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The use of many psychotropic drugs (PDs) is associated with increased caloric intake, significant weight
gain, and metabolic disorders. The nematode Caenorhabditis elegans (C. elegans) has been used to study
the effects of PDs on food intake. However, little is known about PDs effects on the body fat of C. elegans.
In C. elegans, feeding behavior and fat metabolism are regulated through independent mechanisms. This
study aims to evaluate the body fat and food intake of C. elegans in response to treatment olanzapine and
fluoxetine. Here we report that, with careful consideration to the dosage used, administration of fluox-
etine and olanzapine increases body fat and food intake in C. elegans.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Psychotropic drugs (PDs) are a class of drugs used to treat and
manage the symptoms of mental disorders(WHO, 2009). The pre-
scription rate of these psychotropic drugs has rapidly increased
in the last few decades(Czarny et al., 2011; Ilyas & Moncrieff,
2012; Karanges et al., 2014; Olfson & Marcus, 2009); however,
the use of PDs has been linked to a number of severe extrapyrami-
dal and metabolic side effects (Citrome et al., 2011). Notably,
recent generations of PDs have been linked with lowering rates
of extrapyramidal symptoms; however, they induce metabolic dis-
orders (Citrome et al., 2011; Gentile, 2006). These disorders
include impaired glucose metabolism, weight gain, diabetes melli-
tus, and increased appetite (Bak et al., 2014; Citrome et al., 2011;
De Hert et al., 2011). Patients treated with recent generations of
PDs typically gain substantial weight after treatment initiation
(Kahn et al., 2008) and are four times more likely to develop dia-
betes compared to the general population(McCreadie et al., 1998;
Verhaegen & Van Gaal, 2017).

Among these PDs, olanzapine has been noted to be linked to the
most significant changes in body weight in humans(Citrome et al.,
2011). The use of olanzapine has been suggested to reduce meta-
bolism, increase body fat, and increase appetite(Citrome et al.,
2011). It has been suggested that olanzapine stimulates weight
gain and affects appetite by regulating the levels of certain neuro-
transmitters, such as serotonin (Lord et al., 2017; Nihalani et al.,
2011; Shrivastava & Johnston, 2010). It has also been suggested
that several PDs, such as olanzapine, block 5-HT 2C receptors, lead-
ing to increased food intake and obesity in rodents (Davey et al.,
2012; Lord et al., 2017; Nihalani et al., 2011). Furthermore, accu-
mulating evidence suggests that both first and second generations
of PDs induce oxidative stress (Günes� et al., 2016; Sadowska-
Bartosz et al., 2016; Zhang et al., 2012). The increase in both oxida-
tive stress and reactive oxygen species (ROS) production has been
linked to fat accumulation in humans and rodents (Furukawa et al.,
2004; Vincent et al., 2007). It has also been suggested that oxida-
tive stress may play an important role in the weight gain induced
by the use of PDs (An et al., 2018).

Because the general use of PDs promotes weight gain in
humans, scientists have been using different models to explore
the underlying mechanisms by which PDs promotes weight gain
(Davey et al., 2012; Lord et al., 2017; Nihalani et al., 2011). The
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model organism Caenorhabditis elegans (C. elegans) has gained
increasing importance in pharmacological and toxicological
research (Hunt, 2017; Leung et al., 2008). Interestingly, the C. ele-
gansmodel has been used to study the effects of PDs on food intake
as well as on food-seeking behaviors (Dwyer et al., 2015; Gubert
et al., 2013; Perez-Gomez et al., 2018). A study by Gomez et al. sug-
gested that C. elegans treated with PDs, such as olanzapine, dis-
played hyperphagia that was similar to that displayed by humans
(Perez-Gomez et al., 2018). In this study, only food intake was
determined as the driving force by which PDs induce weight gain;
however, little is known about the effects of the PDs on the body
fat of C. elegans. The mechanisms of food intake regulation in C. ele-
gans are different than themechanisms of fat regulation (Srinivasan
et al., 2008). A study by S. Srinivasan et al. showed that treatment
with exogenous 5-HT in C. elegans resulted in a significant increase
in food intake that was accompanied by a decrease in fat content.
They also suggest that that the serotonergic regulation of feeding
in C. elegans is independent of fat regulation. Therefore, we wanted
to examine the body fat of the nematode C. elegans in response to
treatment with PDs. The aim of the present study was to examine
the effects of olanzapine, a commonly prescribed antipsychotic,
and of fluoxetine, a popular antidepressant, on the body fat of C. ele-
gans. We also examined the effects of the drugs on food intake,
food-seeking behavior, and themitochondrial function of C. elegans.

2. Methods:

- Strains and media:
Wild-type Bristol N2 was the reference strain used throughout

the study. Additional strains included daf-2(e1370) (#CB1370),
prdx-2(gk169) (#VC289), ser-1(ok345) (#DA1814), and mgIs42
[tph-1] (#GR1366). Worms were obtained from the Caenorhabditis
Genetics Center (CGC), incubated at 20 �C, and maintained on stan-
dard Nematode Growth Medium (NGM) plates as previously
described by Brenner (1974). In addition, antibiotics (100 mL of
100 mg/mL Ampicillin) and antifungals (0.5 ml of Nystatin suspen-
sion 10,000U/ml) were added to 100 ml of NGM to prevent any
contamination. Worms were cultured by feeding on a typical diet
that contains concentrated Escherichia coli (E. coli) OP50 lawn as
previously described (Brenner, 1974).

- Drugs used in this experiment:

Treatments used in this study included different exposure con-
centrations of olanzapine (zyprexa 10 mg) and fluoxetine (Lovan
20 mg). All drugs were obtained from La Trobe University Medical
Center. Stock solutions of each drug were freshly prepared for each
replicate by dissolving drugs in Milli-Q water containing (2%)
DMSO. Stock solutions were diluted to the desired concentrations
using Milli-Q water containing (2%) DMSO. Treatments were
introduced to worms by spotting desired concentrations onto the
surface of the NGM plate and on top of OP50 lawn at a ratio of
1:3 (OP50:desired treatment). The control group received only
Milli-Q water containing (2%) DMSO.

- Fat staining:With slight modifications, the staining of fat, using
[0.5 % Oil-Red O (ORO)], was conducted following a previous
protocol (Escorcia, Ruter, Nhan, & Curran, 2018). ORO stock
solution was prepared by dissolving 500 mg of ORO powder
in 100 ml of 100% isopropanol. Prior to the experiment, ORO
working solution was prepared by diluting ORO stock solution
in water (3:2) to 60% isopropanol. The working solution was fil-
tered using a 0.2 mm syringe filter. The body fat of worms trea-
ted with PDs was examined by taking images of stained worms.
Images were analyzed for color density using Image J software.
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Treatments included different concentrations of olanzapine and
fluoxetine dissolved in 2% DMSO. Treatments were introduced
to worms from larval stage 1 (L1), and worms were stained to
measure their body fat at the L4 stage (48 hrs after the L1
stage). For each condition, experiments were run in duplicate
with suitable control and repeated three times with an average
of 10 animals per replicate.

- Body size: Worms were maintained with OP50 and desired
treatments from the L1 stage until the L4 stage. For each condi-
tion, images were taken of worms at the L4 stage at 5X magni-
fication. Nikon stereo microscope equipped with with a Nikon
DS-Fi2 camera was used to obtain images. Measurements of
body length and width were obtained using ImageJ software.

- Motility:Worms were maintained with OP50 and desired treat-
ments from the L1 stage until the L4 stage. Worms were then
starved by transferring them to plain agar plates with no food
source and leaving them for 40 min. Movements were recorded
at 20 �C with no lid at 5X magnification. Nikon stereo micro-
scope equipped with a Nikon DS-Fi2 camera was used to obtain
videos. Recordings of movements were analyzed using Worm-
Lab 3.1 software (MBF Bioscience). Analysis included speed/
peristaltic speed, max amplitude, straight-line distance, and
wavelength. The recording period was 30 s at a rate of 30
frames per s. This experiment was repeated at least twice with
an average of 20 animals per replicate.

- Food intake: Pharyngeal pumping rates of L4 worms were
measured at room temperature as an indicator of food intake fol-
lowing a previous protocol (Raizen et al., 2005). Worms were
maintained on OP50 as a source of nutrient and desired treat-
ments from the L1 stage. Life Science technologies EVOS FL Auto
microscope was used to count pharyngeal contractions at 10X
magnification. Pharyngeal contractions were measured for each
treatment under two different conditions. First, worms were
deprived of food for 60 min, and pharyngeal pumping was
counted for 30 s using a hand counter. The number of contrac-
tions was multiplied to obtain the number of pharyngeal pumps
per minute (pumps/min). Second, starved worms were trans-
ferred onto food, and pharyngeal pumping was counted for 30 s
using a hand counter. The number of contractions was multiplied
to obtain the number of pharyngeal pumps per minute (pumps/
min). Food intake was calculated by subtracting the basal rate
of pumping (off-food) from the pump rate (on food). This exper-
iment was repeated two times for each treatment with an aver-
age of 10 animals per replicate.

- Reactive oxygen species: L1 worms were maintained for 24 hr
with OP50 and desired treatments for 24 hr after the L1 stage.
Following a previous protocol (Yoon, Lee, & Cha, 2018), 25 lM
of 20,70-dichlorofluorescein diacetate (H2DCFDA) was added to
worms suspended in a m9 buffer. Readings of the fluorescence
signal were performed using a fluorophotometer. This experi-
ment was repeated three times with an average of 20 animals
per replicate

- Mitochondrial function: L1 worms were maintained with
OP50 as a source of nutrient and desired treatments until they
reached the L4 stage. With slight modifications, the experiment
was conducted following the protocol prescribed by Koopman
and colleagues(Koopman et al., 2016). The mitochondrial respi-
ration was evaluated using a Seahorse XF 24 Extracellular Flux
Analyzer in the presence and absence of 20 mM of sodium azide
(an inhibitor of mitochondrial respiration). Sodium azide was
added to 500uL of m9 containing ~ 70 worms and all readings
were normalized based on the number of worms per each well.
Readings included 8 cycles in the absence of sodium azide
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(basal respiration) and 8 cycles in the presence of sodium azide
(non-mitochondrial respiration), then the mitochondrial respi-
ration was calculated.

- Statistical analysis:

All statistical analyses of the data presented in this paper were
performed using IBM SPSS� statistics software (version 24). Data
were presented as (mean ± SEM). Significant differences between
means were assessed by a one-way ANOVA and the General Linear
Model (multivariate test). P � 0.05 was considered significant.

3. Results

3.1. Fat staining results of wild-type N2 worms treated with
psychotropic drugs (PDs)

To investigate the effects of fluoxetine and olanzapine on body
fat, we first exposed worms to different concentrations of each
drug to determine the concentrations at which these medications
may affect the body fat of C. elegans (Fig. 1). In these experiments,
wild-type N2 worms were treated with various concentrations of
either fluoxetine or olanzapine. All treatments were introduced
to worms from the L1 stage, and body fat was examined at the
L4 stage. The response of worms to treatments was dependent
on the concentration of the drug. As shown in (Fig. 1A), the antide-
pressant fluoxetine showed a concentration-dependent increase
(p � 0.05) in body fat up to a 50 mM concentration. A reduction
in body fat was observed in response to fluoxetine at higher con-
centrations. Similar results of body fat were found in N2 worms
treated with the antipsychotic olanzapine (Fig. 1B). In response
to treatment with olanzapine, worms showed a steady increase
(p � 0.05) in body fat up to a 100 mM concentration, and a reduc-
tion in body fat was observed at higher concentrations.

3.2. Effects of psychotropic drugs (PDs) on the food intake of wild-type
N2 worms

Fat storage in living organisms is affected by energy intake and
consumption. Therefore, it is possible that the observed effects of
PDs on the body fat of C. elegans originate from changes in their
food intake. Therefore, the aim was to determine the effect of
PDs on the food intake of wild-type N2 worms. To investigate this
effect, the food intake of wild-type N2 worms was evaluated at the
L4 stage after exposure to treatments from the L1 stage. Treat-
ments included multiple exposure concentrations of olanzapine
(100 mM,500 mM) and fluoxetine (50 mM,500 mM). Food intake
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Fig. 1. Effect of various concentrations of fluoxetine and olanzapine on the body fat of N2
introduced to worms from the L1 stage. Panel (A) shows a concentration-dependent eff
dependent effect of the antipsychotic olanzapine on body fat. (*p � 0.05 statistically dif
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was affected differently in response to treatment with different
concentrations of fluoxetine (Fig. 2 A,B). Worms treated with
50 mM of fluoxetine (F50) showed a significant increase
(*p � 0.05) in food intake compared to the control (DMSO),
whereas treatment with 500 mM of fluoxetine (F500) showed an
insignificant decrease in food intake. Interestingly, worms showed
similar patterns in response to treatment with olanzapine. The
effect of olanzapine on food intake was dependent on the concen-
trations of the drug (Fig. 2 C,D). Worms treated with 100 mM of
olanzapine (O100) showed a significant increase (*p� 0.05) in food
intake compared to the control (DMSO), whereas treatment with
500 mM of olanzapine (O500) showed an insignificant decrease in
food intake. These results suggest that the increase in body fat
observed in the exposure experiments appear to be associated with
changes in food intake.
3.3. Effects of olanzapine (O100) and fluoxetine (F50) on C. Elegans
body size

Because the treatment with 100 mM olanzapine (O100) and
50 mM fluoxetine (F50) had shown an increase in the body fat of
worms, the aim was to determine whether the development and
body size of treated worms were affected. Thus, we first examined
the effect of (O100) and (F50) on the width of N2 worms. Evalua-
tion of body width was done at the L4 stage, and treatments were
introduced to worms from the L1 stage. As shown in (Fig. 3A),
worms treated with (O100) or (F50) had a mean body width of
(46.6 mm) and (48.3 mm), respectively. Worms in the control group
(DMSO) scored a mean body width of (48.6 mm). No statistically
significant difference was found between (DMSO) and the treat-
ment groups. No statistical difference was found between the
groups when worms were analyzed for their body length. As
shown in (Fig. 3B), the body length in worms treated with
(O100) (609.3 mm) or (F50) (616.01 mm) was similar to the body
length in worms in the (DMSO) group (623.6 mm).
3.4. Effects of olanzapine (O100) and fluoxetine (F50) on C. Elegans
movement behavior:

To better understand the observed effects of 100 mM olanzapine
(O100) and 50 mM fluoxetine (F50) on the body fat and food intake
of N2 worms, we examined the food-seeking strategy of starved
worms after exposure to treatments. It has been suggested that
specific movement parameters of C. elegans, such as speed and
straight-line distance, are increased in the absence of food
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Fig. 2. Effect of several concentrations of fluoxetine and olanzapine on the food intake of N2 worms. Food intake was determined at the L4 stage, and worms were exposed to
treatments from the L1 stage. Panel (A) Food intake of worms treated with (50 mM) fluoxetine. Panel (B) Food intake of worms treated with (500 mM) fluoxetine. Panel (C)
Food intake of worms treated with (100 mM) olanzapine. Panel (D) Food intake of worms treated with (500 mM) olanzapine. (*p � 0.05, statistically different when compared
to the untreated control, n = 10).
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Fig. 3. C. elegans wild-type body size after treatment with 100 mM olanzapine (O100) and 50 mM fluoxetine (F50). Treatments were introduced from the L1 stage, and size
parameters were evaluated at the L4 stage. A. Representative results of the effects of (O100) and (F50) on width. B. Representative results of the effects of (O100) and (F50) on
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(Shtonda and Avery, 2006). To evaluate this, we analyzed several
movement parameters in N2 worms after exposure to treatments.
The evaluation of these parameters was conducted at the L4 stage
and included the assessment of speed, peristaltic speed, straight-
line distance, wavelength, and max amplitude. As illustrated in
(Fig. 4A,B) and (Table 1), the mean speed of olanzapine-treated

worms (O100) 310.77 mm/s was slightly higher than the control

(DMSO) 289.31 mm/s. The peristaltic speed of olanzapine-treated

worms (O100) 240.08 mm/s was significantly (*p � 0.05) higher

than the control (DMSO) 180.85 mm/s. Moreover, we did not detect
any significant changes in max amplitude in worms treated with

(O100) 118.238 mm/s compared to (DMSO) 113.985 mm/s. We also
found that there is a significant increase (*p � 0.05) in the
920
straight-line distance covered by worms treated with (O100)

1208 mm/s compared to (DMSO) 917.91 mm/s. In addition, the

wavelength of the worms treated with (O100) 419.5 mm/s was sig-

nificantly (*p � 0.05) higher than the control (DMSO) 392.9 mm/s.
Similar results of movement parameters were found in worms

in response to treatment with fluoxetine (F50). As shown in
(Fig. 4C,D) and (table 1), the mean speed of worms treated with

(F50) 347.52 mm/s was significantly (*p � 0.05) higher than the

control (DMSO) 289.31 mm/s. A significant increase (*p � 0.05)
was also observed in the mean peristaltic speed of worms treated

with (F50) 244.12 mm/s as opposed to worms in the control group

(DMSO) 180.85 mm/s. Moreover, we did not observe a significant
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Table 1
Means of C. elegans movement parameters after treatments with 100 mM olanzapine (O100) and 50 mM fluoxetine (F50).

A. Almotayri, J. Thomas, M. Munasinghe et al. Saudi Pharmaceutical Journal 29 (2021) 917–929

921



A. Almotayri, J. Thomas, M. Munasinghe et al. Saudi Pharmaceutical Journal 29 (2021) 917–929
difference in max amplitude in worms treated with (F50)

110.009 mm/s compared to (DMSO) 113.985 mm/s. We did observe
a significant increase (*p � 0.05) in the straight-line distance cov-

ered by worms treated with (F50) 1229.21 mm/s compared to

(DMSO) 917.91 mm/s. We also found that the wavelength of the

worms treated with (O100) 460.652 mm/s was significantly

(*p � 0.05) higher than the control (DMSO) 392.9 mm/s. These
results suggest that the food-seeking behavior of worms is affected
by treatment with (O100) and (F50) compared to the control
group.
3.5. Candidate genes linked to the effect of olanzapine (O100) and
fluoxetine (F50) on fat content in worms:

Due to the established role of the insulin signaling pathway(Loh
et al., 2017; Nelson & Padgett, 2003), serotonin(Srinivasan et al.,
2008; Voigt & Fink, 2015), and oxidative stress(Furukawa et al.,
2004; Vincent et al., 2007) in the regulation of body fat and food
intake, we used C. elegans strains with mutations in the insulin sig-
naling pathway (daf-2), serotonergic pathway(ser-1, tph-1), and
peroxiredoxin-2 gene (prdx-2) to determine the role of these sig-
naling pathways in the observed effect of body fat and food intake
in response to treatment with 100 mM olanzapine (O100) and
50 mM fluoxetine (F50). To use these strains to investigate the
effects of (O100) and (F50), we initially compared the food intake
and body fat of these strains to N2 wild-type worms without treat-
ments. The evaluation of body fat and food intake was done at the
L4 stage. As shown in (Fig. 5A), compared to N2 worms, ser-1, tph-
1, and prdx-2 mutants exhibited an insignificant increase in body
fat, whereas a significant increase (*p � 0.05) in body fat was
observed for daf-2 mutants. Furthermore, the food intake of
untreated mutants was evaluated in comparison to N2 worms.
We found that daf-2 and tph-1mutants showed a significant reduc-
tion (*p � 0.05) in food intake, whereas prdx-2 and ser-1 did not
show significant differences in their food intake when compared
to N2 worms.

Next, using daf-2 mutants, we examined the involvement of the
insulin signaling pathway in the effects of (O100) and (F50) on the
body fat and food intake. Treatments were introduced to mutants
from the L1 stage, and body fat and food intake were evaluated
at the L4 stage. As illustrated in (Fig. 6A,B), treatment with (F50)
led to significantly increased body fat and food intake (*p � 0.05)
in treated daf-2 mutants as opposed to mutants in the control
group (DMSO). A similar result was found in daf-2 mutants treated
with (O100). As shown in (Fig. 6 C,D), daf-2 mutants treated with
(O100) showed a significant increase (*p � 0.05) in body fat and
food intake compared to mutants in the control group (DMSO).
These results indicate that both fluoxetine (F50) and olanzapine
(O100) do not require daf-2 activity for generating their effects
on body fat and feeding.

We also investigated the role of the serotonergic signaling path-
ways in the effects of (O100) and (F50) on the body fat and food
intake by using tph-1 mutants. An evaluation of these parameters
was done at the L4 stage after exposure to the treatment from
the L1 stage. As illustrated in (Fig. 7A,B), treatment with (F50)
led to significantly increased body fat (*p � 0.05) in tph-1 mutants
as opposed to the untreated control group (DMSO). Remarkably,
treatment with (F50) did not result in a significant difference in
the food intake of tph-1 mutants compared to (DMSO). We also
evaluated the body fat and food intake of tph-1 mutants in
response to treatment with (O100). As shown in (Fig. 7 C,D), tph-
1 mutants treated with (O100) showed a significant increase
(*p � 0.05) in body fat and food intake compared to mutants in
the control group (DMSO).
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We also decided to further evaluate the role of serotonin in the
effects of (O100) and (F50) on body fat and food intake by using
mutants that carry a defect in the serotoninergic ser-1 receptor.
An evaluation of the food intake and body fat of se1-1 mutants
was done at the L4 stage after exposure to the treatment from
the L1 stage. As shown in (Fig. 8A,B), a significant increase
(*p � 0.05) in the body fat was observed in ser-1 mutants in
response to treatment with (F50) as opposed to the untreated con-
trol (DMSO); however, treatment with (F50) did not affect the food
intake of ser-1 mutants. We also evaluated the body fat and food
intake of ser-1 mutants in response to treatment with (O100). As
shown in (Fig. 8 C,D), compared to the untreated control (DMSO),
ser-1 mutants treated with (O100) showed a significant increase
(*p � 0.05) in body fat and food intake. These results suggest that
the functions of ser-1 and tph-1 in the serotoninergic pathway are
required for the observed effects of fluoxetine (F50) on food intake
only.

Next, we decided to examine the role of oxidative stress in the
effect of (O100) and (F50) on the body fat and food intake. In this
experiment, we used prdx-2 mutants that are known to have pro-
tection against oxidative stress(Oláhová et al., 2008; Oláhová &
Veal, 2015). Treatments were introduced to prdx-2 mutants from
the L1 stage, and the body fat and food intake were evaluated at
the L4 stage. Compared to the control, mutants treated with
(F50) showed a significant increase (*p � 0.05) in body fat as well
as food intake (Fig. 9A,B). We also found that treatment with
(O100) resulted in a significant increase in the food intake of
prdx-2mutants as opposed to the untreated control (DMSO). Inter-
estingly, treatment with olanzapine (O100) did not affect the body
fat of prdx-2 mutants. (Fig. 9C,D). These results suggest that oxida-
tive stress is a possible cause for the observed increase in body fat
in N2 worms in response to treatment with olanzapine (O100).
3.6. Effects of olanzapine (O100) and fluoxetine (F50) on the formation
of the intracellular reactive oxygen species (ROS) and on basal
mitochondrial respiration:

Psychotropic drugs PDs have been reported to affect the forma-
tion of intracellular reactive oxygen species (ROS) formation in
humans and other models(Heiser et al., 2010; Vucicevic et al.,
2014). In addition, our previous results with prdx-2 mutants indi-
cated that oxidative stress might be causing the increase in body
fat in response to treatment with olanzapine (O100). To investigate
this further, we examined the effects of 100 mM olanzapine (O100)
and 50 mM fluoxetine (F50) on the formation of the intracellular
reactive oxygen species (ROS) using fluorescent probe 20,70

(H2DCFDA). N2 worms were exposed to treatments from the L1
stage, and the detection of intracellular (ROS) was performed
24 h after exposure. We found that compared to the control, the
treatment with (O100) significantly increased (*p � 0.05) the value
of DCF fluorescence signals in N2 worms, whereas the treatment
with (F50) showed an insignificant increase (Fig. 10A). The
increase of (ROS) production in response to treatment with
(O100) is consistent with our finding with prdx-2 mutants. Both
results indicate that oxidative stress plays an important role in
the effect of olanzapine (O100) on the body fat of C. elegans.

We next investigated the effects of 100 mM olanzapine (O100)
and 50 mM fluoxetine (F50) on the mitochondrial respiration of
N2 worms. Worms were introduced to treatments at the L1 stage,
and measurements of the oxygen consumption rate (OCR) were
taken at the L4 stage. As shown in (Fig. 10B), the mitochondrial res-
piration of worms in the control group was significantly higher
than worms treated with (O100) or (F50) (*p � 0.05).
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4. Discussion

The aim of the present study was to investigate the effects of
several psychotropic drugs (PDs) on the body fat of C. elegans and
other related parameters. The C. elegans model was chosen to
investigate the effect of PDs on body fat as it has been an estab-
lished model to study the mechanisms that regulate fat accumula-
tion in tissues (Zheng & Greenway, 2012). Compared to other
models, C. elegans has a relatively short lifespan, a transparent
body, and a fully sequenced genome, which allow researchers to
study a wide range of metabolic genes and pathways. Moreover,
the C. elegans model has been widely used to screen drugs and to
evaluate their efficacy and toxicity (Hunt, 2017; Leung et al., 2008).

Here, we report that the effect of the antipsychotic olanzapine
as well as the effect of the antidepressant fluoxetine on the body
fat of C. elegans is dependent on the concentrations of the drugs
presented in the media. This study demonstrates that young
923
worms (L4) exhibit an increase in body fat in response to treatment
with lower concentrations of olanzapine, up to 100 mM (O100), and
a reduction in body fat in response to treatment with higher con-
centrations of this medication. Similarly, young worms (L4) show
a significant increase in food intake in response to treatment with
lower concentrations of olanzapine (O100) and a slight decrease in
food intake in response to treatment with higher concentrations of
this medication. These results suggest that hyperphagia is a possi-
ble cause for the observed increase in body fat in response to treat-
ment with olanzapine (O100). These results also suggest that
careful consideration should be taken in regard to the exposure
concentration of olanzapine when using this model to study the
metabolic effects of this medication. It is noteworthy that the food
intake in this study was evaluated by measuring the pharyngeal
pumping rates. The measurement of pharyngeal pumping rates
in C. elegans has previously been used for estimating food intake
(Avery, 1993; Avery, 2012), but is not a direct measure of food
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intake. Alternative methods that offer the advantage of directly
measuring the food intake of worms have been developed recently
(Boyd et al., 2003; Gomez-Amaro et al., 2015; Rodríguez-Palero
et al., 2018). Therefore, further research, using a direct technique
to measure food intake, needs to be conducted to confirm the feed-
ing results reported in our study.

Our results of the increased food intake and body fat of C. ele-
gans in response to treatment with olanzapine are consistent with
previous findings (Perez-Gomez et al., 2018; Zheng & Greenway,
2012; Zheng et al., 2016). Treatment with olanzapine has been pre-
viously shown to increase the body fat (Zheng & Greenway, 2012;
Zheng et al., 2016) and food intake (Perez-Gomez et al., 2018) of
adult C. elegans. Nevertheless, a previous study by Karmacharya
et al. reported a reduction in food intake in L1 worms in response
to treatment with olanzapine(Karmacharya et al., 2009). In addi-
tion to our findings, these results suggest that the effects of olanza-
pine may be influenced by the age of the worms. In clinical
settings, the use of olanzapine is known to be associated with a
general increase in caloric intake and substantial weight gain in
humans(Citrome et al., 2011; Gothelf et al., 2002; Solmi et al.,
2017). Moreover, changes in body weight is significantly associated
with noncompliance among patients receiving treatment with
olanzapine(Citrome et al., 2011). In addition, olanzapine is known
to induce significant body weight gain and increased food intake
and to lead to an increased deposition of fat in rodents(Davey
et al., 2012; Lord et al., 2017). Our results of the increased body
fat and food intake of young worms (L4s) in response to treatment
with olanzapine (O100) are consistent with previous findings
reported in humans, rodents, and C. elegans.

Similar to the results found with olanzapine, our findings
demonstrate that young worms (L4) show a steady increase in
body fat after treatment with lower concentrations of fluoxetine,
up to 50 mM (F50), and a reduction in body fat in response to treat-
ment with higher concentrations of this medication. Similarly, L4
worms show a significant increase in food intake in response to
treatment with lower concentrations of fluoxetine (F50) and a
slight decrease in food intake in response to treatment with higher
926
concentrations of this medication. The results of the increased food
intake and body fat in response to treatment with (F50) suggest
that the increase in food intake may be a possible cause for the
observed increase in body fat. In animal models, the general use
of fluoxetine has been associated with weight loss and reduction
in the food intake in rodents (Aggarwal et al., 2016; Fuller &
Wong, 1989); however, it has been suggested that exposure to flu-
oxetine in rats is a long-term risk factor for weight gain even after
discontinuation of treatment (Mastronardi et al., 2011). In clinical
settings, the evidence is varied regarding the effect of fluoxetine
on body fat and appetite in humans. Most of the evidence in the lit-
erature suggests that the use of fluoxetine is linked to a reduction
in body weight and caloric intake (Foltin et al., 1996; McGuirk &
Silverstone, 1990; Michelson et al., 1999); however, several clinical
reports have indicated that fluoxetine may cause an increase in
food intake and body weight among its users (Fichtner & Braun,
1994; Fogelson, 1991).

To better understand the observed effect of olanzapine (O100)
and fluoxetine (F50) on the body fat of C. elegans, we tested the
effects of treatment with (O100) or (F50) on body size by measur-
ing the length and width of (L4) worms. Although treatments with
(O100) or (F50) result in a significant increase in the body fat of L4
worms, this increase in body fat is not associated with any changes
in the body size of treated worms. In addition, we investigated the
food-seeking strategy of young worms (L4) treated with olanzap-
ine (O100) or fluoxetine (F50). Generally, the movement of C. ele-
gans is known to alternate between two phases, called dwelling
(slow movement) and roaming (rapid straight movement). It has
been estimated that in the presence of food, worms spend up to
80% of their time in dwelling and 20% in roaming (Fujiwara,
Sengupta, & McIntire, 2002). Remarkably, in the absence of food,
it has been suggested that starved worms seek food by allocating
their entire time to roaming (Shtonda and Avery, 2006). We report
that certain movement parameters, such as speed and straight-line
distance, of (L4) worms treated with olanzapine (O100) increase in
the absence of food compared to untreated (L4) worms. Similar
patterns of movements were detected in L4 worms after treatment
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with fluoxetine (F50). Our results do not only confirm an increase
in the food intake of L4 worms in response to treatment with olan-
zapine (O100) or fluoxetine (F50) but more interestingly also indi-
cate that the roaming behavior is increased in treated worms.

Due to the high degree of homology between the C. elegans
genes and the human genes (Lai et al., 2000), the C. elegans model
can be effectively used to uncover the molecular mechanisms
involved in the adverse effects of olanzapine and fluoxetine in
humans. To identify the molecular mechanisms and pathways
underlying the effect of olanzapine (O100) and fluoxetine (F50)
on the body fat and food intake of C. elegans, we used mutants that
carry defects in the insulin signaling pathway, serotoninergic path-
way, and peroxiredoxin-2 gene. First, we examined the effect of
olanzapine (O100) and fluoxetine (F50) using daf-2 mutants. Daf-
2 is a homolog of the mammalian insulin/IGF receptor family
(Pierce et al., 2001). The insulin signaling pathway has been shown
to be involved in the control of satiety and energy balance (Loh
et al., 2017; Zhang & Liu, 2014). In C. elegans, daf-2 receptors have
been shown to play an important role in the regulation of body fat
(Perez & Van Gilst, 2008; Watts, 2009). Our findings show that the
body fat of untreated daf-2 mutants is higher than that of N2 wild-
type worms. We also report that untreated daf-2 mutants show a
reduction in food intake when compared to N2 worms. These
results are consistent with previously published studies (Dillon
et al., 2016; Kimura et al., 1997). Our results reveal that daf-2 loss
of function did not alter the effects of olanzapine (O100) or the
effect of fluoxetine (F50) on body fat and food intake. Thus, the
insulin signaling pathway may not have a significant role in the
reported effect of these drugs on body fat and food intake, and fur-
ther research needs to be conducted to evaluate the role of this
pathway.

We also investigated the effect of olanzapine (O100) and fluox-
etine (F50) on the body fat and food intake of (ser-1, tph-1)
mutants that carry defects in the serotoninergic pathway. The
serotonin signaling pathway plays a vital role in the regulation of
food intake and energy balance in C. elegans and other models
(Donovan & Tecott, 2013; Srinivasan et al., 2008). Furthermore,
many PDs, including olanzapine and fluoxetine, release their
actions by regulating serotonin receptors (Molla, 2020;
Saadabadi, Jan 2020). Our results revealed that untreated ser-1
and tph-1 mutants have a slightly higher body fat than N2 worms.
This result is in line with the findings from previous studies
(Gubert et al., 2013; Sze et al., 2000). In addition, we report that
tph-1 mutants have lower food intake rates than N2 worms,
whereas ser-1mutants display similar food intake rates as that dis-
played in N2 worms. This result is also in line with the findings
from previous studies (Srinivasan et al., 2008; Sze et al., 2000).
Our results show that ser-1 and tph-1 loss of function do not alter
the effects of olanzapine (O100) on body fat or food intake. On the
other hand, we show that the treatment with fluoxetine (F50)
results in an increase in the body fat of ser-1 and tph-1 mutants
and does not have any effect on their food intake. These findings
suggest that the functions of ser-1 and tph-1 in the serotoninergic
pathway are required for the observed effects of fluoxetine (F50)
on food intake.

Although (PDs) are known to possess antioxidant properties
(Sadowska-Bartosz et al., 2016), it has been suggested that both
first and second generations of PDs induce oxidative stress(Günes�
et al., 2016; Sadowska-Bartosz et al., 2016; Zhang et al., 2012). It
has also been suggested that some PDs, such as olanzapine, affect
neurons by inducing the production of reactive oxygen species
(ROS), mitochondrial depolarization, and mitochondrial damage
(Vucicevic et al., 2014). Interestingly, oxidative stress has been
linked to obesity in humans as well as fat accumulation in other
models (Furukawa et al., 2004; Manna & Jain, 2015; Vincent
et al., 2007). Here, we used mutants that carry a defect in the
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peroxiredoxin-2 gene to investigate the effects of olanzapine
(O100) and fluoxetine (F50). The thioredoxin peroxidase activity
of prdx-2 protects C. elegans against oxidative damage by ROS
(Oláhová et al., 2008). Our results show that a loss of prdx-2 func-
tion does not alter the observed effect of fluoxetine (F50) on body
fat and food intake; however, our results show that the prdx-2
function is required for the observed effect of olanzapine (O100)
on body fat. In addition, we report an increase in the production
reactive oxygen species (ROS) in N2 worms treated with (O100).
Taken together, these results suggest that the observed effects of
olanzapine on body fat may be caused by the increase in oxidative
stress.

5. Conclusion

In conclusion, our results show that careful consideration must
be given to the dosage used for the studies on the effects of fluox-
etine or olanzapine in C. elegans. The results also show that fluox-
etine and olanzapine increase body fat in C. elegans by different
mechanisms. The results reported in this study emphasize the
importance of the C. elegans model, as an initial screening tool,
for understanding the mechanisms involved in the adverse effects
of PDs in humans. Although the results reported in this study need
confirmation in higher organisms, the use of C. elegans allows those
future studies to incur lower costs and take less time.
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