age), 64 rats

were randomly and equally assigned to the IR or SOC
group. Pharmacological manipulation (risperidone, 1
mg/kg/day or saline vehicle) was introduced when rats were
in their adolescence (7 weeks old, W7) or young adulthood
(11 weeks old, W11). The administration regimen was con-
tinued for 8 weeks.

(2) Body weight, systolic blood pressure and
metabolic measures, including blood levels of TC, LDL,
HDL, glucose and insulin, were taken in the same rats at
the midpoint and at the end of the study (i.e., 4 and 8 weeks
after beginning treatment). An OGTT was performed
on each rat at the end of the treatment regimen. All
the analyses of all animals were conducted at the same
time of the day (within one-hour range) to minimize the
confounding effects of circadian oscillations.

2.3 Blood Pressure Measurement
The systolic blood pressure (SBP) of the rats was mea-

sured with the tail-cuff method using an automatic monitor-
ing system (UR-5000; UEDA, Tokyo, Japan).

2.4 OGTT and Insulin Resistance and Sensitivity
The OGTT was performed 2 days after the last

risperidone injection. Rats were orally administered a
20% glucose solution (2 g/kg), and the blood samples
were collected from the tail vein, in which the rats were
anesthetized under 5% isoflurane during the procedure,
at 0 (before the glucose solution administered), 30, 60,
90, 120, and 150 min after a 12-hour fast to measure
plasma glucose and insulin. Insulin resistance was indexed
by the AUC of glucose under OGTT for 150 min and
HOMA-ir of fasting glucose and insulin. Insulin sensitivity
was indexed with the Matsuda method (1999) [17]. The
Matsuda method was first advocated by Dr. Matsuda and
Prof. DeFronzo [17] to provide a good index to evaluate
whole body physiological insulin sensitivity from the data
obtained by oral glucose tolerance test. The Matsuda index
can be obtained from a WEB calculator in EXCEL linked
by https://view.officeapps.live.com/op/view.aspx?src=http
%3A%2F%2Fmmatsuda.diabetes-smc.jp%2FMatsudaInd
ex.xls&wdOrigin=BROWSELINK, or for detail explana-
tion, see http://mmatsuda.diabetes-smc.jp/english.html

2.5 Biochemical Analysis
Plasma glucose levels were measured with a blood

sugar analyzer (YSL, Model 2300 plus, Yellow Springs,
OH, USA) using the glucose oxidative method. Plasma lev-
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Fig. 1. Effects of treatment, timing, and rearing condition on body weight and SBP. SIR rats are significantly heavier than social
controls (A) (N = 12 in each of the following conditions: IR/adolescent, IR/young adult, SOC/adolescent, SOC/young adult). Rats
receiving saline vehicle were heavier than those receiving risperidone for 56 but not 28 days (B,C) (N = 6 for each subgroup). No
significant change in systolic blood pressure (SBP) in baseline (D) (N = 12), 28 days, and 56 days (E,F) (N = 6 for each subgroup). Data
are represented as group averages + SEM. *** p< 0.001, main effect of rearing; ### p< 0.001, main effect of timing; &&& p< 0.001,
main effect of treatment.

els of triglyceride, total cholesterol (TC), and HDL were
assayed with an automatic biochemical analyzer (Cobas
Mira, Washington, USA) using the enzymatic colorimet-
ric method. LDL was calculated according to the formula
[LDL = TC –HDL – (triglyceride/5)]. Plasma insulin levels
were analyzed with a commercial rat ELISA kit (Mercodia
AB, Uppsala, Sweden) and measured by Biotek Synergy
HT Microplate Reader (Biotek Instruments Inc., Winooski,
VT, USA) at 450 nm.

2.6 Drug

Risperidone (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in saline vehicle. The drug was prepared
to produce a total injection volume of 1.0 mL/kg and was
injected subcutaneously (sc) at 10:00–11:00 AM. Dose of
risperidone used in this study has previously been shown to
recover PPI in rats [18]. Also, the conversion factor based
on the ‘animal to human equivalent dose’ is about 6.17 for
rats [19], thus the equivalent dose for human is about 0.16
mg/kg. It goes to 4 mg/day in a 25-kg child, within the dose
of risperidone for adolescent schizophrenia (range from 1 to
4.5 mg/day) [20].

2.7 Statistical Analyses

Statistical analyses were performed across the groups
by analysis of variance (ANOVA) using REARING,
TREATMENT and TIMING as between-subject factors.
For further analyses, a post-hoc multiple comparison of
Tukey method was employed. Where appropriate, a pri-
ori comparison was conducted with a Student-t test. For
brevity, F-values are only provided for significant effects.
A p value of<0.05 was considered statistically significant.

3. Results
3.1 Body Weight and Blood Pressure

For body weight, young adult rats (i.e., 8 weeks af-
ter the isolation procedure) were heavier than adolescent
rats (i.e., 4 weeks after the isolation procedure) at baseline
[TIMING, F(1,44) = 378.13, p < 0.001], and the IR rats
were significantly heavier than social controls (330 g ver-
sus 300 g, respectively). [R0EARING, F(1,44) = 14.3, p
< 0.001]. After RIS regimen for 56 days, rats receiving
saline vehicle were heavier than those receiving risperidone
[TREATMENT, F(1,40) = 14.4, p< 0.001]. For SBP, there
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Fig. 2. Effects of treatment, timing, and rearing condition on triglyceride, HDL, LDL, and total cholesterol. SIR rats have higher
triglyceride level than SOC rats (A) (N = 12 in each of the following conditions: IR/adolescent, IR/young adult, SOC/adolescent,
SOC/young adult, each condition separates to two subgroups, RIS and SAL, see B and C). No significant change in triglyceride 56
day, HDL baseline, 28 and 56 days (D–F), LDL baseline and 56 days (G,I), and total cholesterol (J–L). For A, D, G, J, N = 12 for each
subgroup. For others, N = 6 for each subgroup. Adolescent rats in both rearing conditions showed a lower level of LDL in day 28 (H) (N
= 6 for each subgroup). Data are represented as group averages + SEM. * p < 0.05, main effect of rearing; ### p < 0.001, main effect
of timing.
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Fig. 3. Effects of treatment, timing, and rearing condition on baseline fasting plasma glucose. SIR rats have a higher level of
fasting plasma glucose than social controls at baseline (N = 12 in each of the following conditions: IR/adolescent, IR/young adult,
SOC/adolescent, SOC/young adult) at their adolescence but not young adulthood (A). Fasting plasma glucose is unaffected by early
intervention of risperidone treatment at Days 28 and 56 (B,C) (N = 6 for each subgroup). Data are represented as group averages + SEM.

were no effects of REARING, TIMING, or TREATMENT
at baseline or after the drug regimen. Interactions of REAR-
ING × TIMING were found at 28 days [F(1,40) = 6.04, p
= 0.020] and 56 days [F(1,40) = 14.1, p = 0.001] in the RIS
group (Fig. 1).

3.2 Triglyceride, HDL, TC, and LDL
Regarding triglyceride, there was a main effect of

REARING at baseline [F(1,44) = 4.23, p = 0.045] and after
28 days of treatment [F(1,40) = 7.12, p = 0.011]. HDL was
not affected by any of the factors. For LDL, adolescent rats
in both rearing conditions showed a lower level of LDL in
day 28 of the regimen [for TIMING, F(1,40) = 18.3, p <

0.001]. After 56 days of treatment, compared to saline ve-
hicle, RIS led to a lower LDL level in young adult IR rats
[F(1,40) = 7.66, p = 0.009 and F(1,40) = 8.88, p = 0.005,
for REARING × TIMING in RIS group and REARING
× TREATMENT in young adult group, respectively]. For
TC, adolescent SOC rats had a lower level of TC on treat-
ment day 28 [REARING× TIMING in RIS group, F(1.40)
= 16.9, p < 0.001], and this phenomenon persisted across
the experiment [for day 56: F(1,40) = 5.94, p = 0.019, for
REARING × TIMING in RIS group] (Fig. 2).

3.3 Glucose and Insulin
For glucose, fasting plasma glucose levels were higher

in SIR rats than in social controls at adolescence [REAR-
ING × TIMING: F(1, 44) = 4.272, p = 0.045], but not at
young adulthood at baseline (Fig. 3).

Regarding insulin resistance, the AUC of glucose
under OGTT was unaffected by REARING, TIMING,
TREATMENT and their interactions. In contrast, a higher
HOMA-ir was found in IR young than SOC rats [REAR-
ING, F(1,40) = 4.80, p = 0.034]. After risperidone treat-
ment, adolescent IR rats had a lower HOMA-ir than their
young adult controls [t(10) = 2.03, p = 0.031, a priori com-

parison]. Further analysis also showed that adolescent IR
rats that had been treated with risperidone also had a lower
HOMA-ir than their vehicle controls [t(10) = 2.38, p =
0.019, a priori comparison]. These data indicated that the
reduction of HOMA-ir only occurred in IR rats received
the drug treatment at their adolescent. Finally, regarding
insulin sensitivity, there were no effects of REARING or
TREATMENT. However, adolescent rats had a higher Mat-
suda index than young adult rats [TIMING, F(1,40) = 7.10,
p = 0.010] (Fig. 4).

4. Discussion
Although in their first episode, schizophrenic patients

may appear metabolic problems [9,10,21], clinical ap-
proach becomes difficult to clarify the longitudinal relation-
ship between schizophrenia and metabolic abnormalities,
since patients are generally unable keep drug naïve through-
out the full course of the disorder. In the present study, SIR
rats presented higher body weight, plasma triglyceride, and
HOMA-ir than social controls before the risperidone inter-
vention. Thus the occurrence of metabolic abnormalities
cannot be entirely ascribed to the intervention of antipsy-
chotics.

For schizophrenia, a postnatal, development process
is required for the full-blown presentation of its symptoms,
including metabolic/energy dysregulation [22]. Thus the
treatment needs to consider patients’ age to receive the
treatment. In the present study, we began the risperidone
regimen at to two different ages, adolescence (W7) and
young adulthood (W11). As the regimen took 8 weeks, thus
both groups were in their young adult age when metabolic
markers were examined. We found that risperidone early
intervention reduced the plasma level of LDL in both SIR
rats and social controls in which the LDL of young adult
SIR rats were more sensitively to be reduced than their so-
cial controls rats following the 56-days risperidone regi-
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Fig. 4. Effects of treatment, timing, and rearing condition on plasma glucose and HOMA-ir and Matsuda index. SIR plays
a primary role in causing glucose metabolic abnormalities at Day 56. In OGTT, TREATMENT and AGE have no effects on plasma
glucose in IR (A) or SOC rats (B) or their AUC (C). IR rats have an overall higher HOMA-ir level than social controls (D). Risperidone-
treated adolescent IR rats have a lower HOMA-ir level than young adult IR rats. REARING CONDITION and TREATMENT have no
effects on insulin sensitivity as measured with the Matsuda index (E), but young rats have an overall higher Matsuda index than older
rats (N = 6 for each subgroup). Data are represented as group averages + SEM. * p < 0.05; # p < 0.05, main effect of timing.

men. It appears that rats in disease model (i.e., SIR) are
more beneficial than non-disease model (i.e., social con-
trol) following long-term risperidone intervention. This
phenomenon is possibly related to the interaction between
serotonin function and lipid metabolism during develop-
ment [23], in which the 5-HT2 antagonism of risperidone
was found to reduce LDL level [24], that in turn to increase
the brain cell membrane fluidity [25]. As the baseline level
of adolescent of LDL is lower than that of young adult rats
[23,24,26], the latter is more liable to be reduced. Inter-
estingly, for glucose metabolism, only adolescent SIR rats
in our study were benefited. This disparity highlights the
interactions between the experience of social isolation and
the timing of risperidone intervention in terms of metabolic
profile of lipid was different from that of glucose. Note for
male rats following post-weanling isolation stress (which
is the one employed in the present study), insulin is more
sensitive to be affected than LDL [27]. In a clinical study,

Karaman and colleagues demonstrated that risperidone in-
creased the serum level of LDL in child and adolescent
patients with non-psychotic diagnoses (disruptive behavior
disorders, pervasive developmental disorders, and mental
retardation) [28]. It appears that the paradoxical effects of
risperidone on lipid metabolism might be ascribed to the
different origin of pathoetiologies.

Schizophrenic patients have been reported to have in-
sulin malfunction since early 1920s [29], long time ahead
the use of antipsychotics. Increasing evidence of the glu-
cose dysfunction in first episode schizophrenic patients ex-
emplifies that glucose metabolism may occur in untreated
patients [9,10,21]. The parameters of insulin regulation
in our SIR rats revealed a higher HOMA-ir value and un-
affected Matsuda index, which is in line with the evi-
dence that first-episode, antipsychotic-naive schizophrenic
patients exhibited a greater insulin resistance yet their in-
sulin sensitivity remained unchanged [30].
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In addition to that genetic makeup may contribute to
the insulin resistance in schizophrenic patients [10,30], we
demonstrated that age can be a factor to influence the reg-
ulation of insulin performance too, as higher insulin resis-
tance was presented in young adult rather than adolescent
IR rats. Further, the reversal of SIR-induced insulin ab-
normalities by chronic risperidone treatment was also fol-
lowing an age-specific manner; only adolescent SIR rats
were beneficial. Previously we demonstrated that age is
a crucial factor of antipsychotic effects. Risperidone in-
tervention starting from adolescence was superior to that
of adulthood in correcting the SIR-induced PPI deficit of
acoustic startle response and apoptotic changes indexed by
Bcl-2 and Bax/Bcl-2 ratio [31,32]. At the same dose to
correct the SIR-induced PPI deficit [31], risperidone in the
present study rectified the SIR-induced insulin abnormali-
ties, strengthening the idea that earlier treatment is expected
to achieve greater outcome, and justifying the advantage of
SGA in treating abnormalities with a postnatally develop-
mental origin.

Early life stress may induce a series of brain-related,
neuronal activities contributing to insulin regulation and en-
ergy utilization in adulthood. Hypothalamic neurons are
considered the site for antipsychotics to regulate insulin
function [33]. The operation of insulin resistance is de-
pendent on (i) the development of paraventricular nucleus
(PVN) alpha-melanocyte-stimulating hormone (α-MSH)
corticotropin-releasing hormone (CRH) neuron within the
hypopthalamic neurocircuit, and (ii) the establishment of a
dopamine-related reward evaluation [33,34]. These mech-
anisms implicate the involvement of dopamine in the SIR-
induced abnormalities including insulin dysfunction. Note
in the present study effects of risperidone exert largely via
the antagonism of 5-HT2 and D2 receptors. Interestingly,
evidence reveals that 5-HT2 antagonism significantly de-
creased insulin response to glucose challenge, whereas D2
antagonism increased the insulin response [35]. The dispar-
ity might be relevant to the distinctive occupancy of risperi-
done on 5-HT2 andD2 receptors. At the dose to exert its an-
tipsychotic effects, risperidone completely occupies 5-HT2
receptors but within a therapeutic range (i.e., 65–80%) of
the D2 receptors occupancy [36].

Several concerns/limitations must be mentioned in in-
terpreting our data. First, gender can be a crucial fac-
tor to influence metabolic regulations of glucose and lipid
[37]. It becomes more complicated according to interven-
tion time of the pharmacological paradigm (i.e., acute ver-
sus chronic). For example, Boyda and colleagues revealed
a harmful effect of risperidone to increase the insulin resis-
tance in a paradigm of acute administration of the drug in
female Sprague-Dawley rats [38]. Onlymale rats were used
in the present study leaves a gap of knowledge of how fe-
male rats behave in the same experimental context. Second,
the lack of experimental design of multiple doses makes it
difficult to ascertain the dose-response risperidone effects.

Third, although risperidone has been extensively employed
in clinical use, it is unable to represent the whole bunch of
SGAs, thus excessive interpretation should be avoided par-
ticularly in terms of the early intervention of other SGAs.

5. Conclusions
Schizophrenia is thought as a long-term neurodevel-

opmental disorder, any possible aberrant brain operations
causing developmental impact should be considered [39].
By using a rodent paradigm of social isolation since early
life, our findings support the developmental hypothesis
and the primary role of schizophrenia in metabolic abnor-
malities and risperidone appear beneficial when adminis-
tered earlier. It helps to clarify the relationship between
schizophrenia and metabolic abnormalities.
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