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Simvastatin improves olanzapine-induced dyslipidemia in rats
through inhibiting hepatic mTOR signaling pathway
Xue-mei Liu1,2, Xiao-min Zhao1, Chao Deng3,4, Yan-ping Zeng1 and Chang-hua Hu1,2

Second-generation antipsychotic drug (SGA)-induced metabolic abnormalities, such as dyslipidemia, are a major clinical problem for
antipsychotic therapy. Accumulated evidences have shown the efficacy of statins in reducing SGA-induced dyslipidemia, but the
underlying mechanisms are unclear. In this study, we explored whether mTOR signaling was involved in olanzapine (OLZ)-induced
dyslipidemia as well as the lipid-lowering effects of cotreatment of simvastatin (Sim) in rats. Model rats received OLZ (1.0 mg/kg, t.i.d.)
for 7 weeks; from the third week a group of model rats were cotreatment of Sim (3.0 mg/kg, t.i.d.) for 5 weeks. We found that OLZ
treatment significantly increased the plasma triglyceride (TG) and total cholesterol (TC) levels, and promoted lipid accumulation in
the liver, whereas cotreatment of Sim reversed OLZ-induced dyslipidemia. Hepatic mTORC1 and p-mTORC1 expression was
accelerated in the OLZ treatment group, with upregulation of mRNA expression of sterol regulatory element-binding protein 1c
(SREBP1c) and its target genes, whereas these alterations were ameliorated by Sim cotreatment. In HepG2 cells, rapamycin (a mTOR
inhibitor) significantly reduced the OLZ-stimulated hepatocellular lipid contents and weakened the ability of Sim to lower lipids via a
mechanism associated with the upregulation of SREBP1c-mediated de novo lipogenesis. Our data suggest that OLZ induces lipid
accumulation in both plasma and liver, and Sim ameliorates OLZ-induced lipid metabolic dysfunction through its effects on mTOR
signaling via reducing SREBP1c activation and the downregulation of gene expression involved in lipogenesis. These data provide a
new insight into the prevention of metabolic side effects induced by antipsychotic drugs.
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INTRODUCTION
Use of second-generation antipsychotic drugs (SGAs), including
olanzapine (OLZ), has increased exponentially worldwide for the
treatment of a variety of mental disorders [1–3]. SGA-induced
metabolic abnormalities, such as dyslipidemia, are a major clinical
problem for antipsychotic therapy.
Over past decades, studies of the metabolic side effects induced

by OLZ have focused on central nervous system (CNS) mechan-
isms [4]. However, previous studies have shown that OLZ can
stimulate sterol regulatory element-binding protein 1c (SREBP1c)
activation and expression of its downstream fatty acid synthase-
regulated genes in cultured cells and the rat liver [5–8]. SREBP1c is
a key transcription factor that mediates lipogenic gene expression
in the liver. Recently, the mammalian target of rapamycin (mTOR)
was reported to be involved in the lipid metabolic disorders
induced by OLZ [9]. mTOR senses growth factors, nutrients, and
cellular energy, and greatly contributes to the regulation of
metabolic homeostasis [10–12]. In the liver, mTOR complex 1
(mTORC1) is thought to function as a growth factor sensor that
promotes anabolic metabolism by driving protein and lipid
biosynthesis [13]. Overactivation of mTORC1 may contribute to
obesity and diabetes [10]. Moreover, the mTORC1 signaling

pathway was reported to play an important role in regulating
lipid biosynthesis and lipogenesis through SREBP1c and peroxi-
some proliferator-activated receptor gamma (PPAR-γ) [14, 15].
However, the underlying mechanisms of OLZ and whether
SREBP1c is regulated through mTORC1 to stimulate de novo
lipogenesis in the liver are not fully understood.
Statins are inhibitors of 3-hydroxy-3-methylglutaryl-COA (HMG-

CoA) reductase and may be considered as a potential primary
preventive and therapeutic approach for reducing SGA-induced
dyslipidemia in schizophrenic patients. Many studies have
reported the effect of statins, including atorvastatin [16], lovastatin
[17], rosuvastatin [18], and simvastatin [19], in lowering the
triglyceride (TG), total cholesterol (TC), and low-density lipoprotein
cholesterol (LDL-C) levels of psychiatric patients with dyslipidemia
induced by SGAs with effectiveness similar to that seen in other
clinical trials. However, whether the antidyslipidemic activity of
statins occurs simply through their action as a HMG-CoA reductase
inhibitor or through other mechanisms is unclear. Recently, a
clerodane diterpene, a new structural class of HMG-CoA reductase
inhibitors apart from statins, isolated from Polyalthia longifolia has
been reported to reduce lipid accumulation in preadipocytes by
lowering Akt/mTOR phosphorylation [20]. Commonly, simvastatin
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(Sim) is used as a hypolipidemic drug to control blood cholesterol
levels and high cholesterol and prevent cardiovascular diseases
[21]. Therefore, the purpose of this study was to evaluate the role
of mTOR signaling in the dyslipidemia induced by OLZ and the
lipid-lowering effects of Sim cotreatment in a rat model.

MATERIALS AND METHODS
Ethical statement
All animal experiments were performed in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals (Publication No. 85-23, revised 1985) and
were approved by the Experimental Animal Ethics Committee of
the School of Pharmaceutical Sciences, Southwest University,
Chongqing, China. Minimizing the number of animals and their
suffering was our general practice throughout this study. For
example, after the rats arrived in the animal house, they were
kept for over a week without any experiments to reduce any
stress caused during transportation. The rats were also handled
(touched) daily during feeding to allow the animals to adapt to
human contact.

Animals and treatment
Female Sprague–Dawley (SD) (45–55 g) rats were purchased from
Chongqing Traditional Chinese Medicine Research Institute
(China) and housed in conventional rat cages in an air-
conditioned room with a 12 h light/dark cycle (lights on: 07:00
AM, 22 °C) with ad libitum access to a standard laboratory chow
diet and water throughout the study. The rats were trained to self-
administer a blank sweet cookie dough pellet (0.3 g, including
31.0% sucrose, 30.8% cornstarch, 15.5% casein, 8.4% minerals,
6.4% fiber, 6.3% gelatin, and 1.6% vitamins) for 1 week [22]. All
animal experiments were performed in accordance with the
National Institute of Health Guide for the Care and Use of
Laboratory Animals (Publication No. 85-23, revised 1985) and were
approved by the Experimental Animal Ethics Committee of School
of Pharmaceutical Sciences, Southwest University, Chongqing,
China.
As shown in Fig. 1, the administration plan was established as

follows. The rats were randomly divided into the vehicle
administration group (n= 18) (received a blank sweet cookie
dough pellet) and the OLZ treatment group with oral administra-
tion of a pill via a cookie dough pellet (1.0 mg/kg, t.i.d, n= 18; Eli
Lilly, USA). After 2 weeks of continuous treatment, the rats in the
vehicle administration group were divided into a control group (n
= 9) and a Sim-only group with oral administration of a pill via a
cookie dough pellet (3.0 mg/kg, t.i.d, n= 9; Merck, USA). The rats
receiving OLZ treatment were divided into an OLZ-only group (1.0
mg/kg, t.i.d, n= 9) and an OLZ+ Sim cotreatment (OLZ+ Sim)
group (n= 9) for another 5 weeks of treatment.

Blood and tissue sampling
After completion of drug administration, all rats were fasted for
10 ± 2 h before sacrifice by ether anesthesia. The liver was
collected, frozen in liquid nitrogen immediately and then stored
in a −80 °C freezer for subsequent analysis. Cardiac blood
samples were collected in EDTA-coated tubes and then
centrifuged at 4 °C at 1000 × g for 15 min to isolate the plasma.
The plasma TG and TC levels were measured immediately
according to the kit procedures.

Plasma lipid levels and liver enzyme measurements
Plasma TG, TC, and liver enzymes from the rats were measured
using Test Kits (Nanjing JianCheng, China). After calibration with the
blank tube, the absorbance of a standard tube and each sample
tube was measured at 549 or 340 nm. The concentrations were
calculated according to the formula: (Atest/Astandard) × Cstandard.

Histological investigation
For detection of lipids in liver tissue, 10 μm frozen sections
were fixed with 10% paraformaldehyde and stained with
hematoxylin and eosin (H&E; Sigma, USA). Briefly, the
slides were placed in xylene for 1 min, followed by 100, 95, 80,
and 70% ethanol for 1 min each. Then, hematoxylin staining
was performed for 5 min, and the slides were placed in
eosin solution for 2 min. The dehydration procedures were
performed as follows: after the slides were dipped in dH2O,
they were incubated in 70, 80, 95, and 100% ethanol for 30 s or
1 min. HepG2 cells fixed in wells were stained with filtered
oil red O solution (0.5% in isopropanol, followed by a 60%
dilution in distilled water) for 10 min. After washing with
distilled water, the slides were counterstained with hematoxylin
for 2 min, rinsed with water and mounted. For quantitative
analysis of H&E staining, two adjacent sections on the same slide
(n= 6 for individual livers) in each treatment group were
examined, and images were taken with the Olympus IX-71
microscope and quantitatively analyzed using Fiji ImageJ
(https://imagej.net/Fiji).

Hepatocytes and treatment
HepG2 cells, which are a human hepatoma cell line, were obtained
from the Cell Bank of the Institute of Biochemistry and Cell Biology
(Shanghai, China). The cells were cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum, 1 U/mL of penicillin
and 1mg/mL of streptomycin and were cultured in an atmo-
sphere containing 5% CO2 at 37 °C. All drugs were dissolved in
pure DMSO (Sigma). Cell proliferation was assessed with the MTT
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide)
method in the presence of final concentrations of 10 μM OLZ,
25 μM Sim, and 50 nM rapamycin. DMSO was adjusted to 0.1% in
the culture medium.

Quantitative real-time RT-PCR
To further explore the effects of OLZ and/or Sim cotreatment on
hepatic lipid metabolism, mRNA expression was examined by
quantitative RT-PCR. Total RNA was extracted from the liver
tissues and cells according to the protocol of the RNA extraction
kit (TianGen, China). First-strand cDNA was synthesized with the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany).
Real-time PCR was performed with the SYBR Green Select
Master Mix (Applied Biosystems, USA) on the MyCyclerTM system
(Bio-Rad, Hercules, CA, USA). Gapdh and β-actin were used as
the endogenous controls. The cycling parameters were 95 °C
for 2 min, 1 cycle; 95 °C for 15 s, 60 °C for 15 s, and 72 °C 1 min,
40 cycles; 65 °C for 5 s and 95 °C for 5 s. The primer were
synthesized by Shenggong (China); the sequences are shown
in Table 1 (rats) and Table 2 (human). The relative mRNA levels
were calculated using the formula 2−ΔΔCt and normalized to the
control.Fig. 1 Outline of the experimental design in rats
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Western blotting
For the cell line samples, the cells were washed with precooled PBS
three times. RIPA lysis buffer containing 1% 0.5mM PMSF were
added, and the cells were incubated at 4 °C for 30min. After mixing
with a pipette, the cells were collected and centrifuged at 12,000
rpm and 4 °C for 10min. For the rat liver tissues, RIPA lysis buffer
containing 1% 0.5mM PMSF was added at 100mg/mL, and the
tissue was fully homogenized. After centrifugation at 12,000 rpm
and 4 °C for 10min, the supernatant was saved as a protein extract,
and the protein concentrations were quantified using the micro-
BCA protein assay kit (Dingguo, China). The total protein extracts
were separated by SDS-PAGE and transferred to a PVDF membrane.
After blocking with 5% skimmed milk in TBST with 0.1% Tween 20
for 1.5 h, the membranes were incubated with primary antibodies
overnight at 4 °C. The following primary antibodies were diluted
1:1000 in milk-TBS-T: SREBP1c (Abcam), LXRα/LXRβ (Proteintech),
β-actin (Santa Cruz), mTOR and phospho-mTOR (serine 2448)
(Cell Signaling Technology). The secondary anti-mouse and anti-
rabbit antibodies (Santa Cruz) were diluted 1:10,000 in milk-TBS-T,
and the membranes were incubated with the corresponding
HRP-conjugated secondary antibodies. The images with specific
bands were captured with an ECL Western blotting kit according to
the recommended procedure.

Statistical analysis
All statistical analyses were carried out with the SPSS software
(IBM version 17.0, SPSS Inc., USA), and the results were expressed
as the mean ± SEM. Two-way (OLZ × Sim) analysis of variance
(ANOVA) was applied to analyze the data, followed by the post
hoc Dunnett’s t test for multiple comparisons. P < 0.05 was
considered statistically significant.

RESULTS
Simvastatin decreased the fasting lipid levels in the blood and the
fat accumulation in the liver induced by OLZ
As shown in Table 3, the OLZ-only treatment significantly elevated
the fasting plasma TG levels (OLZ, 1.27 ± 0.04mM vs. Control, 0.85 ±
0.06mM, P < 0.01), whereas Sim-only treatment decreased the TG
levels (Sim, 0.59 ± 0.06mM vs. Control, 0.85 ± 0.06mM, P < 0.05). The
TG levels were significantly lower in the OLZ+ Sim cotreatment
group than in the OLZ-only group (P < 0.01). The plasma TC
concentration was also increased in the OLZ-only group compared
to that of the control (OLZ, 2.74 ± 0.06mM vs. Control, 2.45 ± 0.03
mM, P < 0.01), whereas Sim reduced the TC level (Sim, 2.22 ± 0.10
mM vs. Control, 2.45 ± 0.03mM, P < 0.05). The TC level in the OLZ+
Sim combined group was also decreased by ~11.3% compared to
that of the OLZ-only treatment group (OLZ+ Sim, 2.43 ± 0.05mM
vs. OLZ, 2.74 ± 0.06mM, P < 0.01). Additionally, the OLZ-only rats
displayed a significantly higher body weight gain (P < 0.05, Table 3)
and liver weight (P < 0.05, Fig. 2d), whereas the OLZ+ Sim
cotreatment reversed the weight gain compared with that of the
OLZ-only treatment group. However, alanine aminotransferase (ALT)
and aspartate transaminase (AST) showed no significant changes in
any of the treatment groups.
Compared with that of the control, OLZ-only treatment

significantly increased positive-ORO staining for neutral
lipids (~50.0% elevation, P < 0.05), whereas cotreatment with
Sim significantly lowered the positive ORO staining by ~26.7%
compared with that of the OLZ-only treatment (Fig. 2). The
Sim-only group had lower lipid accumulation than the control
(~10% reduction, Fig. 2c).

Table 2. qRT-PCR primers (for HepG2 cell line)

Primer Sequences (5′–3′, forward) Sequences (5′–3′, reverse)

Gapdh GAAGGTCGGAGTCAACGGATT CGCTCCTGGAAGATGGTGAT

β-Actin GCAAGAGAGGCATCCTCACC CGTAGATGGGCACAGTGTGG

Srebp-1 GCGGAGCCATGGATTGCAC CTCTTCCTTGATACCAGGCCC

Fas CATCGGCGACGTGGGCATTTTG CCGGGTTCACCAGCAGGGAGCG

Acc GTGGTGGTCTACTCTGATGTCA CCACAGTGAAATCTCGTTGAGA

Acly ACCCAGAGGAAGCCTACATTGC TTCGCCAGTTCGTTGACACC

Scd1 CCGACGTGGCTTTTTCTTCT TGGGTGTTTGCGCACAAG

Table 3. Plasma lipid levels and other biochemical parameters of rats after treatment of olanzapine and/or simvastatin for 5 weeks

Group TG (mmol/L) TC (mmol/L) ALT (U/L) AST (U/L) AST/ALT BWG (g)

Control 0.85 ± 0.06 2.45 ± 0.03 24.89 ± 1.69 66.34 ± 6.58 2.67 ± 0.22 173.3 ± 4.5

OLZ-only 1.27 ± 0.04** 2.74 ± 0.06** 29.50 ± 1.67 75.60 ± 2.87 2.56 ± 0.18 233.2 ± 7.9**

Sim-only 0.59 ± 0.06* 2.22 ± 0.10* 28.56 ± 1.85 79.21 ± 3.74 2.77 ± 0.14 153.0 ± 6.9*

OLZ+ Sim 0.84 ± 0.03## 2.43 ± 0.05## 31.23 ± 2.11 82.15 ± 7.23 2.63 ± 0.17 205.3 ± 10.3#

*P < 0.05, **P < 0.01 vs. control; #P < 0.05, ##P < 0.01 vs. OLZ-only
OLZ+ Sim: OLZ cotreatment with Sim
TG triglyceride, TC total cholesterol, ALT alanine aminotransferase, AST aspartate transaminase, BWG body weight gain

Table 1. qRT-PCR primers (for rats)

Primer Sequences (5′–3′, forward) Sequences (5′–3′, reverse)

Gapdh ACCGCAACAGGGTGGTGGAC TTTGAGGGTGCAGCGAACTT

β-Actin CACCCGCGAGTACAACCTTC CCCATACCCACCATCACACC

Srebp-1 GGAGCCATGGATTGCACATT CCTGTCTCACCCCCAGCATA

Fas TGGTTCATTCCGTGACTG TGTCCTTCGGTTCTTTCC

Acc TGTGAACCTGAGAAATAGCA GTGTTCAGAAGTGTGTGAGC

Acly ATGCCCCAAGATTCAGTCCC TCATCTCGGGAGCACACGTA

Scd1 ATGCCCCAAGATTCAGTCCC TCATCTCGGGAGCACACGTA
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Simvastatin treatment downregulated the expression of SREBP1
and its target genes in the rat liver
To further explore the effects of OLZ and Sim cotreatment on
hepatic lipid metabolism, mRNA expression levels were examined
by quantitative RT-PCR (Fig. 3), including sterol regulatory
element-binding protein 1 (Srebp1), fatty acid synthase (Fasn),
ATP citrate lyase (Acly), acetyl-CoA carboxylase (Acc), and stearoyl-
CoA desaturase-1 (Scd-1), as shown in Fig. 3a–e. The OLZ-only
treatment significantly upregulated the expression of these genes
compared to that of the control (Srebp1, 2.77 ± 0.11-fold, P < 0.01;
Fasn, 3.84 ± 0.41-fold, P < 0.01; Acc, 1.84 ± 0.20-fold, P < 0.05; Acly,
3.53 ± 0.44-fold, P < 0.01, and Scd-1, 11.17 ± 0.30-fold, P < 0.05).
The Sim-only treatment significantly decreased Srebp1, Acly, and
Scd-1 mRNA expression compared to that of the control (0.43 ±
0.25-fold, P < 0.05; 0.47 ± 0.40-fold, P < 0.05; and 0.64 ± 0.35-fold,
P < 0.05). Compared to that of the OLZ-only treatment, the OLZ+
Sim cotreatment resulted in a significant decrease in Srebp1
(OLZ+ Sim, 0.74 ± 0.13-fold vs. OLZ, 2.77 ± 0.17-fold, P < 0.05),
Fasn (OLZ+ Sim, 2.00 ± 0.37-fold vs. OLZ, 3.85 ± 0.41-fold, P <
0.05), Acc (OLZ+ Sim, 0.79 ± 0.25-fold vs. OLZ, 1.84 ± 0.20-fold,
P < 0.05), Acly (OLZ+ Sim, 1.31 ± 0.28-fold vs. OLZ, 3.53 ± 0.41-fold,
P < 0.05), and Scd-1 (OLZ+ Sim, 0.66 ± 0.31-fold vs. OLZ, 11.47 ±
0.21-fold, P < 0.01) gene expression.

Effects of OLZ and/or simvastatin treatment on mTOR signaling in
the rat liver
As shown in Fig. 4, OLZ-only treatment significantly increased the
mTOR total protein level (1.26 ± 0.10-fold of the control, P < 0.05;

Fig. 4b) and Ser248 phosphorylation (p-mTOR) (1.20 ± 0.09-fold
of the control, P < 0.05; Fig. 4c) compared to those of the
control. In the Sim-only group, the relative mTOR protein
expression level was 0.91 ± 0.11-fold that of the control, but the
difference was not significant. Relative p-mTOR protein
expression in the Sim-only group was 0.84 ± 0.10-fold that of the
control (P < 0.05; Fig. 4c). Compared to those of the OLZ-only
treatment, the OLZ and Sim cotreatment lowered the mTOR
protein level by 26.19% (P < 0.01; Fig. 4b) and relative p-mTOR
expression by 17.74% (P < 0.01; Fig. 4c).

Effects of OLZ and Sim cotreatment on lipid metabolism following
mTOR inhibition in hepatocytes
To confirm the effect of OLZ and/or Sim cotreatment on
liver lipid metabolism via the mTOR pathway, cultured HepG2
cells were stained with ORO and hematoxylin after drug
treatment. The ORO staining results showed that compared
to that of the control, the OLZ-only treatment significantly
increased lipid droplets by ~43.9% in HepG2 cells (Fig. 5b vs.
Fig. 5a, P < 0.01), but the Sim-only treatment did not significantly
change the lipid droplets (Fig. 5c vs. Fig. 5a) compared to
that of the control. The cotreatment with Sim decreased
the OLZ-induced increase in the lipid droplets by ~16.5% in
HepG2 cells (Fig. 5d vs. Fig. 5a, P < 0.01) compared to that of the
OLZ-only treatment group. This stimulation by OLZ was
abolished by the presence of rapamycin (Fig. 5f). Interestingly,
the effect of Sim was enhanced by rapamycin treatment
(Fig. 5h).

Fig. 2 Olanzapine (OLZ) treatment promoted lipid accumulation in the rat liver, whereas cotreatment with simvastatin (Sim) reduced the lipid
accumulation induced by OLZ. a (1–4): Representative images counterstained with hematoxylin; b (1–4): (ORO)-stained histological sections of
livers from rats treated with (a-1/b-1) the vehicle (Control), (a-2/b-2) OLZ, (a-3/b-3) Sim, (a-4/b-4), or OLZ+ Sim. c Lipid levels in the liver. The
ORO staining data are shown as the mean ± SEM. d Liver weights. ORO: oil red O. F: Lipid droplets in the liver sections of the different
treatment groups. *P < 0.05, vs. control; #P < 0.05 vs. OLZ-only
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Fig. 4 Olanzapine (OLZ) treatment increased mTOR protein expression and phosphorylation in the rat liver, whereas simvastatin (Sim)
reversed this upregulation. The phospho-mTOR (Ser2448) (a) and mTOR (b) protein expression levels were determined by Western blotting.
c Representative immunoblots. *P < 0.05 vs. control group; #P < 0.05; ##P < 0.01 vs. OLZ-only group

Fig. 3 Effects of olanzapine (OLZ) and/or simvastatin (Sim) cotreatment on mRNA expression of hepatic lipid synthesis-regulating genes in
rats determined by quantitative RT-PCR. a Srebp-1, b Fasn, c Acc, d Acly, and e Scd1 mRNA expression. *P < 0.05, **P < 0.01 vs. control; #P < 0.05,
##P < 0.01 vs. OLZ-only

Fig. 5 Effects of olanzapine, simvastatin and rapamycin on lipid accumulation in HepG2 cells. Hepatocytes were treated with OLZ and/or Sim
for 24 h. OLZ treatment promoted lipid accumulation and Sim reduced the lipid accumulation induced by OLZ in HepG2 cells. These effects
were reversed in the presence of 50 nM rapamycin. a–h Representative images of HepG2 cells stained with oil red O (ORO) after treatment
with a DMSO, b 10 μM of OLZ, c 25 μM of Sim, d 10 μM of OLZ and 25 μM of Sim cotreatment, e 50 nM of rapamycin, f OLZ plus rapamycin,
g Sim plus rapamycin, and h OLZ+ Sim+ rapamycin
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The mTOR pathway is required for the simvastatin-induced
inhibition of hepatic SREBP1c expression and de novo lipogenesis
To further define the role of mTORC1 in the regulation of hepatic
lipid metabolism by Sim, we examined the mTORC1-SREBP1c
pathways in HepG2 cells. Fig. 6 shows that OLZ significantly
increased p-mTOR, mTOR, SREBP1c, and LXR-α protein expression
by ~1.51-, ~1.20-, ~1.82-, and ~1.45-fold, respectively (all P < 0.05).
The upregulation of lipogenesis gene mRNA expression, including
Fasn, Acc, and Scd1, agreed with the change in the SREBP1c
protein level in OLZ treatment group (Fig. 6g–i). However, this
study has insufficient evidence to show the reduction of these
molecules upon stimulation with Sim. Pretreatment with rapamy-
cin suppressed mTORC1 signaling (Fig. 6). Interestingly, the
inhibition of p-mTORC1 by rapamycin was dramatically increased
by OLZ (Fig. 6a, b). Moreover, OLZ administration significantly
stimulated the expression of nuclear SREBP1c as well as its target
genes encoding lipogenic enzymes, such as Fasn and Acc

(Fig. 6c–f). However, rapamycin significantly impaired the ability
of Sim to inhibit SREBP1c activation and de novo lipid synthesis in
hepatocytes. The p-mTOR, mTOR, and SREBP1c protein levels and
the SREBP1c target gene mRNA level induced by OLZ were not
significantly reversed by Sim with rapamycin pretreatment
(Fig. 6a–i). Unexpectedly, pretreatment with rapamycin followed
by Sim stimulation promoted LXRα protein expression (P < 0.05;
Fig. 6d).

DISCUSSION
In recent years, a variety of intervention drugs, such as metformin,
berberine, betahistine, and topiramate, have been used to
minimize the metabolic syndrome induced by OLZ and other
SGAs [8, 23, 24]. Statins are lipid-lowering drugs that have been
used for the primary prevention of cardiovascular events in
patients with major mental illnesses [25]. Atorvastatin and Sim are

Fig. 6 The mTOR pathway is required for the inhibition of hepatic SREBP1c expression and de novo lipogenesis by simvastatin. HepG2 cells
were serum-starved overnight, pretreated for 30 min with vehicle or rapamycin (Rap; 20 nM), and treated for 24 h with OLZ and/or Sim. The
mTOR (a), p-mTOR (b), and SREBP1c protein expression levels were determined by Western blotting. d–f mRNA expression was measured by
qRT-PCR. Protein expression and transcription levels are shown relative to those of the untreated controls. g Representative immunoblots.
Data are shown as the mean ± SEM relative to the untreated control. *P < 0.05, **P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. Rap group;
&P < 0.05, &&P < 0.01 vs. OLZ+ Rap group
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the most commonly used statins, accounting for 85% of the use of
these drugs [19]. We examined whether Sim treatment inhibited
intracellular lipid accumulation in a hepatic cell line of human
origin (HepG2) and liver tissues from OLZ-treated rats.
Numerous reports have linked SGAs, especially clozapine and

OLZ, to metabolic disorders, such as dyslipidemia [26, 27]. In this
study, when the rats were treated with 1.0mg/kg (t.i.d) of OLZ for
7 weeks, the TG and TC contents in the plasma were significantly
increased, which was similar to the results of previous studies [28,
29]. H&E and ORO staining also showed that OLZ increased lipid
accumulation in the liver. Moreover, p-mTORC1 expression and the
mRNA expression of SREBP1 and its target molecules (such as Acc,
Fas, Acly, and Scd-1) were significantly enhanced by OLZ treatment.
mTOR, which is a serine/threonine protein kinase, is found in two
discrete complexes: mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) [30]. mTORC1 is acutely inhibited by
rapamycin, which has been used therapeutically. Some studies
revealed that increased mTOR activity impaired hepatocytic lipid
homeostasis through regulation of transcription factor SREBP1c
expression in hepatocytes [31, 32]. In the present study, inhibiting
p-mTOR with rapamycin significantly reduced SREBP-1c expression,
although its expression was still slightly promoted by OLZ. Taken
together, our findings provide evidence that mTOR phosphoryla-
tion may be involved in OLZ-induced lipid metabolic disorder,
which suggests an additional pathway other than that of the AMP-
activated protein kinase (AMPK). Previously, OLZ has been found to
activate hepatic AMPK signaling to mediate disturbances in
glucose and lipid metabolism [9].
Statins are widely used in the treatment of patients with high

serum TC and LDL-C levels [33, 34]. In schizophrenic patients treated
with antipsychotics and statin therapy for 3 months, a significant
decrease in the TG, TC, and LDL-C levels was observed at follow-up
[18, 19, 35]. In this study, cotreatment with Sim for 5 weeks
decreased the OLZ-induced improvement in the fasting plasma TG
and TC levels and liver lipid accumulation. Moreover, ORO staining
of HepG2 cells showed that Sim reduced lipid droplet accumulation
in vitro. The general mechanism for the action of statins is their
inhibitory effects on HMG-CoA reductase to lower cholesterol. In
turn, SREBP1c can be activated by cytosolic cholesterol deprivation
through HMG-reductase inhibition [36]. In our study, Sim amelio-
rated the upregulation of p-mTORC1 caused by OLZ in the liver.
Notably, pretreatment of the cells with rapamycin efficiently
suppressed the Sim-mediated inhibition of SREBP1c expression,
leading to increased lipogenesis and lipid accumulation in HepG2
cells. Although no studies investigating statin therapy for the
dyslipidemia induced by antipsychotic drugs reported changes in
the mTOR signaling pathway, we attempted to use rapamycin
pretreatment to prove that the mTORC1 pathway was essential for
the suppression of SREBP1c target gene expression by Sim. Since
rapamycin could not affect HMG-CoA reductase gene expression
[37], it affected the Sim-mediated inhibition of SREBP1c expression
in a manner that was independent of HMG-CoA reductase [38, 39].
Several in vitro studies have demonstrated a considerable impair-
ment of liver X receptor (LXR) signaling by statins, including
reduction of the transcriptional activity of the LXR/retinoid X
receptor heterodimer by mevastatin or lovastatin in cultured cells
[40, 41]. LXR is classified as cholesterol sensor that regulate SREBP1c
gene expression, which implicates the two LXR response elements
within its gene promoter [42]. Two LXR isoforms exist; the α isoform
is expressed mostly in the liver, whereas the β isoform is
ubiquitously expressed. These isoforms may be downstream
effectors of the mTOR signaling pathway [43]. Although Sim
treatment alone did not affect LXR protein expression, pretreatment
with rapamycin followed by Sim stimulation caused an increase in
LXRα protein expression. From these observations, we could deduce
that mTOR acted as an inhibitor of the Sim-mediated lipid-lowering
responses involving LXRα. Further experiments using primary
cultured hepatocytes and an LXR agonist are needed to define

these effects. In addition, future studies should investigate the long-
term efficacy of statins and generate more safety data for statin add-
on therapy in patients with schizophrenia receiving antipsychotic
treatment.
OLZ and Sim are both frequently administered orally in the

clinic. Since OLZ has an elimination half-life of approximately 3 h
in rat blood [44], it was administered three times/day to
maintain it at a high level in the rat brain for 8 h. The oral
dose of 1.0 mg/kg (t.i.d) of OLZ is equal to approximately 10 mg/
day in humans (60 kg body weight) according to the dosage
translation between species based on body surface area
following the FDA guideline [45, 46], which is among the
recommended clinical dosages for treating schizophrenic
patients [47]. Our previous studies have successfully established
a female rat model for OLZ-induced metabolic side effects using
oral OLZ treatment (1.0 mg/kg, t.i.d) [29, 48, 49]. Additionally, for
most people with high cholesterol, the recommended starting
Sim dosage is 20–40 mg once daily [45, 46]. Sim has been
reported to have a short elimination half-life in rats of between
3.8 and 12.4 h after oral administration [50]. To maximize the
efficacy and achieve the greatest statin concentration, 3.0 mg/kg
(t.i.d) of Sim was orally administered 3 times/day to the rats in
this study, which was equal to 30 mg of drug for a patient in
1 day. Other studies have reported favorable lipid-lowing effects
of simvastatin at this concentration [51, 52].
Clinically, female patients have a much higher risk than males for

SGA-induced weight gain and other metabolic side effects [53–56],
therefore, female rats were used in this study. Moreover, the OLZ-
induced weight gain model has been consistently established and
validated in female rats in our and other laboratories [29, 57–59],
whereas consistent modeling in male rodents has not been
successful [60]. Of course, a future study in a male rat model is
necessary.
In summary, OLZ induced the accumulation of hepatic lipids in

both rats and hepatocyte culture, and Sim ameliorated the OLZ-
induced liver metabolic disorders. This reduction was partly due to
its effect on mTOR pathway signaling, which reduced SREBP1c
activation and contributed to downregulation of the expression of
genes involved in lipogenesis. Our study provides critical
information for understanding the molecular mechanisms of
OLZ-associated dyslipidemia and the statin-induced lipid-lowering
effect for ameliorating dyslipidemia.
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