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Background: Atypical antipsychotics such as olanzapine often cause metabolic side effects such as obesity and diabetes, leading to
an increased risk of nonalcoholic fatty liver disease. The aim of the present study was to investigate the effects of olanzapine treatment
on hepatic lipid metabolism and its possible relationship with adipose tissue status.

Methods: Using a female rat model, we investigated the effects of chronic olanzapine administration on the regulation of
carbohydrate and lipid metabolism including lipid biosynthesis, oxidation, efflux, and lipolysis in liver and adipose tissue.

Results: The body weight, liver mass and visceral adiposity after olanzapine treatment (2 mg/kg) for five weeks were not significantly
different compared with vehicle controls. The serum level of triglycerides was higher in the vehicle controls than in olanzapine-treated
rats. Unexpectedly, olanzapine treatment did not reduce glucose tolerance in our model. The expression of functional thermogenic protein
uncoupling protein 1 (UCP1) was increased in brown adipose tissue (BAT) of the olanzapine group. Additionally, olanzapine treatment
also reduced adipose inflammation in white adipose tissue (WAT). The transcription factor sterol regulatory element-binding protein
(SREBP)-1c, a key early regulator of lipogenesis, was downregulated following olanzapine treatment. The expression of genes related to
the triglycerides synthesis apparatus in the liver was upregulated in the olanzapine group. Olanzapine treatment induced genes involved
in PPAR-a signaling and mitochondrial fatty acid oxidation in response to increased ATGL-mediated lipolysis in the liver.
Conclusion: Together, our findings suggest a complicated link between olanzapine therapy and metabolic disturbance and may garner
interest in assessing the action of antipsychotic-induced metabolic disturbances.
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Introduction

While atypical antipsychotics are a mainstay of psychiatric pharmacotherapy for the treatment of schizophrenia and
psychiatric illnesses, severe metabolic adverse effects, including insulin resistance, diabetes, and obesity, especially from
clozapine and olanzapine, have attracted increasing concern.' These adverse effects could lead to increased morbidity
and mortality and impair drug adherence and quality of life for patients.' In recent years, Researchers have proposed
several potential mechanisms for atypical antipsychotic-induced weight gain, including modulation of neurotransmitter
action at the central level and involvement of body weight regulatory hormones such as leptin and ghrelin, resulting in
increased appetite and reduced ability to perceive the feeling of satiety.”® Moreover, altered adipose tissue endocrine
function and a low-grade inflammatory state in adipose tissue by atypical antipsychotic treatment may be associated with
an increased risk of metabolic abnormalities and cardiovascular diseases of atypical antipsychotics.”® However, the

underlying mechanisms of atypical antipsychotic-associated metabolic responses have yet to be completely understood.
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Peripheral tissues, such as the liver and adipose tissue, play important roles in the lipid metabolic response and are the
principal targets for atypical antipsychotics. Both clinical and animal studies have reported that olanzapine and clozapine
induce systemic and hepatic insulin resistance, hypertriglyceridemia and nonalcoholic fatty liver disease'”'* with
reports of hepatic lipolysis reduction, reduced oxidation of fatty acids, and increases in lipid accumulation and sterol
regulatory element-binding protein (SREBP) activation.'"'*'* We previously demonstrated that atypical antipsychotics
increased adipogenic differentiation in adipose-derived stem cells (ASCs) through enhanced expression of SREBP-1 and
its downstream lipid biosynthesis genes.'”> Similarly, other studies also found that chronic atypical antipsychotic
treatment elevated the expression of lipogenic genes and proinflammatory mediators during human adipocyte
differentiation.'®

Adipose triglyceride lipase (ATGL), a major triglyceride hydrolase, involved in the initial step in intracellular
triglyceride catabolism.'” ATGL-stimulated release of fatty acids (FAs) may regulate peroxisome proliferator-activated

receptor-o. (PPAR-a) target genes in the liver,'®2°

presumably through FAs released as PPAR-a ligands. Recent studies
have shown that deficiency of liver ATGL causes marked hepatic steatosis in mice.”**' In contrast, overexpression of
ATGL in the liver contributes to increased FA oxidation and amelioration of hepatic steatosis.** This raises the possibility
that ATGL plays a compelling role in hepatic lipid homeostasis. The aim of the present study was to investigate the
effects of chronic olanzapine treatment on adipose tissue and the liver, with a specific focus on hepatic lipolysis and its
possible relationship with adipose tissue status. In this study, we examined the direct effect of olanzapine in inducing

lipogenic and lipolytic transcriptional responses in female rats after chronic treatment.

Materials and Methods

Animal Experiments

Female Sprague-Dawley rats, 6 weeks of age, were obtained from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan). All
animals were maintained in specific pathogen-free animal facilities with water and commercial rat food provided ad
libitum.

According to our previous results and other reports, doses corresponding to 50% of the maximal physiological human
dose were used.*” All animals were housed under the same conditions for a period of 2 weeks prior to drug treatment.
Rats were trained to self-administer a cookie dough mixture weighed 0.3 g (cookie dough mixed with the commercial
diet: 25.5% cornstarch, 20.9% sucrose, 14.1% fat, 10.6% protein, 1.4% fiber, 2.5% crude ash and 25% moisture) without
the drugs for one week. After acclimatization, rats were randomly assigned to two groups, the control group (n=5) and
olanzapine group (n=5). Olanzapine was mixed with the dough mixture and offered twice daily for 5 weeks.
Physiological parameters and food and water intake were monitored.

Ethics Statement

All animal experimentation was approved by the Institutional Animal Care and Use Committee in Kaohsiung Chang
Gung Memorial Hospital. The Committee recognized that the proposed animal experiment followed the Animal
Protection Law by the Council of Agriculture, Executive Yuan, R.O.C. and the Guide for the Care and Use of
Laboratory Animals by the Institute of Laboratory Animal Resources, National Research Council, USA.

Liver Histology and Lipid Droplet Staining

Hepatic tissues from all animals were fixed in 10% formalin, embedded in paraffin, cut into 5 um sections and subjected
to histological examination. Paraffinized sections were stained with hematoxylin-eosin (H&E). For detection of lipid
accumulation, lipid droplets were assessed in frozen liver specimens embedded in Tissue-Tek O.C.T. Compound (Sakura
Finetek, Torrance, CA, USA) by Oil Red O staining and the nuclei were counterstained with hematoxylin. Images were

captured using an AXIO Imager M2 microscope (ZEISS, Oberkochen, Germany).
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Glucose Tolerance Tests
For glucose tolerance tests, glucose (2 g/kg) was injected intraperitoneally after starvation for 16 h, and blood glucose
was measured at indicated time points using a glucometer (OneTouch Ultra 2 meter; LifeScan Inc., PA, USA).

Hepatic Triglyceride Quantification Assay

Liver tissues were washed with cold phosphate-buffered saline (PBS) and then homogenized in 5% NP-40 solution using
a Dounce homogenizer. The concentration of cellular triglycerides was determined using an EnzyChrom™ triglyceride
assay kit (Kampenhout, Belgium) and normalized with the protein concentration according to the protocol provided by
the manufacturer.

RNA Isolation and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA from perigonadal fat (WAT), brown fat (BAT) and liver was extracted using NucleoSpin-RNA kits
(MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany), and cDNA was synthesized using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster, CA, USA) according to the manufacturer’s instructions.
Quantitative RT-PCR was performed using SYBR Green PCR Master Mix. 36B4 was the reference gene used for gene
expression in WAT and BAT, while GAPDH was used for genes expressed in the liver. The change in the expression of

27T value,

the target genes was calculated relative to the mean critical threshold (CT) values of the reference gene. The
which Changes the expression of the target genes compared to the reference gene, and the 2 “*“T value, which

corresponds to the expression ratio of each gene compared with the vehicle-treated control group, were calculated.

Western Blot Analysis

The proteins were separated by 10% SDS-PAGE and immunoblotted according to standard protocols. The membranes
were blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 hr and then incubated
overnight at 4 °C with specific primary antibodies against ATGL (Cell Signaling; Danvers, MA, USA), PPAR-a (Santa
Cruz Biotechnology), and B-actin (Millipore Corporation, Bedford, MA, USA), followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch; West Grove, PA, USA). Protein bands were
visualized using an enhanced chemiluminescence (ECL) reagent (Millipore), and the relevant bands were quantified by
densitometry using GeneTools (SYNGENE, Cambridge, UK).

Statistical Analysis

SPSS (version 22, IBM Corporation, Armonk, New York) was used to perform all statistical analyses. Independent
sample #-tests were used to evaluate the statistical significance between two groups. Data are shown as the mean + SD,
and a probability (p)-value <0.05 was considered statistically significant.

Results

Effects of Olanzapine on Weight Gain, Food Intake and Physiological Parameters

Both body weight and dietary intake were recorded during the five-week olanzapine treatment. Weight gain and food
intake were higher in olanzapine-treated rats than in control rats in the first two weeks (Figure 1A). This weight gain was
coupled with increased food intake (Figure 1B), suggesting that the increased body weight was attributed to food intake.
However, there were no significant differences in either body weight or dietary intake between the groups from two
weeks to the end of treatment. This may be due to the effect of olanzapine on weight gain plateauing. Consistent with the
body weight, visceral fat mass and liver mass also showed no difference between the two groups at the end of treatment
(Figure 1C). Although there was a lack of changes in weight gain and tissue mass between the groups, the serum levels of
triglycerides were lower in the olanzapine treatment group than in the vehicle control group (Figure 1D). Surprisingly,
the olanzapine-treated rats did not display higher levels of glucose in the intraperitoneal glucose tolerance test (IGTT)
(Figure 1E) even though elevated glucose levels were expected.
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Figure | Effect of olanzapine on body weight, food intake and metabolic parameters. (A) Body weight changes and (B) food intake in rats treated with vehicle or
olanzapine for five weeks on consecutive days. (C) Weight of visceral fat and Liver. (D) Serum levels of total cholesterol and triglycerides. (E) Concentration of blood
glucose during IGTT and the AUC value. Values are expressed as the mean * SD. * and ** denote statistical significance P<0.05 and P<0.01 compared with the vehicle,
respectively (n = 5 per group).

Effects of Olanzapine on Thermogenesis and Inflammation in Adipose Tissue

As the adipose tissue is fundamentally involved in the pathogenesis of obesity-related diseases, we further examined the key
genes that regulate inflammation and thermogenesis in brown and white adipose tissue. We observed that olanzapine
strongly increased UCP-1 expression in the BAT (Figure 2A) but had no effect on proinflammatory cytokines such as IL-1p,
TNF-a and MCP-1 (Figure 2B). Olanzapine treatment exerted no effect on the UCP-1 gene expression in the WAT
(Figure 2C). TNF-a, as well as genes involved in macrophage recruitment, such as MCP-1, were downregulated by
olanzapine treatment in the WAT (Figure 2D). The difference in ATGL expression between the two groups was not reaching
statistical significance (Figure 2D).

648 https: Neuropsychiatric Disease and Treatment 2022:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Chen et al

UCP1 UCP2 PGC1a
8 1.5 25
L —~
[ *k 2 4
z2° 1
Ew 1.5 4
054
>
ST 1
KB} 0.5
0 £2
o 05
0 I I T » 0 T » 0 T d
Vehicle Olanzapine Vehicle Olanzapine Vehicle Olanzapine
MCP1 TNFa IL1B
1.6 1.5 2.5 4
‘zt © 12 =
2 1
= 1.5 9
® £ 08
>.9 1
'g % 0.5
Ea w 04 0.5
0 T » 0 T » 0 T 3
Vehicle Olanzapine Vehicle Olanzapine Vehicle Olanzapine
UCP1 UCP2 PGC1a
4 3 1
< —~
o
E 3 0.8
ES s
R 0.6
[T 2
>
=3 0.4
©
=.0 1
[T 1
o 0.2
0 T v 0 T » 0 T 3
Vehicle Olanzapine Vehicle Olanzapine Vehicle Olanzapine
MCP1 TNFa IL1B ATGL
25 12 1.2 1.6
L ~
Z9 . 12
E &5 Lt -
c - *%k
g o 0.8
=3 1 *
i) 0.4 04
[T 04
(4 0.5
0 T » 0 T I T » 0 T
Vehicle Olanzapine Vehicle Olanzapine Vehicle Olanzapine Vehicle Olanzapin

Figure 2 Effect of olanzapine on the mRNA expression of thermogenesis- and inflammation-related genes in BAT (n = 5 per group) and WAT (n = 4 per group). (A)
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Effects of Olanzapine on Lipid Accumulation

To investigate the effect of olanzapine on hepatic steatosis, we further evaluated hepatic lipid accumulation and
triglyceride content by Oil Red O staining and H&E staining. We found no significant effect of olanzapine on hepatic
triglyceride content (Figure 3A). In line with this, olanzapine had no significant effects on lipid droplet accumulation in
the liver (Figure 3B). Olanzapine treatment had no significant effects on serum ALT and AST levels or hepatic injury
following five weeks of treatment (Figure 3C and D).

Effects of Olanzapine on Genes Regulating Lipid Metabolism in the Liver

To determine alterations in the lipid metabolism pathways by olanzapine treatment, the mRNA levels of critical genes
were confirmed. In the olanzapine-treated group, the lipogenic transcription factor SREBP-1c¢ and its downstream genes,
such as acetyl-CoA carboxylase (ACC), were downregulated in the liver but did not Change the level of fatty acid
synthase (FAS). Stearoyl-CoA desaturase 1 (SCD1), a key enzyme in FA metabolism, was upregulated in olanzapine
treatment (Figure 4A). The levels of mRNAs in the triglyceride synthesis apparatus, such as CD36, FATPS5, ACSL3,
ACSLS5 and DGAT1, were upregulated in the olanzapine group (Figure 4B). We next evaluated the genes involved in
lipolysis and fatty acid oxidation. Olanzapine increased ATGL and PPAR-o mRNA expression (Figure 4C), also
corresponding to the protein levels (Figure 4D-E and Supplementary Figure 1). Consistent with this observation, several
genes involved in fatty acid oxidation, such as CPT-1a, CACT, SIRT1, SIRT2 and ACOX1 were also increased following
olanzapine treatment (Figure 4F). In addition, the genes involved in gluconeogenesis, including glucose 6-phosphate

dehydrogenase (G6PD), FOXOI1 and LacCerSyn, were increased by olanzapine (Figure 4G). Taken together, these data
indicated that olanzapine exerted corresponding effects on hepatic lipid biosynthesis and lipolysis.

Discussion

Incidence of the metabolic syndrome has received increased attention in patients with schizophrenia as metabolic
abnormalities are major risk factors for cardiovascular disease and mortality.'**> Although the causes of metabolic
abnormalities among patients with schizophrenia are complicated, the risk factors are attributed to lifestyle habits, long
duration of disease and treatment, and negative symptoms.'***> Additionally, metabolic syndrome is highly prevalent in
patients with schizophrenia who are taking atypical antipsychotics.'* However, the effects of atypical antipsychotic-
induced metabolic dysfunctions remain incompletely understood. Previous studies have reported that induction of weight

loss was observed in adolescent patients, obese mice, and male rats, 2% 28

which, however, was inconsistent with previous
studies reporting that olanzapine-induced weight gain is prevalent in a proportion of human patients and rodents over
longer experimental periods.”” % Albaugh et al demonstrated that the drug effects plateaued within 7 to 10 days, and
weight gain eventually plateaued under the same daily dose of olanzapine.® Similarly, our results showed that animals
receiving olanzapine had an increased daily food intake within two weeks, accompanied by significant weight gain only
observed in the first two weeks, which may be due to the olanzapine concentration reaching a plateau. Chronic
olanzapine treatment was associated with neither worsened weight gain or hyperglycemia nor food intake at the end
of the present study. Our data agree with Albaugh et al, who found that a same dose of olanzapine did not result in an
extended period of weight gain.® Another reason for the discrepancies between our study and previous studies may be the
difference in dosages per day, times of treatment per day, delivery provided methods (such as oral gavage or
intraperitoneal injection) or the length of the experimental period. A previous study has showed that oral gavage
(2mg/kg) of olanzapine in rats induced significant weight gain over control beginning at day 5.°° In addition, chronic
olanzapine treatment did not significantly increase liver mass or visceral adiposity in our study. A number of rodent
studies have reported that chronic olanzapine treatment does not increase triglyceride and cholesterol plasma levels or
induce weight gain independent increases in triglyceride levels.”*® Intriguingly, our results showed that the serum
level of triglycerides was decreased in olanzapine but had no effect on total cholesterol. Considering that the liver and
adipose tissue are the two main organs related to the physiopathology of metabolic dysfunction, the effects of olanzapine
on target genes in the lipogenic and lipolytic pathways were investigated in adipose tissues and the liver.
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The adipose tissue is known to play critical roles in several physiological processes through secretion of adipokines,
signaling lipids and inflammatory mediators.** It is known that adipocyte and immune cell dysfunction are involved in

the etiology of schizophrenia.**>*® Several studies have shown an elevation of the inflammatory cytokines, chemokines
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and adipokines in the serum of patients with chronic schizophrenia, which are highly linked to the incidence of disease
and metabolic syndrome.*~° A previous study demonstrated that induced inflammation in WAT was associated with a
significant increase in TNFo expression in olanzapine-treated rats.’” However, when we examined the levels of
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the vehicle, respectively (n = 5 per group).

inflammatory mediators, olanzapine decreased TNF-o and MCP-1 expression in WAT. Of interest, a significantly
enhanced brown fat-specific marker UCP-1 was found in BAT following olanzapine treatment. These findings can
also partially explain why olanzapine treatment did not change body weight and decreased the triglycerides of rats to an
appreciable extent.

Regarding direct mechanisms, we and others have reported that atypical antipsychotics alter SREBP transcription factors and
related target genes involved in lipid and cholesterol biosynthesis.'>*** In this study, we did not find any differences in hepatic
lipid accumulation or damage between the groups. Olanzapine was observed to influence the direct transcriptional down-
regulation of SREBP1 and its downstream target gene such as ACC, but SCD1 expression was increased. SCD1 mediates oleic
acid (18:1 n-9) synthesis from stearic acid (18:0), and 18:1 is a substrate required for lipid biosynthesis. The desaturation index
(18:1/18:0 ratio), a validated index of SCDI1 enzyme activity, is correlated with triglyceride levels and insulin resistance.*® A
number of studies have demonstrated that SCD1 plays a key role in regulating lipogenesis, but its specific role in hepatic lipid
accumulation is still inconsistent.*'** In fact, several studies have shown that SCD1 expression is enhanced during diet-induced
obesity;*' in contrast, other studies have found that SCD1 expression is significantly decreased.** Interestingly, Stefan et al
showed that SCD1 mRNA expression was not upregulated in fatty liver and that hepatic fat deposition is negatively correlated
with hepatic SCD1 activity.** McNamara et al reported that atypical antipsychotics increased plasma triglyceride levels and the
plasma 18:1/18:0 ratio but did not affect liver SCD1 mRNA expression.** The effect of olanzapine on SCD1 activity needs to be
considered in the future in our chronic olanzapine treatment rat model. In addition to de novo lipid synthesis, the uptake of
circulating fatty acids by the liver is an important contribution to hepatic lipid accumulation. Our results showed that the
triglyceride synthetic elements, including CD36, FATPS5, ACSL3, ACSL5 and DGAT1, were upregulated in the olanzapine
group. In the present study, in response to olanzapine treatment, transcriptional activation patterns were different between de
novo lipogenic genes and the triglyceride synthetic apparatus. Hepatic lipid levels are controlled by the balance between
lipogenesis and lipolysis in terms of lipid acquisition and disposal.*> Recent studies have shown that ATGL influences
triglyceride catabolism and is downstream of fatty acid products in the liver."®** Numerous studies have reported that activation
of PPARa and oxidative gene expression in multiple tissues, including liver and adipose tissue, depends on lipolytic catabolism
mediated through manipulations of ATGL or other fatty acid binding proteins.'®2*¢*® Moreover, a reduction in ATGL and
CGI-58 protein levels in the liver was observed in insulin-resistant patients with fatty liver disease,*’ and genetic variations within
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ATGL are associated with glucose and triglyceride levels.”® These data suggest a regulatory role of ATGL activity in hepatic
steatosis and insulin resistance. Stefanidis et al demonstrated that olanzapine induced fat accumulation and caused insulin
sensitivity associated with a reduction in lipolysis and inhibited the protein expression of ATGL and its critical coactivator.
CGI-58°" However, our results showed that the mRNA expression of CPT1a, ATGL and PPARGa, regulators of lipolysis and p-
oxidation of fatty acids, was increased in the olanzapine groups. In addition, carbohydrate metabolism was also enhanced by
olanzapine. The discrepancy with our finding might be explained by the fact that the duration of olanzapine exposure was shorter
(14 days) and under a higher dose (6 mg/kg) in previous studies and was assured to cause metabolic disturbances.’’ In contrast,
olanzapine did not induce significant weight gain or metabolic disturbances at the end of our study.

There are several limitations in this study. Firstly, we used a lower dose of olanzapine in the animal model and found
that this dosage was not sufficient to induce metabolic abnormalities although it corresponds to 50% of the commonly
prescribed maximal physiological human dosage. In other reports, different delivery routes (oral gavage and intraper-
itoneal injection) and higher doses (up to 10 mg/kg) were used.””° In future studies we will include various doses and
harvest the tissue samples at several time points for comparison. Secondly, the use of animal models of psychiatric
disorders may also provide more information. Moreover, more factors could be involved in the olanzapine-induced
metabolic abnormalities, including inflammation. In the current study, we did not evaluate the levels of plasma pro-
inflammatory cytokines, chemokines and adipokines, which could give more precise evaluation of the metabolic status. It
is well known that the adipose tissue acts as a multifunctional organ through secretion of various soluble factors that
communicate with other tissues and the immune system to regulate systemic metabolic homeostasis.”® Lastly, the
expression of proteins involved in thermogenesis and lipid biosynthesis was not assessed.

This study helps us conclude that olanzapine has multifaceted effects on hepatic lipid metabolism by balancing
lipogenesis and lipolysis. However, some results contrary to our expectations are different from the previous indicants
that olanzapine induce weight gain and dyslipidemia under conditions of metabolic stress. The effect of olanzapine on
metabolic disturbances might be more intricate than previously thought, but our study also elucidates the clinical effects
of atypical antipsychotic agents for the development of metabolic disturbances.
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