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Aims: Chronic treatment with antipsychotics, especially most of atypical ones, leads to development of meta-
bolic abnormalities. Olanzapine is an atypical antipsychotic widely used in the treatment of schizophrenia and
bipolar disorder. The mechanisms underlying olanzapine-induced metabolic adverse effects in the liver, how-
ever, remain unclear. This study was designed to investigate olanzapine-induced insulin-desensitivity in the
liver.
Main methods: Male rats were treated with olanzapine (5mg/kg, by a gavage method, once daily for consecutive
8 weeks. Blood and liver variables were determined enzymatically or histologically. Gene/protein expression
was analyzed by real-time PCR and Western blot.
Key findings: Olanzapine treatment significantly increased fasting plasma insulin concentration, the index of the
homeostasis model assessment of insulin resistance (HOMA-IR), and hepatic triglyceride and fatty droplet ac-
cumulation in rats. Hepatic gene/protein expression profile revealed that olanzapine activated mRNA and
protein expression of sterol regulatory element-binding protein-1c, and mRNA levels of its downstream lipogenic
enzymes, acetyl-CoA carboxylase-1, fatty acid synthase and stearoyl-CoA desaturase-1. More importantly,
phosphorylated protein level of both Ser307 in insulin receptor substrate (IRS)-1 and Ser731 in IRS-2 was in-
creased. Furthermore, phosphorylation of Tyr607 in phosphoinositide 3-kinase (PI3K) p85α, Ser473 in Akt and
Ser2448 in mammalian target of rapamycin was also enhanced.
Significance: Our results suggest that the IRS/PI3K/Akt signaling pathway mediates olanzapine-induced hepatic
insulin resistance in male rats. Our findings may provide better understanding of the antipsychotic-induced
metabolic adverse effects.

1. Introduction

Insulin is a well-known hormone that is associated with regulation
of glucose and lipid metabolism. When insulin receptors in the insulin
target tissues fail to respond appropriately to insulin, insulin resistance
happens. The statement is existent in a majority of people with the
metabolic syndrome. Insulin resistance is associated with various
modern chronic illnesses, such as dyslipidemia, type 2 diabetes, non-
alcoholic fatty liver diseases and cardiovascular diseases [1]. Recently,
increasing worldwide prevalence of neuropsychiatric disorders results

in dramatically-expanded use of antipsychotics [2,3]. Antipsychotics
are known to link to many metabolic changes. Chronic treatment with
antipsychotic drugs, especially most of atypical ones, leads to devel-
opment of metabolic abnormalities, such as insulin resistance, hyper-
triglyceridemia and fatty liver in rodents and humans [2–4]. Olanza-
pine is an atypical antipsychotic that is widely used in the treatment of
schizophrenia and bipolar disorder. Although this second-generation
antipsychotic has a superior effect on schizophrenia and a lower risk of
causing movement adverse effects than first-generation antipsychotics,
it often induces more metabolic side effects [3]. Many studies have
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demonstrated that acute and chronic treatment with olanzapine induces
systemic and hepatic insulin resistance [2,3,5–14], hypertriglycer-
idemia and fatty liver [2–4] in rodents and humans. However, the
underlying mechanisms are still largely unknown.

The liver, one of the major target organs of insulin, plays a central
role in lipid and glucose metabolism [15]. Hepatic insulin resistance is a
common feature of obesity and type 2 diabetes [16,17]. Insulin receptor
substrate (IRS)-1 and IRS-2 are necessary for many insulin responses to
various stimuli [18]. Impairment of the IRS signals is associated with
induction and aggravation of insulin resistance [19,20]. Phosphoino-
sitide 3-kinase (PI3K)s, a family of intracellular signal transducer en-
zymes, are associated with an extraordinarily diverse group of cellular
functions [21]. The serine/threonine kinase Akt (protein kinase B) is a
downstream target enzyme of PI3K signaling. Akt is a mostly important
and versatile protein kinase. It plays diverse cellular roles in cell sig-
naling downstream of growth factors, cytokines, and other cellular
stimuli-mediated cell survival, growth, proliferation, angiogenesis,
metabolism, and migration [22]. The IRS/PI3K/Akt signaling pathway
has been suggested to play an important role in regulating insulin sig-
naling and lipid metabolism [21–23].

In the context, the present study investigated the role of the IRS/
PI3K/Akt signaling pathway in olanzapine-induced hepatic insulin re-
sistance in male rats.

2. Materials and methods

2.1. Rats, diet and experimental protocol

All experimental procedures were setup in accordance with the
‘Principles of laboratory animal care’ (http://grants1.nih.gov/grants/
olaw/references/phspol.htm), and approved by the Animal Ethics

Committee, Southern Medical University, China.
It has been reported that treatment with antipsychotics including

olanzapine results in an increase in body weight in female, but not male
rats [2,24,25]. To exclude the interference of body weight change with
glucose and lipid metabolism, male rats were used in this study. Male
Sprague–Dawley rats weighing 150-180 g and standard laboratory
chow were purchased from the laboratory animal center, Southern
Medical University, China. The rats were housed in a SPF-degree fa-
cility (22 ± 1 °C, 55 ± 5% relative humidity) with a 12-h light/dark
cycle. Rats were free access to tap water and the chow for 1 week before
the start of experiment.

It has been reported that acute and chronic treatments with olan-
zapine from 2.5 to 15mg/kg/day cause insulin resistance and excessive
hepatic lipid accumulation [2–14,26]. Based on the previous reports
and our preliminary experiments, 5 mg/kg was chosen as the dose of
olanzapine in the present study. Sixteen rats were grouped as vehicle
control group and olanzapine-treated group (n=8 each). Olanzapine
group was given olanzapine (5mg/kg, Civi Chem & Applications Pvt.
Ltd., Shanghai, China, suspended in 5% Gum Arabic solution, by a
gavage method, once daily for consecutive 8 weeks), while the control
group was given 5% Gum Arabic alone. To decrease the interference of
stress, two animals only were housed in a cage. All rats were free access
to the diet and tap water. The consumed chow per cage was weighed
daily. At week 7, overnight-fasting blood sample was collected for de-
termination of plasma concentrations of glucose (kit from Shanghai
Rongsheng Biotech, Shanghai, China), insulin (kit from Shanghai Mlbio
Biotechnology, Shanghai, China), total cholesterol and triglyceride (kits
from Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and
non-esterified fatty acid (NEFA) (NEFA-C kit, Wako, Osaka, Japan)
using enzymatic methods or by ELISA. The indexes of the homeostasis
model assessment of insulin resistance (HOMA-IR) and adipose tissue
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Fig. 1. Plasma glucose concentrations at the baseline (a) and during OGTT (b), fasting insulin concentration (c), the HOMA-IR index (d), total cholesterol (e),
triglyceride (f), NEFA (g) and the adipose tissue insulin resistance (Adipo-IR) index (h) in olanzapine-treated and the corresponding control groups. Data are
means± SEM (n=8 each group). *P < 0.05.
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insulin resistance (Adipo-IR) were calculated according to the following
formulas: [fasted insulin (μIU/mL)× fasted glucose (mM)]/22.5 and
[fasted insulin (mmol/L)× fasted NEFA (pmol/L)], respectively [27].
Immediately followed blood sampling, an oral glucose tolerance test
was performed. Briefly, a glucose solution (2 g/kg in 5mL) was given
by oral gavage. Blood samples were collected again 20, 60 and 120min
after glucose feeding for determination of plasma glucose concentra-
tions. At week 8, overnight-fasting rats (still free access to water), were
weighed and euthanized by prompt dislocation of the neck vertebra
under anesthesia. Liver was dissected and weighed. Segments of liver
were flash frozen in liquid nitrogen and stored at−80 °C for subsequent
determination of triglyceride and total cholesterol contents, and gene/
protein expression.

2.2. Determination of hepatic total cholesterol and triglyceride contents

The determination was carried out as described previously [25].
Briefly, a liver section was homogenized and extracted with iso-
propanol (100mg/2mL). Total cholesterol and triglyceride concentra-
tions in the supernatant (3000 rpm centrifugation) were determined
enzymatically (kit from Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The hepatic total cholesterol and triglyceride contents
were calculated accordingly.

2.3. Histological examination

Six-micron frozen section of the liver was stained with the Oil Red O
method, and the stained area (fatty droplet accumulation) was de-
termined using an ImageJ 1.43 analyzing system. The ratio (%) of the
Oil Red O-stained area (Red) to total tissue area was calculated ac-
cordingly.

2.4. Real-time PCR

Guided by the manufacturer's instructions, hepatic cDNA was syn-
thesized (M-MLV RTase cDNA Synthesis, Kits from Takara, Dalian,
China). Real time PCR was performed with the LIGHTCYCLER 480
Real-Time PCR Detection System (LIGHTCYCLER 480, Roche,
Germany) using the SYBR® Premix Ex Taq™ II (Takara, Dalian, China).
The sequences of primers are shown in Supplementary materials:
Table 1. mRNA expression was normalized against the corresponding
control gene β-actin. The expression of the target gene in the corre-
sponding control was arbitrarily assigned a value of 1.

2.5. Western blot

Individually-isolated total protein (30 μg) was separated on 8% SDS-
polyacrylamide gels and transferred to Polyvinylidene Fluoride
Membrane. Total IRS (tIRS)-1, phosphorylated IRS-1 at Ser307 (pSer307),
total IRS (tIRS)-2, phosphorylated IRS-2 at Ser731 (pSer731), sterol
regulatory element-binding protein (SREBP)-1c and carbohydrate-re-
sponse element-binding protein (ChREBP), total phosphoinositide 3-
kinase (tPI3K) p85α, phosphorylated PI3K p85α at Tyr607 (pTyr607),
total Akt (tAkt), phosphorylated Akt at Ser473 (pSer473), total mam-
malian target of rapamycin (mTOR) (tmTOR), and phosphorylated
Ser2448 in mTOR (pSer2448) (dilutions and the makers of the first anti-
bodies are shown in Supplementary materials: Table 2) were detected
with rabbit polyclonal antibody. Detection of signals was performed
using the ECL Western blot detection kit (Proteintech Group, Inc.,
Chicago, USA) with anti-rabbit horseradish peroxidase-conjugated IgG
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) as the second anti-
body. Polyclonal rabbit β-actin antibody (Cell Signaling Technologies,
Beverly, MA, USA) was used as the loading control to normalize the
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Fig. 2. Liver weight (a), liver total cholesterol content (b), liver triglyceride content (c), Oil Red O-stained area (d), and representative images showing hepatic fatty
droplet accumulation (Oil Red O staining, E and F, X 1000) in olanzapine-treated and their corresponding control groups. Data are means ± SEM (n=8 each
group). *P < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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signal obtained for proteins. The density of immunoreactive bands was
measured using ImageJ 1.43. The corresponding control levels were
arbitrarily assigned a value of 1.

2.6. Data analysis

All digital data are expressed as mean ± SEM. All statistical ana-
lyses were performed using StatView (Version 5.0.1) for Windows (SAS
Institute Inc., Cary, NC, USA). Student's t-test was used to evaluate
whether differences between the treatment group and the corre-
sponding control group were significant. P < 0.05 indicates statistical
significance.

3. Results

3.1. Chow intake, body weight, and blood biochemical parameters in rats

Administration of olanzapine for 8 weeks did not affect chow intake
and body weight (Supplementary materials: Table 3).

Olanzapine did not affect plasma glucose concentrations either
under fasting condition (Fig. 1a) or during OGTT (Fig. 1b) in rats.
However, it significantly increased plasma insulin concentration
(Fig. 1c) and the HOMA-IR index (Fig. 1d). Treatment with olanzapine
did not significantly affect plasma concentrations of total cholesterol
(Fig. 1e), triglyceride (Fig. 1f), NEFA (Fig. 1g) and the Adipo-IR index
(Fig. 1h).

3.2. Hepatic parameters in rats

Treatment with olanzapine did not significantly affect liver weight
(Fig. 2a) and total cholesterol content (Fig. 2b), but it substantially

increased triglyceride content (Fig. 2c). Histological examination
showed a substantial increase in Oil Red O-stained area in the hepa-
tocytes of olanzapine-treated rats, compared to that in the corre-
sponding controls (Fig. 2d–f).

3.3. Hepatic gene/protein expression profile in rats

Treatment with olanzapine substantially upregulated SREBP-1c
mRNA (Fig. 3a) and protein (Fig. 3b and Supplementary materials:
Fig. 1) expression. However, it did not induce change in hepatic mRNA
(Fig. 3c) and protein (Fig. 3d and Supplementary materials: Fig. 1)
expression of ChREBP. Hepatic mRNA expression of acetyl-CoA car-
boxylase (ACC)-1, fatty acid synthase (FAS) and stearoyl-CoA desa-
turase (SCD)-1 (Fig. 3e) was upregulated by olanzapine.

Western blot analysis also showed that treatment with olanzapine
did not affect protein expression of tIRS-1 (Fig. 4a and Supplementary
materials: Fig. 1) and tIRS-2 (Fig. 4d and Supplementary materials:
Fig. 1), but it significantly increased pSer307 in IRS-1 (Fig. 4b and
Supplementary materials: Fig. 1) and pSer731 in IRS-2 (Fig. 4e and
Supplementary materials: Fig. 1) at baseline (fasting condition). The
increases in phosphorylated proteins contributed to upregulation of the
ratios of pSer307 in IRS-1 to tIRS-1 (Fig. 4c) and pSer731 in IRS-2 to tIRS-
2 (Fig. 4f).

Although tPI3K p85α (Fig. 5a and Supplementary materials: Fig. 2)
and tAkt (Fig. 5d and Supplementary materials: Fig. 2) protein levels
remained unchanged, pTyr607 in PI3K p85α (Fig. 5b and Supplementary
materials: Fig. 2) and pSer473 in Akt (Fig. 5e and Supplementary ma-
terials: Fig. 2) were upregulated, the ratios of pTyr607 in PI3K p85α to
tPI3K p85α (Fig. 5c) and pSer473 in Akt to tAkt (Fig. 5f) were also in-
creased by olanzapine treatment. Similarly, olanzapine elevated
pSer2448 in mTOR protein level (Fig. 6b and Supplementary materials:
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Fig. 2), but it did not affect tmTOR protein expression (Fig. 6a and
Supplementary materials: Fig. 2). The ratio of pSer2448 in mTOR to
tmTOR was increased (Fig. 6c).

4. Discussion

At the initial stage of insulin resistance, an increase in insulin se-
cretion of β-cells with compensatory mechanisms results in hyper-
insulinemia, which keeps blood glucose concentration still at the
normal level. The HOMA-IR index has been suggested to evaluate he-
patic insulin sensitivity [27]. Hyperinsulinemia may trigger hepatic de
novo lipid synthesis by activating SREBP-1c, one of the key transcript
factors; thus excessive lipid accumulation in the hepatocytes is strongly
associated with the development of hepatic insulin resistance [28,29].
In the present study, chronic treatment with olanzapine strikingly in-
creased fasting plasma insulin concentration and the HOMA-IR index,
although it did not significantly affect plasma glucose concentrations at
the baseline and during OGTT in male rats. Furthermore, olanzapine
also induced excessive hepatic triglyceride and fatty droplet accumu-
lation, accompanied by activation of hepatic SREBP-1c and its down-
stream lipogenic genes ACC-1, FAS and SCD-1. Thus, the results suggest
that chronic treatment with olanzapine induces hepatic insulin re-
sistance in male rats.

IRS signal impairment is closely associated with development of
insulin resistance. Generally, serine phosphorylation is deleterious to
IRS signaling [30]. Serine phosphorylation of IRS-1 is increased in in-
sulin-resistant states, and plays a key role in the development of insulin
resistance [31]. Ser307 in IRS-1 has been indicated as a molecular in-
dicator of insulin resistance when the serine residues of IRS-1 are
phosphorylated in response to stimuli [32]. Increased pSer307 in IRS-1
diminishes insulin signaling [32]. In addition to IRS-1, IRS-2 is also a

major player of insulin action in the liver [33]. Phosphorylation at
Ser731 is counter regulatory, thus used as a marker to evaluate IRS-2
disruption-mediated impaired insulin signaling [34]. In the present
study, treatment with olanzapine substantially increased hepatic
pSer307 in IRS-1, pSer731 in IRS-2, and the ratios of pSer307 to tIRS-1 and
pSer731 to tIRS-2. Thus, these results suggest the role of olanzapine-
induced IRS signal impairment in development of hepatic insulin re-
sistance.

Accumulated evidence has suggested that the PI3K/AKT signaling
pathway is required for normal glucose and lipid metabolism, and the
imbalance of the pathway leads to development of obesity and type 2
diabetes as the results of insulin resistance [35]. PI3K p85α regulatory
subunit is expressed ubiquitously and recognized as an important ne-
gative regulator of insulin action via phosphorylating IRS proteins [31].
It suppresses insulin action in the liver, and plays an important role in
maintaining hepatic lipid homeostasis by regulating SREBP-1c activities
[23,34,36]. Overexpression of this subunit results in insulin resistance
[31,37]. It has been demonstrated both in vitro and in vivo that Tyr607

is one of the tyrosine phosphorylation sites of PI3K p85α subunit by
insulin receptor [38]. Akt is a downstream kinase of PI3K [22]. The
regulatory effects of PI3K on hepatic glucose and lipid metabolism are
mediated by Akt [36]. Akt is also associated with mTOR to form the
Akt-mTOR axis that has been suggested as central to the insulin sig-
naling cascade [39]. Basal Akt phosphorylation at Ser473 has been re-
ported to be elevated in the livers of obese insulin-resistant mice [40]
and in human primary myotubes overexpressing adipose triglyceride
lipase contributes to insulin resistance [41]. It has been demonstrated
that olanzapine increases the PI3K pathway-mediated Akt phosphor-
ylation at Ser473 in pheochromocytoma cells [42]. Ser2448 phosphor-
ylation has been suggested to assess mTOR kinase activation or as a
proxy measure of induction of the mTOR pathway in a large number of
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studies [43]. In the present study, treatment with olanzapine sub-
stantially upregulated hepatic pTyr607 in PI3K p85α, pSer473 in Akt, and
their ratios to the total proteins. These results demonstrated that
olanzapine enhanced the PI3K p85α subunit and Akt phosphorylation.
Furthermore, olanzapine upregulated downstream effector pSer2448 in
mTOR and its ratio to mTOR total protein. It appears that the PI3K/Akt
signaling is involved in IRS disruption-mediated hepatic insulin re-
sistance in olanzapine-loaded rats.

5. Conclusion

Taken together, the present results demonstrate that the IRS/PI3K/
Akt signaling pathway mediates olanzapine-induced hepatic abnorm-
alities of lipid and glucose metabolism in male rats (see the overview of
the underlying mechanisms in Fig. 7). Our findings may provide better
understanding of the antipsychotic-induced metabolic adverse effects.
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