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Atypical antipsychotic drugs are commonly associated with undesirable side effects
including body weight gain (BWG) and metabolic deficits. Many pharmacological
interventions have been tested in an attempt to minimize or prevent these side effects.
Preliminary evidence suggests that antidiabetic drugs may be effective in attenuating
antipsychotic-induced BWG. In the current study, we examined the effect of an
antidiabetic drug empagliflozin (EMPA) on BWG induced by anatypical antipsychotic
drug olanzapine (Ola) in female and male Wistar rats. Rats were divided into six groups
based on the dose they received: group 1 (female control), group 2 (female EMPA,
20 mg/kg; IG), group 3 (female Ola, 4 mg/kg; IP), group 4 (female Ola, 4 mg/kg; IP + EMPA,
20 mg/kg; IG), group 5 (male control), and group 6 (male Ola, 4 mg/kg; IP). Ola induced
sustained increase in BWG. The subsequent treatment of Group 3 and 4 with EMPA
attenuated the Ola-induced BWG in female Wistar rats. In terms of the gender difference
between female and male Wistar rats, the male control group 5 gained more weight
throughout the study as compared to the female control group 1. Similarly, the male Ola
group 6 gained more weight throughout the study as compared to the female Ola group 3.
However, Ola did not cause any weight difference between male rats treated with Ola in
comparison with male control group, thus showing a significant gender difference
regarding body weight between male and female Wistar rats regardless of Ola
administration. In addition, the present findings showed that EMPA effectively
attenuates the Ola induced BWG in female Wistar rats. These novel findings should
help to better understand the underlying molecular and behavioral mechanisms
contributing to the observed increase in body weight after treatment with Ola and
other atypical antipsychotic drugs across male and female rats.
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INTRODUCTION

Atypical antipsychotics are the first line of pharmacotherapy for
patients with schizophrenia and other idiopathic psychotic
disorders (Geddes et al., 2000). Therefore, long-term
administration of antipsychotics such as Olanzapine (Ola)
risperidone and other agents is necessary to ensure proper
management of symptoms (Junghan et al., 1993; Duggan
et al., 2005). However, prolonged administration of
antipsychotics has been associated with body weight gain
(BWG) (Liu et al., 2017a). Antipsychotic-induced BWG can
lead to patients’ non-compliance and failure to continue
antipsychotic drug treatment. Indeed, patient non-compliance
to treatment is a significant challenge for clinicians treating
schizophrenia (Weiden and Olfson, 1995). The metabolic
deficits caused by antipsychotics increase the risk of
cardiovascular and cerebrovascular related conditions
(Dayabandara et al., 2017; Barton et al., 2020). This is a
critical matter as studies have shown that cardiovascular
diseases are the leading cause of death in patients with
schizophrenia (Correll et al., 2017; Hayes et al., 2017;
Westman et al., 2018). There is no clear relationship between
BWG and an antipsychotic dose; however, agents which increase
BWG appear to increase appetite, which leads to a signficant
increase in calorie intake and eventually body weight (Werneke
et al., 2013; Tungaraza, 2016).

Ola is a thienobenzodiazepine derivate that is effective managing
the symptoms of schizophrenia and reducing the psychopathological
symptoms of psychosis. It is also effective in controlling the acute
manic episodes associated with bipolar disorder, and have provided
some therapeutic advantages over other antipsychotic agents
(Citrome et al., 2019). However, Ola administration has been
reported to induce profound BWG accompanied with higher
incidence of metabolic deficits, such as hypertension, diabetes and
hyperlipidemia, as compared to other antipsychotic agents (Mauri
et al., 2014). Adjunctive treatment with other agents that can
minimize or normalize Ola-induced BWG can enhance the safety
and tolerability profiles of an effective antipsychotic, thus
highlighting the need to develop improved therapies or
interventions to minimize these side effects.

Earlier studies suggested that antidiabetic drugs can mitigate
glucose intolerance caused by Ola in female rats which have been
consistent with those reported in preclinical and clinical studies
(Boyda et al., 2012). Many studies investigating the effect of
antidiabetic drugs on Ola induced physiological changes
suggested the need for further studies on the effect of new
antidiabetic drug combinations in patients treated with
antipsychotics (Boyda et al., 2014a). The same group showed
that routine exercise reduces Ola-induced glucose intolerance and
increases skeletal muscle levels of GLUT 4, the insulin-responsive
transporter that mediates glucose uptake into cells (Boyda et al.,
2014b). Therefore, antidiabetic drugs have been clinically
suggested to attenuate the metabolic side effects of
antipsychotics and especially BWG (Dayabandara et al., 2017).
A meta-analysis of 12 published studies found that antidiabetic
drugs such as metformin improved metabolic parameters in
patients treated with antipsychotics (de Silva et al., 2016).

These studies encouraged the evaluation of other antidiabetic
agents as adjunctive therapies to minimize Ola-induced BWG.
Therefore, we investigated the effect of Empagliflozin (EMPA) in
attenuating the Ola induced BWG in both male and female
Wistar rats. EMPA is the third-generation antidiabetic drug
acting as sodium-glucose transport protein two inhibitor
(SGLT2), which provides a new mechanism of action to
improve glycemic control with modest decreases in systolic
blood pressure and body weight (Baar et al., 2018; Pradhan
et al., 2019). The effects of EMPA on Ola-induced BWG have
not been determined and require further investigation. In an
earlier study, we standardized the effective correlated dosage of
Ola (4 mg/kg/OD) and EMPA (20 mg/kg/OD) in female Wistar
rats (Ashraf et al., 2020). In the present study, we employed these
standardized concentrations to investigate the effect of EMPA on
Ola-induced BWG in female and male Wistar rats. We
hypothesized that EMPA will effectively attenuate Ola-induced
BWG in female Wistar rats.

MATERIALS AND METHODS

Animal Subjects
A total of 60 (40 female and 20 male) Wistar rats, weighing
approximately 190 g (∼3 months old) were procured from the
animal house of King Fahad Medical Research Center (KFMRC),
King Abdulaziz University (KAU), Jeddah, Saudi Arabia. Rats were
divided into six groups of rats (n � 10) each. The animals were kept
in standard laboratory conditions of 12 h light/dark cycle (7 am and
7 pm), controlled humidity (30–70% relative humidity) and
temperature (18–26°C). The animals had free access to water and
chow (normal standard rodent chow) under well supervised and
inspected animal house facility at KFMRC. All the experiments were
reviewed and approved by the Unit of Biomedical Ethics Research
Committee (Reference No. 389–19), Faculty of Medicine, KAU,
Jeddah, Saudi Arabia.

Drugs and Procedures
The drugs Ola (Zyprexa, Lilly) and EMPA (Jardiance, Lilly) were
obtained fromNahdi pharmacy in Jeddah. Ola was given at a dose
of 4 mg/kg; intraperitoneal (IP), once daily (OD). EMPA was
given at a dose of 20 mg/kg; intragastrical (IG) by oral gavage
needle OD in 0.5% aqueous hydroxyethyl cellulose (HC). These
doses were chosen based on previous study done in our lab
(Ashraf et al., 2020). The Ola was prepared by dissolving crushed
tablets according to the methodology described in a previous
study (Kurbanov et al., 2012). The active component of Ola was
measured in each tablet and then tablets were crushed. A buffer
solution of 0.1 M sodium hydroxide and distilled water was
prepared fresh every 2 days, the pH was adjusted to 5.5 and
kept refrigerated at 5°C. Fresh drug preparation was made every
day by dissolving the required amount of crushed Ola tablets in
the buffer solution to reach the injection volume of 2 ml/kg/rat.
Before injections, the drug solution was vortexed for
resuspension. For control groups (1 and 5), only buffer
solution was given in a volume of 2 ml/kg/rat. The treatment
schedule has been summarized in Table 1.
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Groups
o Group 1 (Female control) was injected daily at 1:00 pmwith the
IP vehicle from day 1–15. From day 16–28, with the continuation
of vehicle IP injections, all rats were administered orally with 0.5%
aqueous HC at 2:00 pm daily.
o Group 2 (Female EMPA) was injected daily at 1:00 pm with
the IP vehicle from day 1–15. From day 16–28, with the
continuation of vehicle IP injections, all rats were given
EMPA (20 mg/kg; IG) with 0.5% aqueous HC at 2:00 pm daily.
o Group 3 (Female Ola) was injected daily at 1:00 pm with the
Ola (4 mg/kg; IP) from day 1–15. On day 16, with the
continuation of Ola regimen, rats were administered orally
with 0.5% aqueous HC at 2:00 pm daily.
o Group 4 (Female Ola + EMPA) was injected daily at 1:00 pm
with the Ola (4 mg/kg; IP) from day 1–15. On day 16, with the
continuation of Ola regimen, rats were given EMPA (20 mg/kg;
IG) in HC at 2:00 pm daily.
o Group 5 (Male control) was injected daily at 1:00 pmwith the
IP vehicle from day 1–28.
o Group 6 (Male Ola) was injected daily at 1:00 pm with the
Ola (4 mg/kg; IP) from day 1–28.

Daily and Weekly Measurements
Food consumption and water intake were measured daily per
cage. Any remnant of food bites on the floor of the cage was
collected and measured as well. Weight was measured daily at 08:
00 am. Plasma samples were collected weekly.

Animal Sacrifice
The rats were sacrificed on 28th day. Brain, liver and fecal
samples were collected and stored in −80°C for future studies.

Statistical Analysis
BWG was calculated as:

%BWG fromday ’0’ � newweight − weight at day ’0’
weight at day ’0’

×100.

All the data were analyzed using two-way repeated-measures
ANOVA (days × treatment). Tukey’s test was used post hoc to
identify significant changes in the percentage of BWG, water and
food consumption in female rats as well as gender difference.
Tukey post hoc test was used to identify significant changes in the

percentage of BWG, water and food consumption in male rats. A
p-value of less than 0.05 was set for significance. All data were
analyzed using GraphPad Prism 8.4.3.

RESULTS

Effect of EMPA on Ola-Induced BWG in
Female Wistar Rats
The effect of Ola on female Wistar rats was measured as the percent
change in bodyweight (Figure 1A). Two-way RMANOVA showed a
significant effect of days × treatment [F (15, 135) � 4.260, p < 0.0001],
days [F (2.728, 73.66) � 266.1, p < 0.0001], and treatment [F (3, 27) �
6.001, p � 0.0029]. Further analysis using the Tukey post hoc test
revealed that Ola induced sustained increase in BWG in group 3
(female Ola) as compared to group 1 (female control) at day 15 (p �
0.0038), day 21 (p � 0.0166), and day 28 (p � 0.0020). Similarly, Ola
induced sustained increase in BWG in group 4 (female Ola-4 +
EMPA-20) compared to the group 1 (female control) at day 15 (p �
0.0110) before starting the treatment with EMPA. Interestingly,
EMPA treatment was able to attenuate the Ola-induced BWG, as
observed in group 4 (female Ola-4 + EMPA-20) compared with the
group 3 (female Ola-4) (p � 0.0007). On the other hand, no changes
were observed in group 2 (female EMPA-20) as compared to group 1
(female control) throughout the study.

Effect of EMPA and Ola on Food
Consumption in Female Wistar Rats
The effect of Ola and EMPA on food consumption in female Wistar
rats was measured as the amount of food consumed during the 24 h
(Figure 1B). Two-way RM ANOVA showed a significant effect of
days × treatment [F (12, 56) � 2.432, p � 0.0127], and days [F (2.897,
40.56) � 6.667, p � 0.0010]; however, it showed no effect of only
treatment [F (3, 14) � 0.2767, p � 0.8412]. Further analysis using the
Tukey post hoc test showed that EMPA-20 caused an increase in food
consumption in group 2 (female EMPA) as compared to group 1
(female control) at day 28 (p � 0.0006); however, no changes were
observed on other days. Besides, the combination of Ola-4 and
EMPA-20 caused an increase in the food consumption in group 4
(female Ola-4 + EMPA-20) as compared to group 1 (female control)
at day 28 (p � 0.0045); however, no changes were observed on other
days. Likewise, the combination of Ola and EMPA caused an increase

TABLE 1 | Treatment schedule for all male and female groups of the experiment.

Female group Male group

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Control EMPA Ola Ola +
EMPA

Control Ola

10 rats 10 rats 10 rats 10 rats 10 rats 10 rats

Week
1–2

Buffer (IP) Buffer (IP) Ola (4 mg/kg; IP) in buffer Ola (4 mg/kg; IP) in buffer IP buffer Ola (4 mg/kg; IP) in
buffer

Week
3–4

Buffer (IP) +
HC (IG)

Buffer (IP) + EMPA (20 mg/kg;
IG) in HC

Ola (4 mg/kg; IP) in buffer
+Cellulose (IG)

Ola (4 mg/kg; IP) in buffer + EMPA
(20 mg/kg; IG) in HC

IP buffer Ola (4 mg/kg; IP) in
buffer

EMPA, empagliflozin; HC, hydroxyethyl cellulose; IP, intraperitoneally; IG, intragastrically; Ola, olanzapine.
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in food consumption in group 4 (femaleOla-4+ EMPA-20) compared
to the group 3 (female Ola-4) at day 28 (p � 0.0397); however, no
changes were observed on other days.

Effect of EMPA and Ola on Water Intake in
Female Wistar Rats
The effect of Ola and EMPA on water intake in femaleWistar rats
was measured as the amount of water consumed during the 24 h
(Figure 1C). Two-way RM ANOVA showed a significant effect
of days × treatment [F (12, 64) � 2.852, p � 0.0034], treatment
[F (3, 16) � 6.471, p � 0.0045]; however, no effect of number of days
[F (3.037, 48.59) � 2.179, p � 0.1018]. Further analysis using the

Tukey post hoc test showed an increase in water consumption in
group 4 (female Ola-4 + EMPA-20) as compared to group 1
(female control) at day 21 (p � 0.0082) and compared to group 2
(female EMPA-20) at day 28 (p � 0.0120).

Effect of Ola on Weight Gain in Male Wistar
Rats
The effect of Ola on weight of male Wistar rats was measured as
the percent change in body weight (Figure 2A). Two-way RM
ANOVA showed a significant effect of days × treatment [F (6,
108) � 5.798, p < 0.0001], days [F (6, 108) � 1,045, p < 0.0001],
and treatment [F (1, 18) � 4.845, p � 0.0410]. Further analysis

FIGURE 1 | (A) The effect of Ola on the percentage of change in body weight on female rats as compared to the other groups. * represent the significant difference
between control and Ola group at p > 0.05; $ represent the significant difference between EMPA and Ola group at p > 0.05; + represent the significant difference
between control and Ola + EMPA group at p > 0.05; and represent the significant difference between Ola and Ola + EMPA group at p > 0.05 (B) The effect of Ola on the
food consumption on female rats as compared to the other groups. + represent the significant difference between control and Ola + EMPA group at p > 0.05; and
represent the significant difference between Ola and Ola + EMPA group at p > 0.05; # represent the significant difference between control and EMPA group at
p > 0.05 (C) The effect of Ola on the water consumption on female rats as compared to the other groups. + represent the significant difference between control and Ola +
EMPA group at p > 0.05; @ represent the significant difference between EMPA and Ola + EMPA group at p > 0.05.

FIGURE 2 | (A) The effect of Ola on the percentage of change in body weight on male rats as compared to the control group (B) The effect of Ola on the food
consumption on male rats as compared to the to the control group (C) The effect of Ola on the water consumption on male rats as compared to the control group.
* represent the significant difference between control and Ola group at p > 0.05.
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using the Sidak post hoc test revealed that Ola-4 did not cause any
weight gain; however, induced reduction on weight gain at day 15
(p � 0.0464) and day 25 (p � 0.0081).

Effect of Ola on Food Consumption and
Water Intake in Male Wistar Rats
The effect of Ola on food consumption and water intake in male
Wistar rats was measured as the amount of food and water consumed
during the 24 h. Two-way RM ANOVA on food consumption
showed a significant effect of days × treatment [F (5, 40) � 5.902,
p � 0.0004], days [F (2.835, 22.68) � 28.46, p < 0.0001], and treatment
[F (1, 8) � 16.93, p � 0.0034]. Further analysis using the Sidak post hoc
test revealed that Ola-4 caused a decrease in food consumption only
on day 15 (p � 0.0059) (Figure 2B). On the other hand, Two-way RM
ANOVA on water intake showed a significant effect of days ×
treatment [F (5, 40) � 3.891, p � 0.0057], and days [F (3.333,
26.67) � 6.563, p � 0.0014]; however, no effect on treatment [F (1,
8) � 0.0006232, p � 0.9807] (Figure 2C).

Effect of Gender Difference on Ola Induced
Weight Change in Male and Female Wistar
Rats
The effect of Ola on weight of female and male Wistar rats was
measured as the percent change in body weight. Two-way RM
ANOVA showed a significant effect of days × treatment [F (18,
210) � 72.89, p < 0.0001], days [F (2.596, 90.85) � 828.6, p < 0.0001],
and treatment [F (3, 35) � 79.76, p < 0.0001]. Further analysis using
the Tukey post hoc test revealed an interesting finding between females
andmales regardingOla-4 effect on the weight change and percentage
of weight change. Group 6 (male Ola-4) gained more weight through
the study in comparison to group 3 (female Ola-4) starting from day 5
to day 25 (Figures 3A,B). Similarly, group 5 (male control) gained
more weight through the study in comparison to group 1 (female

control) starting from day 5 to day 25 (Figures 3A,B). It is important
to know that the initial weight for both female and male rats was
statistically different across all the tested groups. The effect of Ola on
female andmale rats’ food consumption wasmeasured as the amount
of food consumed in (g). Two-way RMANOVA showed a significant
effect between female andmale groups, days × treatment [F (18, 96) �
4.280, p < 0.0001], days [F (2.560, 40.96) � 8.042, p � 0.0005], and
treatment [F (3, 16) � 45.45, p < 0.0001]. Further analysis using the
Tukey post hoc test, to determine which days were significant,
between females and males showed that female rats consumed less
food compared to male rats consistently from the beginning of the
study until the end of the experiment as shown in Figure 3C.

DISCUSSION

Atypical antipsychotics are commonly associated with undesirable side
effects including BWGandmetabolic deficits. Excessive BWGhas been
reported in approximately 50% of patients treated with dissimilar
antipsychotics (Baptista, 2007). Many pharmacological interventions
have been tested in an attempt tominimize or prevent these side effects.
Preliminary clinical evidence suggests that antidiabetic drugs may be
useful in attenuating/reversing themetabolic side effects associatedwith
antipsychotics, especially BWG (Dayabandara et al., 2017). Metformin
is being prescribed to improve the disturbed metabolic parameters in
patients treated with antipsychotics (de Silva et al., 2016). However,
metformin administration has shown serious gastrointestinal side
effects resulting in discontinuation of the drug in approximately 5%
patients (Rena et al., 2017; Siavash et al., 2017). More recently, FDA
alerted clinicians and patients regarding the voluntary recalls of some
extended-release (ER) dosage form of metformin drugs because of the
presence of a cancer-causing agent N-nitrosodimethylamine (NDMA)
above the acceptable intake limit (FDA, 2020; Yang et al., 2020). This
encouraged the evaluation of other antidiabetic agents as adjunctive
therapies to minimize antipsychotic-induced BWG. EMPA being a

FIGURE 3 | (A) The effect of Ola on the average body weight on male as compared to the female rats (B) The effect of Ola on the percentage of change in body
weight on male as compared to the female rats (C) The effect of Ola on food consumption in male compared to the female rats. * represent the significant difference
between the control male and the control female group at p > 0.05; + represent the significant difference between the Ola male and the Ola female group at p > 0.05.
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relatively newer antidiabetic drugwith no report of gastrointestinal side
effects, could provide a healthy replacement for metformin, especially
for patients suffering from gastrointestinal disorders.

The present study was designed to investigate the effect of
EMPA-20 in Ola-4 induced BWG inmale and femaleWistar rats.
Figure 1A depicts Ola-4 induced sustained increase in BWG in
group 3 (female Ola-4) and group 4 (female Ola-4 + EMPA-20) as
compared to group 1 (female control). These findings confirm
that EMPA-20 effectively attenuates Ola-4 induced weight gain in
female Wistar rats. The mechanisms behind antipsychotic-
induced BWG in female Wistar rats are not yet fully
understood and warrants further investigation. Understanding
the mechanisms of BWG facilitates aiming specific key targets in
finding the best approach to prevent it. Various studies have used
several compounds for their potential effects, such antioxidants
(Raskind et al., 2007), antidiabetics drugs (Lykkegaard et al., 2008;
Hu et al., 2014), antihistamine drugs (Atmaca et al., 2003),
antivertigo drugs (Lian et al., 2014), and herbal compounds
(Razavi et al., 2017). In this context, our finding of EMPA-20
being an effective attenuator of Ola-induced BWG provides a
strong alternative to clinicians who have been co-administering
other drugs/agents with limited success.

A noticeable finding in our study was that Ola-4 did not cause
any BWG in male Wistar rats (Figure 2A). Figures 2B,C depicts
that Ola-4 caused a marginal effect in food consumption and water
intake, respectively. Interestingly, group 6 (male Ola-4) gained
more weight through the study in comparison to group 3 (female
Ola-4) starting from day 5 to day 25 (Figures 3A,B). Similarly,
group 5 (male control) gained more weight through the study in
comparison to group 1 (female control) starting from day 5 to day
25 (Figures 3A,B). These findings are in agreement with the fact
that most of the animal studies were conducted using female rats
(Cooper et al., 2005; Kalinichev et al., 2005; Weston-Green et al.,
2010; Sejima et al., 2011; He et al., 2014), as male rats did not show
any BWG in most cases after long-term Ola treatment (Choi et al.,
2007; Cooper et al., 2007). This could be due to different factors
between males and females including hormonal differences
(Cooper et al., 2005) and other genetic factors which may
induce a reduction in locomotor activity (Raskind et al., 2007),
hypothalamic changes in controlling food intake (Fernø et al.,
2011), induction of insulin resistance (Park et al., 2010), and
changes in histamine receptors activity (Kim et al., 2007).

Some studies suggest that SGLT2 inhibitors increase the risk of
genital infections, but the effect differs among SGLT2 inhibitors
and trials with varying follow up. The meta-analyses of RCTs
showed no significant difference in UTIs between SGLT2
inhibitors vs control, but suggested enhanced risk of genital
infections with SGLT2 inhibitors (Liu et al., 2017b). However,
data from three major outcome trials reported in New England
Journal of Medicine clearly suggest that SGLT2 inhibitors are not
associated with an increased risk of UTIs (Zinman et al., 2015;
Neal et al., 2017; Wiviott et al., 2019). Another recent study
reported similar risk of severe and non-severe UTI events among
those initiating SGLT2 inhibitor therapy and among patients
initiating treatment with a different second line antidiabetic
medication (Dave et al., 2019). The analysis of a pooled safety
data based on more than 15,000 patient-years’ exposure supports

a favorable benefit-risk profile of EMPA in T2DM patients, with
more frequent genital infections (but not UTIs) observed in
participants treated with EMPA as compared to controls
(Kohler et al., 2017). In our study, we did not observe any
marked symptoms of genital infection or UTIs, which needs
to be investigated more closely in further studies. Moreover, there
was zero mortality of rats with no bloody diarrhea, thus
suggesting EMPA to be safe from gastrointestinal disorders
reported in patients on metformin therapy.

CONCLUSION

The antidiabetic drug, empagliflozin, was unexplored for its
potential role in attenuating olanzapine-induced BWG in
Wistar rats. In this study, we for the first-time report that
EMPA is an effective attenuator of Ola-induced BWG in female
Wistar rats. The findings of this study will open up new avenues for
clinicians administering EMPA is an effective and healthy
replacement of metformin and other drugs with some serious
side effect in patients treated with atypical antipsychotics like Ola.
This, in turn, will boost the underlying molecular and behavioral
mechanisms that contribute to antidiabetic drug mediated
attenuation of antipsychotic-induced BWG, and can guide the
development of novel therapies with superior efficacy, safety and
tolerability compared to existing pharmacotherapies.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Unit of
Biomedical Ethics Research Committee, Faculty of Medicine,
King Abdulaziz University, Jeddah, Saudi Arabia.

AUTHOR CONTRIBUTIONS

All authors made a significant contribution to the work
reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or
in all these areas; took part in drafting, revising or critically
reviewing the article and gave final approval of the version to
be published.

FUNDING
This project was funded by the Deanship of Scientific Research
(DSR), King Abdulaziz University, Jeddah, Saudi Arabia under
grant no. (KEP-2-141-40). The authors, therefore, acknowledge
with thanks DSR technical and financial support.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 5787166

Ashraf et al. Empagliflozin Attenuates Olanzapine Induced BWG

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Ashraf, G. M., Alghamdi, B. S., Alshehri, F. S., Alam, M. Z., Tayeb, H. O., and and
Tarazi, F. I. (2021). Standardizing the effective correlated dosage of Olanzapine
and Empagliflozin in female Wistar rats. Curr. Gene Ther. 21, 53–59. doi:10.
2174/1566523220999201111195047

Atmaca, M., Kuloglu, M., Tezcan, E., and and Ustundag, B. (2003). Nizatidine
treatment and its relationship with leptin levels in patients with olanzapine-
induced weight gain.Hum. Psychopharmacol. Clin. Exp. 18 (6), 457–461. doi:10.
1002/hup.514

Baar, M. J. B. V., Ruiten, C. C. V., Muskiet, M. H. A., Bloemendaal, L. V., IJzerman,
R. G., and and Raalte, D. H. V. (2018). SGLT2 inhibitors in combination
therapy: from mechanisms to clinical considerations in type 2 diabetes
management. Diabetes Care 41 (8), 1543–1556. doi:10.2337/dc18-0588

Baptista, T. (2007). Body weight gain induced by antipsychotic drugs: mechanisms
and management. Acta Psychiatr. Scand. 100 (1), 3–16. doi:10.1111/j.1600-
0447.1999.tb10908.x

Barton, B. B., Segger, F., Fischer, K., Obermeier, M., and and Musil, R. (2020).
Update on weight-gain caused by antipsychotics: a systematic review and meta-
analysis. Expert Opin. Drug Saf. 19 (3), 295–314. doi:10.1080/14740338.2020.
1713091

Boyda, H. N., Procyshyn, R. M., Asiri, Y., Wu, C., Wang, C. K., Lo, R., et al. (2014a).
Antidiabetic-drug combination treatment for glucose intolerance in adult
female rats treated acutely with olanzapine. Prog. Neuropsychopharmacol.
Biol. Psychiatry 48, 170–176. doi:10.1016/j.pnpbp.2013.10.006

Boyda, H. N., Ramos-Miguel, A., Procyshyn, R. M., Töpfer, E., Lant, N., Choy, H.
H. T., et al. (2014b). Routine exercise ameliorates the metabolic side-effects of
treatment with the atypical antipsychotic drug olanzapine in rats. Int.
J. Neuropsychopharm. 17 (1), 77–90. doi:10.1017/s1461145713000795

Boyda, H., Procyshyn, R., Tse, L., Hawkes, E., Jin, C., Pang, C., et al. (2012).
Differential effects of 3 classes of antidiabetic drugs on olanzapine-induced
glucose dysregulation and insulin resistance in female rats. J. Psychiatry
Neurosci. 37 (6), 407–415. doi:10.1503/jpn.110140

Choi, S., DiSilvio, B., Unangst, J., and and Fernstrom, J. D. (2007). Effect of
chronic infusion of olanzapine and clozapine on food intake and body weight
gain in male and female rats. Life Sci. 81 (12), 1024–1030. doi:10.1016/j.lfs.
2007.08.009

Citrome, L., McEvoy, J. P., Todtenkopf, M. S., McDonnell, D., and and Weiden, P.
J. (2019). A commentary on the efficacy of olanzapine for the treatment of
schizophrenia: the past, present, and future. Ndt 15, 2559–2569. doi:10.2147/
ndt.s209284

Cooper, G. D., Pickavance, L. C., Wilding, J. P. H., Halford, J. C. G., and and
Goudie, A. J. (2005). A parametric analysis of olanzapine-induced weight gain
in female rats. Psychopharmacology 181 (1), 80–89. doi:10.1007/s00213-005-
2224-4

Cooper, G. D., Pickavance, L. C., Wilding, J. P. H., Harrold, J. A., Halford, J. C. G.,
and and Goudie, A. J. (2007). Effects of olanzapine in male rats: enhanced
adiposity in the absence of hyperphagia, weight gain or metabolic
abnormalities. J. Psychopharmacol. 21 (4), 405–413. doi:10.1177/
0269881106069637

Correll, C. U., Solmi, M., Veronese, N., Bortolato, B., Rosson, S., Santonastaso, P.,
et al. (2017). Prevalence, incidence and mortality from cardiovascular disease in
patients with pooled and specific severe mental illness: a large-scale meta-
analysis of 3,211,768 patients and 113,383,368 controls. World Psychiatry 16
(2), 163–180. doi:10.1002/wps.20420

Dave, C. V., Schneeweiss, S., Kim, D., Fralick, M., Tong, A., and and Patorno, E.
(2019). Sodium-glucose cotransporter-2 inhibitors and the risk for severe
urinary tract infections. Ann. Intern. Med. 171 (4), 248–256. doi:10.7326/
m18-3136

Dayabandara, M., Hanwella, R., Ratnatunga, S., Seneviratne, S., Suraweera, C., and
and de Silva, V. (2017). Antipsychotic-associated weight gain: management
strategies and impact on treatment adherence. Ndt 13, 2231–2241. doi:10.2147/
ndt.s113099

de Silva, V. A., Suraweera, C., Ratnatunga, S. S., Dayabandara, M., Wanniarachchi,
N., Hanwella, R., et al. (2016). Metformin in prevention and treatment of
antipsychotic induced weight gain: a systematic review and meta-analysis. BMC
Psychiatry 16, 341. doi:10.1186/s12888-016-1049-5

Duggan, L., Fenton, M., Rathbone, J., Dardennes, R., El-Dosoky, A., and and
Indran, S. (2005). Olanzapine for schizophrenia. Cochrane Database Syst. Rev.
2, CD001359. doi:10.1002/14651858.CD001359.pub2

FDA (2020). Available at: https://www.fda.gov/drugs/drug-safety-and-availability/
fda-updates-and-press-announcements-ndma-metformin (Accessed June 20,
2020).

Fernø, J., Varela, L., Skrede, S., Vázquez, M. J., Nogueiras, R., Diéguez, C., et al.
(2011). Olanzapine-induced hyperphagia and weight gain associate with
orexigenic hypothalamic neuropeptide signaling without concomitant
AMPK phosphorylation. PLoS One 6 (6), e20571, doi:10.1371/journal.pone.
0020571

Geddes, J., Freemantle, N., Harrison, P., and and Bebbington, P. (2000). Atypical
antipsychotics in the treatment of schizophrenia: systematic overview and
meta-regression analysis. BMJ 321 (7273), 1371-1376. doi:10.1136/bmj.321.
7273.1371

Hayes, J. F., Marston, L., Walters, K., King, M. B., and and Osborn, D. P. J. (2017).
Mortality gap for people with bipolar disorder and schizophrenia: UK-based
cohort study 2000-2014. Br. J. Psychiatry 211 (3), 175–181. doi:10.1192/bjp.bp.
117.202606

He, M., Zhang, Q., Deng, C., Wang, H., Lian, J., and and Huang, X.-F. (2014).
Hypothalamic histamine H1 receptor-AMPK signaling time-dependently
mediates olanzapine-induced hyperphagia and weight gain in female rats.
Psychoneuroendocrinology 42, 153–164. doi:10.1016/j.psyneuen.2014.01.018

Hu, Y., Young, A. J., Ehli, E. A., Nowotny, D., Davies, P. S., Droke, E. A., et al.
(2014). Metformin and berberine prevent olanzapine-induced weight gain in
rats. PLoS One 9 (3), e93310. doi:10.1371/journal.pone.0093310

Junghan, U., Albers, M., and and Woggon, B. (1993). Increased risk of
hematological side-effects in psychiatric patients treated with clozapine and
carbamazepin? Pharmacopsychiatry 26 (6), 262. doi:10.1055/s-2007-1014366

Kalinichev, M., Rourke, C., Daniels, A. J., Grizzle, M. K., Britt, C. S., Ignar, D. M.,
et al. (2005). Characterisation of olanzapine-induced weight gain and effect of
aripiprazole vs olanzapine on body weight and prolactin secretion in female
rats. Psychopharmacology 182 (2), 220–231. doi:10.1007/s00213-005-0081-9

Kim, S. F., Huang, A. S., Snowman, A. M., Teuscher, C., Snyder, S. H., and and
Snyder, S. H. (2007). Antipsychotic drug-induced weight gain mediated by
histamine H1 receptor-linked activation of hypothalamic AMP-kinase. Proc.
Natl. Acad. Sci. 104 (9), 3456–3459. doi:10.1073/pnas.0611417104

Kohler, S., Zeller, C., Iliev, H., and and Kaspers, S. (2017). Safety and tolerability of
empagliflozin in patients with type 2 diabetes: pooled analysis of phase I-iii
clinical trials. Adv. Ther. 34 (7), 1707–1726. doi:10.1007/s12325-017-0573-0

Kurbanov, D. B., Currie, P. J., Simonson, D. C., Borsook, D., and and Elman, I.
(2012). Effects of naltrexone on food intake and body weight gain in
olanzapine-treated rats. J. Psychopharmacol. 26 (9), 1244–1251. doi:10.1177/
0269881112450783

Lian, J., Huang, X. F., Pai, N., and and Deng, C. (2014). Preventing olanzapine-
induced weight gain using betahistine: a study in a rat model with chronic
olanzapine treatment. PLoS One 9 (8), e104160. doi:10.1371/journal.pone.
0104160

Liu, J., Li, L., Li, S., Jia, P., Deng, K., Chen, W., et al. (2017a). Effects of SGLT2
inhibitors on UTIs and genital infections in type 2 diabetes mellitus: a
systematic review and meta-analysis. Sci. Rep. 7 (1), 2824. doi:10.1038/
s41598-017-02733-w7

Liu, X., Wu, Z., Lian, J., Hu, C. H., Huang, X. F., and and Deng, C. (2017b). Time-
dependent changes and potential mechanisms of glucose-lipid metabolic
disorders associated with chronic clozapine or olanzapine treatment in rats.
Sci. Rep. 7, 2762. doi:10.1038/s41598-017-02884-w

Lykkegaard, K., Larsen, P. J., Vrang, N., Bock, C., Bock, T., and and Knudsen, L. B.
(2008). The once-daily human GLP-1 analog, liraglutide, reduces olanzapine-
induced weight gain and glucose intolerance. Schizophr Res. 103 (1-3), 94–103.
doi:10.1016/j.schres.2008.05.011

Mauri, M. C., Paletta, S., Maffini, M., Colasanti, A., Dragogna, F., Di Pace, C., et al.
(2014). Clinical pharmacology of atypical antipsychotics: an update. EXCLI J.
13, 1163–1191.

Neal, B., Perkovic, V., Mahaffey, K. W., de Zeeuw, D., Fulcher, G., Erondu, N., et al.
(2017). Canagliflozin and cardiovascular and renal events in type 2 diabetes. N.
Engl. J. Med. 377 (7), 644–657. doi:10.1056/nejmoa1611925

Park, S., Hong, S. M., Ahn, I. L. S., Kim, D. S., and and Kim, S. H. (2010). Estrogen
replacement reverses olanzapine-induced weight gain and hepatic insulin

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 5787167

Ashraf et al. Empagliflozin Attenuates Olanzapine Induced BWG

https://doi.org/10.2174/1566523220999201111195047
https://doi.org/10.2174/1566523220999201111195047
https://doi.org/10.1002/hup.514
https://doi.org/10.1002/hup.514
https://doi.org/10.2337/dc18-0588
https://doi.org/10.1111/j.1600-0447.1999.tb10908.x
https://doi.org/10.1111/j.1600-0447.1999.tb10908.x
https://doi.org/10.1080/14740338.2020.1713091
https://doi.org/10.1080/14740338.2020.1713091
https://doi.org/10.1016/j.pnpbp.2013.10.006
https://doi.org/10.1017/s1461145713000795
https://doi.org/10.1503/jpn.110140
https://doi.org/10.1016/j.lfs.2007.08.009
https://doi.org/10.1016/j.lfs.2007.08.009
https://doi.org/10.2147/ndt.s209284
https://doi.org/10.2147/ndt.s209284
https://doi.org/10.1007/s00213-005-2224-4
https://doi.org/10.1007/s00213-005-2224-4
https://doi.org/10.1177/0269881106069637
https://doi.org/10.1177/0269881106069637
https://doi.org/10.1002/wps.20420
https://doi.org/10.7326/m18-3136
https://doi.org/10.7326/m18-3136
https://doi.org/10.2147/ndt.s113099
https://doi.org/10.2147/ndt.s113099
https://doi.org/10.1186/s12888-016-1049-5
https://doi.org/10.1002/14651858.CD001359.pub2
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-ndma-metformin
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-and-press-announcements-ndma-metformin
https://doi.org/10.1371/journal.pone.0020571
https://doi.org/10.1371/journal.pone.0020571
https://doi.org/10.1136/bmj.321.7273.1371
https://doi.org/10.1136/bmj.321.7273.1371
https://doi.org/10.1192/bjp.bp.117.202606
https://doi.org/10.1192/bjp.bp.117.202606
https://doi.org/10.1016/j.psyneuen.2014.01.018
https://doi.org/10.1371/journal.pone.0093310
https://doi.org/10.1055/s-2007-1014366
https://doi.org/10.1007/s00213-005-0081-9
https://doi.org/10.1073/pnas.0611417104
https://doi.org/10.1007/s12325-017-0573-0
https://doi.org/10.1177/0269881112450783
https://doi.org/10.1177/0269881112450783
https://doi.org/10.1371/journal.pone.0104160
https://doi.org/10.1371/journal.pone.0104160
https://doi.org/10.1038/s41598-017-02733-w
https://doi.org/10.1038/s41598-017-02733-w
https://doi.org/10.1038/s41598-017-02884-w
https://doi.org/10.1016/j.schres.2008.05.011
https://doi.org/10.1056/nejmoa1611925
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


resistance in ovariectomized diabetic rats. Neuropsychobiology 61, 148–161.
doi:10.1159/000285780

Pereira, M. J., and and Eriksson, J. W. (2019). Emerging role of SGLT-2 inhibitors
for the treatment of obesity. Drugs 79 (3), 219–230. doi:10.1007/s40265-019-
1057-0

Pradhan, A., Vohra, S., Vishwakarma, P., and and Sethi, R. (2019). Review on
sodium-glucose cotransporter 2 inhibitor (SGLT2i) in diabetes mellitus and
heart failure. J. Fam. Med. Prim. Care 8 (6), 1855–1862. doi:10.4103/jfmpc.
jfmpc_232_19

Raskind, M. A., Burke, B. L., Crites, N. J., Tapp, A. M., and and Rasmussen, D. D.
(2007). Olanzapine-induced weight gain and increased visceral adiposity is
blocked by melatonin replacement therapy in rats. Neuropsychopharmacology
32, 284–288. doi:10.1038/sj.npp.1301093

Razavi, B. M., Lookian, F., and and Hosseinzadeh, H. (2017). Protective effects of
green tea on olanzapine-induced-metabolic syndrome in rats. Biomed.
Pharmacother. 92, 726–731. doi:10.1016/j.biopha.2017.05.113

Rena, G., Hardie, D. G., and and Pearson, E. R. (2017). The mechanisms of action
of metformin. Diabetologia 60 (9), 1577–1585. doi:10.1007/s00125-017-4342-z

Sejima, E., Yamauchi, A., Nishioku, T., Koga,M., Nakagama, K., Dohgu, S., et al. (2011).
A role for hypothalamic AMP-activated protein kinase in the mediation of
hyperphagia and weight gain induced by chronic treatment with olanzapine in
female rats. Cell. mol. neurobiol. 31 (7), 985–989. doi:10.1007/s10571-011-9663-8

Siavash, M., Tabbakhian, M., Sabzghabaee, A. M., and and Razavi, N. (2017).
Severity of gastrointestinal side effects of metformin tablet compared to
metformin capsule in type 2 diabetes mellitus patients. J. Res. Pharm. Pract.
6 (2), 73–76. doi:10.4103/jrpp.JRPP_17_2

Tungaraza, T. E. (2016). Significant weight loss following clozapine use, how is it
possible? A case report and review of published cases and literature relevant to
the subject. Ther. Adv. Psychopharmacol. 6 (5), 335–342. doi:10.1177/
2045125316649534

Weiden, P. J., and and Olfson, M. (1995). Cost of relapse in schizophrenia.
Schizophrenia Bull. 21 (3), 419–429. doi:10.1093/schbul/21.3.419

Werneke, U., Taylor, D., and and Sanders, T. A. B. (2013). Behavioral interventions
for antipsychotic induced appetite changes. Curr. Psychiatry Rep. 15 (3), 347.
doi:10.1007/s11920-012-0347-y

Westman, J., Eriksson, S. V., Gissler, M., Hällgren, J., Prieto, M. L., Bobo, W. V.,
et al. (2018). Increased cardiovascular mortality in people with schizophrenia: a
24-year national register study. Epidemiol. Psychiatr. Sci. 27 (5), 519–527.
doi:10.1017/s2045796017000166

Weston-Green, K., Huang, X. F., and and Deng, C. (2010). Sensitivity of the female
rat to olanzapine-induced weight gain-Far from the clinic? Schizophr Res. 116
(2-3), 299–300. doi:10.1016/j.schres.2009.09.034

Wiviott, S. D., Raz, I., Bonaca, M. P., Mosenzon, O., Kato, E. T., Cahn, A., et al.
(2019). Dapagliflozin and cardiovascular outcomes in type 2 diabetes. N. Engl.
J. Med. 380 (4), 347–357. doi:10.1056/nejmoa1812389

Yang, J., Marzan, T. A., Ye, W., Sommers, C. D., Rodriguez, J. D., and and Keire, D.
A. (2020). A cautionary tale: quantitative LC-HRMS analytical procedures for
the analysis of N-nitrosodimethylamine in metformin. AAPS J. 22, 89. doi:10.
1208/s12248-020-00473-w

Zinman, B., Wanner, C., Lachin, J. M., Fitchett, D., Bluhmki, E., Hantel, S., et al.
(2015). Empagliflozin, cardiovascular outcomes, and mortality in type 2
diabetes. N. Engl. J. Med. 373 (22), 2117–2128. doi:10.1056/nejmoa1504720

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ashraf, Alghamdi, Alshehri, Alam, Tayeb and Tarazi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 5787168

Ashraf et al. Empagliflozin Attenuates Olanzapine Induced BWG

https://doi.org/10.1159/000285780
https://doi.org/10.1007/s40265-019-1057-0
https://doi.org/10.1007/s40265-019-1057-0
https://doi.org/10.4103/jfmpc.jfmpc_232_19
https://doi.org/10.4103/jfmpc.jfmpc_232_19
https://doi.org/10.1038/sj.npp.1301093
https://doi.org/10.1016/j.biopha.2017.05.113
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1007/s10571-011-9663-8
https://doi.org/10.4103/jrpp.JRPP_17_2
https://doi.org/10.1177/2045125316649534
https://doi.org/10.1177/2045125316649534
https://doi.org/10.1093/schbul/21.3.419
https://doi.org/10.1007/s11920-012-0347-y
https://doi.org/10.1017/s2045796017000166
https://doi.org/10.1016/j.schres.2009.09.034
https://doi.org/10.1056/nejmoa1812389
https://doi.org/10.1208/s12248-020-00473-w
https://doi.org/10.1208/s12248-020-00473-w
https://doi.org/10.1056/nejmoa1504720
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Empagliflozin Effectively Attenuates Olanzapine-Induced Body Weight Gain in Female Wistar Rats
	Introduction
	Materials and Methods
	Animal Subjects
	Drugs and Procedures
	Groups
	Daily and Weekly Measurements
	Animal Sacrifice
	Statistical Analysis

	Results
	Effect of EMPA on Ola-Induced BWG in Female Wistar Rats
	Effect of EMPA and Ola on Food Consumption in Female Wistar Rats
	Effect of EMPA and Ola on Water Intake in Female Wistar Rats
	Effect of Ola on Weight Gain in Male Wistar Rats
	Effect of Ola on Food Consumption and Water Intake in Male Wistar Rats
	Effect of Gender Difference on Ola Induced Weight Change in Male and Female Wistar Rats

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


