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Objective: Long-term use of olanzapine can induce various side effects such as
lipid metabolic disorders, but the mechanism remains to be elucidated. The gut
microbiota-brain axis plays an important role in lipid metabolism, and may be
related to the metabolic side effects of olanzapine. Therefore, we explored the
mechanism by which olanzapine-induced lipid disturbances through the gut
microbiota-brain axis.

Methods: Sprague Dawley rats were randomly divided into two groups, which
underwent subphrenic vagotomy and sham surgery. Then the two groups were
further randomly divided into two subgroups, one was administered olanzapine
(10 mg/kg/day) by intragastric administration, and the other was administered
normal saline by intragastric administration (4 ml/kg/day) for 2 weeks. The final
changes in lipid parameters, gut microbes and their metabolites, and orexin-
related neuropeptides in the hypothalamus were investigated among the
different groups.

Results: Olanzapine induced lipid disturbances as indicated by increased weight
gain, elevated ratio of white adipose tissue to brown adipose tissue, as well as
increased triglyceride and total cholesterol. Olanzapine also increased the
Firmicutes/Bacteroides (F/B) ratio in the gut, which was even aggravated by
subphrenic vagotomy. In addition, olanzapine reduced the abundance of short-
chain fatty acids (SCFAs) metabolism related microbiome and 5-
hydroxytryptamine (5-HT) levels in the rat cecum, and increased the gene
and protein expression of the appetite-related neuropeptide Y/agouti-related
peptide (NPY/AQRP) in the hypothalamus.

Conclusion: The abnormal lipid metabolism caused by olanzapine may be
closely related to the vagus nerve-mediated gut microbiota-brain axis.
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1 Introduction

Schizophrenia is a complex and severe mental illness, that
affects nearly 1% of the world’s population, and it is one of the
top ten causes of disability in the world (Marder and Cannon,
2019). Currently, atypical antipsychotic drugs (AAPDs) are the
mainstay of treatment for schizophrenia, and the metabolic side
effects have become a key factor in reduced quality of life and
increased relapse of patients (Grajales et al., 2019). Olanzapine
(OLZ), one of the representative AAPDs, is prone to causing
weight gain, obesity, hyperglycemia and dyslipidemia after long-
term use, and these side effects occur more frequently in children
and women (Visconti et al., 2019). The metabolic side effects also
greatly increase the risks in comorbidities of type two diabetes
2018).
Administration of OLZ can promote food intake, alter energy

and cardiovascular disease (Anyanwagu et al,
expenditure and metabolic levels, and induce insulin resistance,
ultimately having negative impact on the parameters of body
weight, fasting blood glucose and triglyceride levels (Teff and
Kim, 2011; Lord et al., 2017; Maruvada et al., 2017; Ballon et al.,
2018; Bush et al, 2018; Skonieczna-Zydecka et al., 2019).
Notably, overweight patients with schizophrenia are twice as
likely to discontinue antipsychotic drugs as patients with normal
weight, and discontinuation is a common cause of symptoms
recurrence (Rummel-Kluge et al,, 2008). Therefore, how to
investigate the underlying mechanisms of AAPD-induced
metabolic side effects and to form corresponding coping
strategy are urgently needed.

The exact mechanisms by which AAPDs cause weight gain
and lipid disturbances are complex. According to previous
findings, AAPDs can accelerate peripheral adipogenesis by
regulation of sterol-regulatory element binding protein
(SREBP) (Ader et al, 2005). Another recent study further
indicates that insulin-induced gene (INSIG), and progesterone
receptor membrane component 1 (PGRMCI1) as the upstream
regulatory factors of SREBP, can be inhibited by AAPDs and
consequently produce disturbances in lipid metabolism by
affecting the PGRMCI/INSIG/SREBP pathway in the liver
(Cai et al, 2015). Specifically, available evidence shows that
altered of

protein kinase (AMPK) and gastrointestinal peptide (such as

levels adenosine  5'-monophosphate-activated
glucagon-like peptide-1, GLP-1) can contribute to the lipid
metabolic side effects induced by OLZ (Ikegami et al., 2013;
Teff et al,, 2013; Li et al., 2016). It has been suggested that OLZ
significantly increased blood lipid levels and hepatic lipid
accumulation by increasing the expression of mammalian
target of rapamycin complex-1 (mTORC1) and p-mTORCI
(Liu et al, 2019). In addition, OLZ can increase body fat
percentage in rats through oxidative stress signaling, which is
reversable by antioxidants (Bilgic et al., 2017; Isaacson et al.,
2020).

The metabolic disorders are also closely related to the central
effects produced by OLZ (Yang et al., 2007). Current studies have
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shown that the possible mechanism is related to the increased
antagonism of 5-HT,c and H; receptors in the hypothalamus
(Casey and Zorn, 2015). Although OLZ exerts its therapeutic
effects on various neurotransmitter systems (Huang et al., 2014),
the changes in 5-HT seem to play a major role in appetite control,
especially that the involvement of endogenous hypothalamic 5-
HT can cause satiety during or after meals (Halford et al., 2005).
Meanwhile, 5-HT suppresses appetite and promotes energy
expenditure mainly by stimulating the sympathetic drive of
brown adipose tissue (Tecott, 2007; Yabut et al, 2019),
promotes the release of insulinotropic signals in white adipose
tissue to reduce lipolysis, and alters the process of de novo
adipogenesis in the liver (Crane et al, 2015; Oh et al,, 2015).
Furthermore, it has been shown that exogenous substances, such
as glucose, fatty acids, and drugs, can alter intestinal 5-HT release
in the duodenum by affecting the function of microbiota
(Walther et al., 2003). In recent years, the gut microbiota has
been found to be closely related to metabolic status (Zmora et al.,
2019). Long-term administration of OLZ induces weight gain
and lipid deposition in rats, whereas coadministration with
antibiotics shows the opposite (Davey et al., 2013). In support,
OLZ administration can increase the proportion of obesity-
related bacteria in the and cause weight gain, and the
combination with prebiotics can alleviate this side effect
(Morgan et al., 2014; Kao et al., 2018; Kao et al., 2019; Abbas
et al,, 2022). In addition, targeting the Akkermansia muciniphila
in intestinal microorganisms can partially correct abnormal
blood glucose caused by OLZ (Huang et al, 2021). The
abovementioned evidence reveals that the gut microbiota may
play a pivotal role in the metabolic disorders caused by OLZ, but
the specific mechanisms remain to be explored in depth.

The review by Coccurello and Moles (2010) has addressed
comprehensively the clinical impact of AAPD-induced metabolic
derangement and the hypotheses for related obesogenic and
diabetogenic mechanisms. However, at that time, the key role
of gut microbiota was largely undervalued or unknown, whereas
the present attention towards gut microbiota-brain axis
the
additional mechanistic hypotheses. The gut microbiota assists

bidirectional communication allows exploration of
with the absorption of substances and the storage of energy
(Eckburg et al., 2005; Duca and Lam, 2014), and can affect brain
function through “The Microbiota-Gut-Brain Axis” (Mayer et al.,
2015; Cryan et al., 2019). The gut microbiota and the brain can
communicate with each other through signal conduction by
various channels, including immunity, vagus nerve and enteric
nervous system (Cryan et al, 2019). Among them, the most
important one is the vagus nerve, which can innervate the entire
intestine through vagus nerve afferent neurons and participate in
the regulation of satiety, intestinal homeostasis and the
inflammatory response (Singh et al., 2020). In addition, short-
chain fatty acids (SCFAs) as the main metabolites produced by
gut microbiota, have also been found to affect the colonic

environment, blood sugar and blood lipid levels (Yamashita
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et al., 2009; Canfora et al.,, 2015). It is noteworthy that SCFAs
have also been proven to promote the secretion of 5-HT by
stimulating enterochromaffin cells, and to stimulate the vagus
nerve through 5-HT; receptors on the vagus nerve endings,
thereby regulating the body’s lipid metabolism (Browning,
2015; Reigstad et al,, 2015). The vagus nerve serves as the
physiological connection between the GM and the central
nervous system, which provides the basis for regulating
appetite through the Microbiota-Gut-Brain Axis (Cork, 2018).
After receiving serotonergic signals from the gut, the brain
regulates appetite through the expression of neuropeptide Y/
agouti-related peptide (NPY/AgRP) in the hypothalamus. As
appetite-stimulating peptides, NPY and AgRP can induce food
intake and reduce energy expenditure (Schwartz et al., 2000;
Savontaus et al., 2002).

In the present study, we aimed to investigate one possible
additional mechanism responsible of these important unwanted
and highly deleterious metabolic side effects. It is hypothesized
that gut microbiota-brain axis is involved in the metabolic effects
induced by OLZ, and the changes in the gut microbiota can lead
to a consequent increase in the expression of orexin-stimulating

NPY/AgRP in the hypothalamus, and lipid disturbances in the
periphery.

2 Materials and methods
2.1 Drugs and reagents

Olanzapine McLean
Biochemical Technology Co., Ltd. (Shanghai, China) and
in 0.9% adjusting  to
pH 6.5 with citric acid. CCK-8 was obtained from Sigma-
Aldrich® (Shanghai, China) and freshly prepared in PBS
solution (4 pg/ml). The rat 5-HT assay kits were provided by
Jiangsu KETE Biotechnology Co., LTD. (Yancheng, China). BCA
protein quantitative assay kit and radioimmunoprecipitation

was purchased from Shanghai

dissolved saline at 2.5 mg/ml,

assay buffer containing phenylmethyl sulfonyl fluoride were
purchased from Boster Biological Technology Co., Ltd.
(California, United States). The primary antibody against NPY
was purchased from Cell Signaling Technology Co., Ltd.
(Danvers, United States). The primary antibody against AgPY
was purchased from Santa Cruz Biotechnology Co., Ltd.
(Shanghai, China). Primary antibody against B-actin, and all
secondary antibodies were purchased from Proteintech Group,
Inc. (Wuhan, China).

2.2 Animals and treatments

Adult female Sprague Dawley (SD) rats, weighing 200 + 10 g,
were provided by the Hunan STA Laboratory Animal Co., LTD.

(Xinjiang China) [No. SCXK (xiang) 2019-0004]. The
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experimental flow is depicted in Figure 1A. The rats were free
to access to commercial rat chow (SLAC Laboratory Animal,
Shanghai, China) and water, and were reared under 12-h light/
dark cycle environment at approximately 24-26°C and in
relatively humidity of 40%-60%. All the
procedures conformed to the Declaration of Helsinki and

experimental

were approved by the Experimental Animal Ethics Committee
of the Department of Experimental Animals, Central South
University (No. 2019sydw0259).

Forty female SD rats were randomly divided into a sham
18)
according to body weight. After 1 week of acclimatization, rats

operation group (n = 22) and a vagotomy group (n =
in the sham operation group were sham-operated, and rats in the
vagotomy group were performed with subphrenic vagotomy. The
specific operation procedure of vagal nerve resection was as
follows (Klarer et al, 2014): after being anesthetized by
of 3%
(1 ml/kg), the rat skin and abdominal wall were incised along

intraperitoneal  injection sodium  pentobarbital
the midline of the abdomen to expose the stomach and
esophagus, in order to allow searching for the trunk of vagus
nerve. The subphrenic vagus nerve trunk was resected and all
vague nerve branches were transected. The wound was sutured
and disinfected. The sham operation group underwent the same
operation procedure except that the vagus nerve was not
resected. After 10 days of postoperative recovery, to test the
successfulness of vagotomy, rats were fasted overnight (12 h)
and intraperitoneally injected with 4 pg/kg CCK-8 in PBS
solution. After 2 h, the rats were given food and monitored
for the extent of food intake (Klarer et al., 2014). Within a
timeframe of 30 min after CCK-8 injection, the sham group
with intact vagal nerve typically consumed 25%-40% less food
than the vagotomy group (Klarer et al., 2014). Therefore, the
rats in the vagotomy group which had less than 25% of food
intake reduction in food intake in the first 30 min were
excluded. Finally, 4 out of 22 vagotomy rat animals had to
be culled. Then, each large group was randomly divided into
two subgroups (each n = 9, Figure 1B), and the body weight of
the rats was weighed every day. Each rat was administrated with
olanzapine by oral gavage at 10 mg/kg/day or 0.9% saline for
2 weeks before sacrifice.

On Day 26, after fasting for 12h, the rats were
anesthetized by intraperitoneal injection of 3% sodium
pentobarbital (1 ml/kg). The truncal blood was collected
using vacuum blood collection tubes and centrifuged for
10 min (3,000 r/min, 4°C) to obtain serum samples. Then
the white adipose tissue (WAT) in the bilateral groin, the
brown adipose tissue (BAT) between the scapulae, and the
contents of the cecum and fecal samples were collected from
the body and quickly frozen in liquid nitrogen. Rat heads were
rapidly dissected and the tissue of hypothalamus was removed
on ice trays and snap frozen in liquid nitrogen. All the above-
mentioned rat samples were stored in —80°C refrigerator
before analysis.
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FIGURE 1

The experiment was designed following the timeline (A) and grouping (B). The results of lipid parameters are indicated as: weight gain (%)

changes over time in the sham groups (C) and in the vagotomy groups (D); the weight percentage of the white adipose tissue in the groin (E) and of
the brown adipose tissue between the scapula (F); and the serum levels of (G) triglyceride (TG) and (H) total cholesterol (TC) in different groups. Data
are represented as the mean + SD, *p < 0.05, **p < 0.01 and #*#p < 0.01.

2.3 Lipid parameters, olanzapine
concentration and microbiota metabolites

The rats were weighed every day, and the percentage of body
weight gain was calculated as weight gain% (WG%) = (weight on
the day-initial weight)/initial weight*100%. The percentage of
two kinds of adipose tissue in the body weight was calculated as
WAT% and BAT%. The serum levels of triglyceride (TG) and
total cholesterol (TC) were determined by an automatic
biochemical analyzer (Chemray 240/800, Rayto Life and
Analytical Sciences Co., Ltd., Shenzhen, China). Serum OLZ
concentrations were determined by a high-performance liquid
chromatography-electrospray ionization mass spectrometry
(HPLC-MS/ESI) method we previously established in our
laboratory (Zhou et al., 2004).

For the microbiota metabolites in the content of the rat
cecum, the determination for 5-HT was performed according to
the protocol provided by the rat 5-HT assay kit. Moreover, the
of SCFAs
chromatography-mass spectrometry (GC-MS) equipped with

concentrations were measured using a gas

an electron ionization (EI) source. In brief, an appropriate
amount of cecal content sample was added to 2ml of

Frontiers in Pharmacology

04

phosphoric acid-water (phosphoric acid: water = 1:3) solution
and homogenized for 2 min. Two milliliters of ether were added
to the sample for extraction for 10 min and centrifuged (4,000 r/
min, 4°C), and the ether phase was removed and the aqueous
phase was extracted again. The two extracts from ether phase
were combined and evaporated to a constant volume of 2 ml, and
then 2 pl of the sample was injected and analyzed. The analytes
were separated with a capillary chromatographic column (HP-
INNOWAX, 25m x 0.20 mm X 0.40 um). The sample was
analyzed by GC-MS under the following conditions: the initial
temperature was kept at 100°C for 5 min, linearly increased to
150°C at 5°C/min, and then fast increased to 240°C at 30°C/min,
finally held at 240°C for 30 min. The mass spectrometer inlet
temperature was 240°C, and the carrier gas flow rate was set at
1.0 ml/min. The EI source temperature was set to 200°C, and the
collision energy was 70 eV.

The SCFAs content was calculated according to the formula:

w= (C*V#*N)/(m+*M)

In the formula: w, the content of SCFAs in the rat cecum, in
mmol/kg; C, the concentration of SCFAs in the test solution of the
sample (measured value of the test solution by GC-MS), in mg/L;
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V, the constant volume, in the unit mL; N, dilution factor; m,
weighed mass of the sample, in grams (g); M, molar mass of
SCFAs, in g/mol.

2.4 16S rRNA high-throughput sequencing

DNA extraction from frozen fecal samples (180 mg) was
subjected to use an PowerSoil° DNA Isolation Kit (MOBIO,
United States) according to the company’s protocols. After
extracting the total DNA, specific primers with barcodes were
synthesized according to the full-length primer sequences. After
that, PCR amplification was performed and the products were
purified, quantified and normalized to form a 16S rRNA
sequencing library (SMRT Bell). After library quality inspection,
qualified libraries were sequenced with PacBio Sequel. Data were
analyzed by smart link analysis software. Then after exporting the
PacBio off-board data as a CCS file, we first identified the CCS with
a barcode, and obtained the Raw-CCS sequence data (lima v1.7.0).
Using cut adapt 1.9.1, the raw sequence data were identified and
removed of the primer sequence and filtered by length, to obtain a
Clean-CCS sequences of primers. Finally, the chimera sequences
were further identified and removed (UCHIME v4.2) to acquire an
Effective-CCS sequences. The pretreated sequence files were
quality-filtered by Trimmomatic (v 0.33) and FLASH (v 1.2.11).
USEARCH (v10.0) was used to cluster the OTU, with 97%
similarity truncation. The NCBI database was used for species
annotation. The community richness (Chaol richness estimator)
and diversity (Shannon Index) were calculated using QIIME2. Beta
diversity analysis was performed by the principal coordinate
analysis (PCoA) method based on the R software package. The
taxonomic groups (classes) and genera (subclasses) of bacteria
represented by the differences between groups were identified by
linear discriminant analysis (LDA) combined with an effector. The
LEfSe criterion was set as LDA > 4 with p < 0.05. The ¢-test was
performed on the species abundance data between groups using
Metastats software.

2.5 Orexinogenic neuropeptides in the
hypothalamus

2.5.1 Western blot

Protein extraction was performed using RIPA buffer and
PMSF, and protein quantification was performed using a BCA
protein quantification kit. Proteins were separated using 10%
SDS-PAGE and transferred to PVDF membranes (Millipore,
Bedford, MA, United States). After blocking the membrane with
5% BSA for 1.5h, the membrane was incubated with the
corresponding primary antibodies (NPY and AgRP primary
antibodies were diluted 1:1000 with antibody diluent, and
B-actin was diluted 1:5000) for 12h at 4°C. The membrane
was then incubated with the secondary antibody for 90 min at
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room temperature. Using B-actin as an internal reference, the
protein bands were quantified with Image] software.

2.5.2 Quantitative real-time PCR

The samples were subjected to quantitative PCR using
Applied Biosystems 7500/7500 Fast Real-Time PCR System
and StepOnePlus Real-Time PCR System, and the primer
sequences of the genes were as follows:

GAPDH, forward: 5'-ACAGCAACAGGGTGGTGGAC-3/,
reverse: 5-TTTGAGGGTGCAGCGAACTT-3'; NPY, forward:
5'-TACTCCGCTCTGCGACACTA-3', reverse: 5'-TGGGGG
CATTTTCTGTGCTT-3'; AgRP, forward: 5'-ACTCTGAAG
CTGAATGCCCAC-3', 5'-CCCACACGTGACTAC
TTCCT-3".

Total RNA was isolated from rat hypothalamus with TRIzol
reagent according to the manufacturer’s instructions. Gene expression
was calculated as ACT using GAPDH as a reference and was
expressed relative to the control group normalized to a value of 1.

reverse:

2.6 Statistical analysis

SPSS Statistics version 25.0 software (IBM Corp, Inc., Armonk,
NY, United States) was used for data analysis. The results are
expressed as the mean + standard deviation (mean + SD). The
comparisons of repeated measures of WG% between saline and
OLZ groups were made by multiple ¢-test with FDR determined
using the two-stage linear step-up procedure of Benjamini, Krieger
and Yekutieli. The abundance of SCFA metabolism-related
microorganisms was compared in pairs of s-saline vs.
s-olanzapine and v-saline vs. v-olanzapine, and serum levels of
OLZ were compared between s-olanzapine and v-olanzapine
groups, using Mann-Whitney U test. Before analyses, the
Kolmogorov-Smirnov test was used to determine whether the
relevant data are normally distributed. Then, Spearman’s test
was considered as the way of testing data for heteroscedasticity.
If the data of the four subgroups passed the normality test and had
equal variances, two-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparisons test was utilized to compare the
preselected pairs of groups (s-saline vs. s-olanzapine; v-saline vs.
v-olanzapine; s-saline vs. v-saline; s-olanzapine vs. v-olanzapine).
Otherwise, nonparametric Kruskal-Wallis ANOVA followed by
Dunn’s multiple comparisons test was carried out. Graphs were

made using GraphPad Prism 8 software.

3 Result

3.1 Olanzapine induces lipid disturbances
in rats

The effects of olanzapine on body weight and metabolism of
rats were analyzed by calculating WG%, WAT% and BAT% of
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The results of species diversity analyses (OTU levels; **p < 0.01; *p < 0.05 and *#p < 0.01) are shown among four groups as differences in the

Chaol index (A) and in the Shannon index (B); and (C) PCoA analysis graph illustrating group profile clustering.

rats. As shown in Figures 1C,D, in the sham-operated group,
olanzapine administration from day 4 (t ratio = 2.304, p = 0.035)
significantly increased the WG% relative to the saline
group. However, under the condition of vagotomy, the
olanzapine treatment had no significant effects on WG%
compared with the saline group.

Under sham operation conditions, the olanzapine group had
significantly increased rat WAT% (p = 0.030) and decreased BAT
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% (p = 0.005) when compared with the saline group (Figure 1E).
Under the condition of vagus nerve resection, the WAT% and
BAT% of the olanzapine group did not change significantly
(Figure 1F). In addition, comparing the two olanzapine
groups, the WAT% of the rats in the vagotomy group was
significantly lower than that in the sham group (p = 0.001).
This experiment also found that, regardless of whether the gut
microbiota-brain axis was intact, olanzapine significantly
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increased serum TG levels in rats on average (s-saline vs.
s-olanzapine, p = 0.015; v-saline vs. v-olanzapine, p = 0.002;
Figure 1G). The integrity of the gut microbiota-brain axis did not
affect the level of TG in rat serum. Meanwhile, olanzapine
administration significantly increased the serum TC content of
the vagotomy-treated rats (p = 0.022) but did not affect the serum
TC content of the sham-operated rats (Figure 1H).

3.2 Olanzapine alters the gut microbial
composition

The effects of olanzapine and the vagus nerve on gut
microbes were explored by analyzing the diversity and
abundance of gut microbes in each group of rats. Under
sham-operated conditions, olanzapine administration had no
significant effect on the species abundance and p-diversity of
gut microbes in rats. Under the condition of vagotomy, the
olanzapine group significantly reduced the species abundance
of rat gut microbes (p = 0.002, Figure 2A), and also showed a
tendency to affect the p-diversity of rat gut microbes. In addition,
the results indicated that gut microbial diversity and species
abundance can be compromised by cutting off vagus nerve
(Figures 2B,C), as revealed by comparisons of s-saline vs.
v-saline (Chaol index, p = 0.002; Shannon index, p = 0.003)
and s-olanzapine vs. v-olanzapine (Chaol index, p = 0.012;
Shannon index, p = 0.002). Since the Firmicutes/Bacteroidetes
ratio (F/B) was positively associated with obesity (Coras et al.,
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2019), we analyzed the ratio of F/B in each group (Figure 3A). As
depicted, under the sham-operated condition the OLZ group had
a significantly increased F/B ratio, whereas OLZ administration
had little effect on F/B in the setting of vagotomy. In addition,
with only saline administration, vagotomy also significantly
increased the F/B ratio of the rats compared with the sham-
operated group. We further analyzed the abundance of SCFA
metabolism-related microorganisms in the four groups of gut
microbiota (Figures 3B-E). Under sham-operated conditions,
the OLZ group had a significantly increased abundance of
Erysipelotrichaceae (U = 17, p = 0.040) and a significantly
decreased abundance of A. muciniphila (U = 14, p = 0.019).
After vagotomy, OLZ treatment significantly increased the
abundance of Erysipelotrichaceae (U = 13, p = 0.014) and
significantly decreased the abundance of Clostridiaceae in the
gut microbiota (U = 7, p = 0.003).

Figure 4A represents the LEfSe cladogram mapping the
differential bacterial taxa between paired groups to taxonomic
tree. Figure 4B shows the histogram of the LEfSe LDA scores
computed for differential taxonomic clades between paired
groups. The color (red or green) indicated the enrichment of
the taxa within the corresponding groups. Under sham
operation, the abundance of phylum Firmicutes was higher,
and phylum Verrucomicrobiota was lower in the gut
microbiota of OLZ treated group than saline group. However,
when the rats were performed vagotomy, only the abundance of
phylum Verrucomicrobiota was decreased in OLZ groups as
compared with saline group.
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3.3 Olanzapine increases the levels of
short-chain fatty acids and 5-
hydroxytryptamine in the cecum

To explore the effects of OLZ administration on SCFAs, the
differences in the levels of six main SCFAs in the cecum are
summarized in Figures 5A-F. In the case of sham operation,
OLZ administration significantly reduced the levels of acetic acid
(p = 0.036), isobutyric acid (p = 0.007), and isovaleric acid (p = 0.004)
in the cecum and significantly increased the level of butyric acid (p =
0.033). In the vagus nerve resection group, olanzapine administration
significantly reduced the content of six SCFAs in the cecum (acetic
acid, p = 0.006; propanoic acid, p = 0.001; isobutyric acid, p = 0.005;
butyric acid, p = 0.001; isovaleric acid, p = 0.009; valeric acid, p =
0.002). Under olanzapine administration, the vagus nerve resection
group had significantly reduced levels of acetic acid (p = 0.019),
propionic acid (p = 0.048) and butyric acid (p = 0.039) compared
with the sham operation group. However, under the condition of just
saline administration, the vagus nerve resection group and the sham
operation group showed no significant differences in these SCFAs. As
shown in Figure 5G, in the case of the sham operation, OLZ
administration significantly reduced the 5-HT content in the
cecum (p = 0.004). Under the circumstance of vagus nerve
resection, the effects of OLZ on 5-HT in the cecum was not
statistically significant. Since the pharmacokinetics of OLZ may
vary significantly, we compared the serum levels of OLZ between
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s-olanzapine and v-olanzapine groups (Figure 5H) and no statistical
difference was found (U = 16, p = 0.818).

3.4 Olanzapine regulates the expression of
orexinogenic neuropeptides in the
hypothalamus

To further explore the specific mechanisms by which OLZ
induces abnormal lipid metabolism and obesity through the gut
microbiota-brain axis, we measured the mRNA and protein levels of
orexins in the hypothalamus of different groups. As shown in
Figure 6, the olanzapine group significantly increased the mRNA
expression of the hypothalamic orexin neuropeptides NPY (H =
19.2, post-hoc p = 0.021) and AgRP (H = 30.9, post-hoc p = 0.042)
and only significantly increased the protein level of NPY under
sham-operated conditions (H = 24.6, post-hoc p = 0.016). In both
vagotomy groups, the olanzapine group had decreased NPY mRNA
expression (H = 19.2, post-hoc p = 0.049) but still upregulated AgRP
mRNA expression (H = 30.9, post-hoc p = 0.033), but also had no
significant effects on NPY and AgRP protein expression. Moreover,
both the mRNA and protein levels of NPY and AgRP were
significantly increased in the v-saline group compared with the
s-saline group (NPY mRNA: H = 19.2, post-hoc p = 0.028; NPY
protein: H = 24.6, post-hoc p = 0.006; AgRP mRNA: H = 30.9, post-
hoc p = 0.015; AgRP protein: H = 27.2, post-hoc p = 0.034).
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0.01, #*p < 0.05 and #*#p < 0.01.

4 Discussion

In this study, the role of the gut microbiota-brain axis in

olanzapine-induced lipid disturbances was systematically
investigated for the first time in an animal model by severing
the vagus nerve resection to disrupt gut-brain communication.
We investigated the changes in lipid parameters induced by OLZ
and inferred the effects of OLZ on gut microbiota by measuring
the composition and abundance of gut microbes. We also
discussed whether OLZ-induced alterations in SCFAs can
activate the vagus nerve by increasing 5-HT, resulting in
hypothalamic orexin expression.

The previous reports illustrate that even though OLZ

promotes weight gain in humans, this effect seems to be
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gender-specific in rodent animal models, with OLZ-induced
weight gain observed in female rats only, not male rats (Choi
etal,, 2007; Albaugh et al., 2011). Therefore, we chose female rats
for our study. The results of this study found that the body weight
of the rats in the v-olanzapine group had a tendency to increase,
and olanzapine administration significantly increased the WG%
of the sham-operated rats, which was consistent with the results
in the literature (Kao et al., 2018). Olanzapine administration
significantly increased WG% only when the vagus nerve was
intact, suggesting that the intact gut microbiota-brain axis plays
an important role in OLZ-induced weight gain in rats.
Interestingly, the negative impact of the increase in WAT%
and decrease in BAT% induced by OLZ administration was
reversed by the disruption of the gut microbiota-brain axis
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(vagotomy), suggesting that OLZ-induced weight gain may
require an intact gut microbiota-brain axis pathway. Previous
studies have found that vagotomy reduces mitochondrial
thermogenesis in brown adipose tissue (Andrews et al., 1985),
indicating that the vagus nerve activation may have a certain
inhibitory effect on brown adipose tissue mitochondrial function
(Yang et al., 2007). Furthermore, OLZ significantly increased
serum TG levels in rats regardless of whether the gut
microbiota-brain axis was intact, consistent with another
report (Chiu et al, 2006). The dyslipidemia caused by OLZ
may due to a decrease in the metabolic rate or an increase in
hepatic lipogenesis (Yang et al., 2007; Cai et al., 2015), which can
be stratified to its peripheral mechanisms.

The abundance and diversity of gut microbes can be affected by
OLZ, and the diversity of gut microbiota are more severely
compromised when the vagus nerve was resected (Figures 2, 3).
The results suggest that the vagus nerve allows the bidirectional
communication between the gut and the brain, and has a key role in
maintaining the homeostasis and diversity of gut microbes. In
addition, we observed that OLZ increased the F/B of gut
microbes by increasing the abundance of Firmicutes and
decreasing the abundance of Bacteroidetes, which will become
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non-significant when gut microbiota-brain axis was disrupted by
vagotomy. Brain exerts regulatory effects on gut microbes, as evident
by the fact that mood and stress can affect the composition of gut
microbes (Kim and Shin, 2018). Therefore, the changes in F/B may
largely owing to the feedback top-down regulation of gut microbes
by the brain during the treatment with OLZ. Disrupting the integrity
of the vagus nerve in this experiment hindered the regulation of the
gut microbiota by the brain, thereby causing no F/B changes after
OLZ administration. In addition, it has been reported that F/B is
positively correlated with obesity, and it has been found that when a
prebiotic (B-COS®) is add-on to OLZ, it reduces the abundance of
Firmicutes and alleviates OLZ-induced weight gain (Indiani et al,
2018; Kao et al., 2018). The above results suggest that the abnormal
lipid metabolism and the increase in body fat caused by olanzapine
are related to the increase in the F/B of gut microbes. In addition,
OLZ administration significantly decreased the abundance of A.
muciniphila in the gut of sham-operated rats. A. muciniphila is
considered to be a promising probiotic and mainly promotes the
generation of acetic, propionic, butyric, isobutyric, and isovaleric
acids (Li et al., 2021). A decrease in its abundance is thought to be
associated with metabolic disorders and inflammatory diseases,
including obesity, type 2 diabetes, and inflammatory bowel
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This study suggests a possible scenario that olanzapine can induce changes in the levels of short-chain fatty acids (SCFAs) by altering the
abundance and composition of gut microbiota, thereby reducing 5-HT secretion in the gut and related glutamatergic signal transduction through
vagus nerve, which increases the ratio of hypothalamic orexotropic-related neuropeptide Y/agouti-related peptide (NPY/AgRP), eventually in turn

contributing to accumulated lipid deposition in rats.

disease (Zhang et al,, 2019). Therefore, the results of this study
suggest that OLZ-induced lipid disturbances are associated with a
decrease in the abundance of A. muciniphila in the gut.

To further investigate whether OLZ affects 5-HT levels by
altering the synthesis of SCFAs in the gut through the gut
microbiota-brain axis, we determined the concentrations of
SCFAs and 5-HT in the cecum content. Olanzapine can exert a
negative impact on the gut microbiota to reduce the production of
SCFAs, which in turn reduces 5-HT release and transmission from
the vagus nerve to the brain. Therefore, the removal of the vagus
nerve cuts off the bottom-up signal transmission of 5-HT related to
the intestinal flora, but does not entirely affect the regulation of
SCFAs by OLZ. Therefore, it is explainable that OLZ administration
significantly reduced the levels of acetic acid, isobutyric acid, and
isovaleric acid in the cecum of rats, no matter the rats were resected
or not. However, among them, OLZ-induced reduction of acetic
acid was aggravated when the vagus nerve was resected, reflecting
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certain protective role of top-down regulation from brain to gut
microbiota. In support, OLZ-associated changes in propanoic acid
and butyric acid were more severe in vagotomy group than in sham
group. Interestingly, the effect of OLZ on butyrate in the gut seems
to be closely related to the integrity of the vagus nerve. It has been
shown that exogenous supplementation of butyrate can antagonize
weight gain by reducing food intake and increasing energy
al, 2018).
significantly increased the concentration of butyric acid in the

metabolism  (Li et Olanzapine administration
cecum of the s-olanzapine group, whereas decreased this SCFA
of the v-olanzapine group. This result may be partially owing to the
imbalanced modulation of OLZ on the abundance of butyrate-
producing bacteria Erysipelotrichaceae and Clostridiaceae as
indicated in Figure 3, because OLZ significantly increased the
abundance of Erysipelotrichaceae in the gut of the s-olanzapine
group. Although OLZ also significantly increased the abundance of

Erysipelotrichaceae in the v-olanzapine group, the abundance of
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Clostridiaceae was simultaneously decreased in vagotomy group but
not in the sham group, suggesting that the abundance of
Clostridiaceae and related butyric acid yield may be specifically
affected and more dependent on the integrity of the vagus nerve.

Changes in SCFA have been shown to affect 5-HT levels by
affecting enterochromaffin cell activity. As shown in Figure 5,
OLZ induced reductions in acetic acid and 5-HT in the sham-
operated group, whereas only acetic acid reductions were
observed in the vagotomy group. This suggests that
olanzapine-induced reductions in acetic acid levels are
mediated by the gut microbe-brain axis, further causing a
decrease in 5-HT levels. 5-HT can stimulate vagal afferents
through 5-HT; receptors at vagal afferent terminals, and
activation of vagal afferents can inhibit food intake in rats
by increasing satiety (Laskiewicz et al., 2003; de Lartigue,
2016). the
ultimately affect the regulation of energy intake in the

Therefore, results suggest that OLZ may
hypothalamus by affecting the gut microbiota-brain axis. By
measuring the mRNA and protein levels of orexin NPY and
AgRP in the hypothalamus, we confirmed that OLZ further
affects the levels of NPY and AgRP through the vagus nerve
and may further aggravate the increase in body fat content in
rats by affecting energy intake. It is worth noting that when the
vagus nerve was resected, the OLZ-related changes of NPY and
AgRP in protein levels were disappeared. The results suggest
that impairment in the vagus nerve itself may also lead to
dysregulation of energy metabolism, thereby aggravating the
influence of external factors (e.g., AAPD) on lipid metabolism
and energy intake in the body. Nevertheless, as regard to OLZ-
induced lipid disturbances, there may be some differences
between real schizophrenia patients and normal rats we
used. Notably, both impaired vagal afferent and efferent
signaling has been implicated in the pathophysiology of
schizophrenia (Klarer et al., 2018). Because schizophrenia
patients may experience disrupted function of vagus nerve
and cannot properly regulate downstream gut microbiota, this
factor may contribute to the predisposition of abnormal gut
microbiota and metabolic disturbances in schizophrenia
patients before AAPD treatment. Recently, the changes in
gut microbiota in patients with schizophrenia taking OLZ
have been studied (Pelka-Wysiecka et al., 2019). Using an
animal model of vagotomy, herein we further explored how the
impact of OLZ on the abundance and diversity of gut microbes
can contribute to its lipidemia side effects through gut
microbiota-brain axis.

There are several limitations of this study. First, the effects of
OLZ on TG and TC seem to be independent of the gut
microbiota-brain axis during the course of the study.
Considering that TG and TC levels may be more related to
hepatic lipid metabolism, the peripheral role of gut microbiota
during AAPD treatment needs to be further investigated. Second,
this study did not involve the treatment on gut microbiota, in
future studies combinations of probiotics/prebiotics with OLZ
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will be considered to explore the detailed mechanisms of and
novel intervention strategy to AAPD related metabolic side
effects.
significantly in rats and may account for the differences

Third, the pharmacokinetics of OLZ can vary

between the two OLZ-treated groups. However, in our study,
no significant difference in the serum concentrations of OLZ was
found. The pharmacokinetics of OLZ cannot fully explain the
differences in the indicators of weight gain, WAT%, the
community richness and diversity of gut microbiota, and
certain SCFAs levels (acetic acid, propanoic acid and butyric
acid) between s-olanzapine and v-olanzapine groups.

In conclusion, OLZ administration is at least partially
responsible for obesity by increasing F/B ratio, and this effect
requires an intact gut microbiota-brain axis. In addition, OLZ
may alter the levels of the microbial metabolite SCFAs by
reducing the abundance of A. muciniphila in the gut. Its
alterations lead to lower levels of 5-HT, which stimulate the
activity of orexotropic neurons in the hypothalamus via the gut
microbiota-brain axis to induce lipid disturbances (Figure 7). A
better understanding of the peripheral and central mechanisms
underlying OLZ-induced lipid disturbances could shed light on
forming new strategy to ameliorate the metabolic side effects of
antipsychotic treatment.
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