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Abstract 

This study investigated the sex-specific effects of commonly prescribed appetite 

suppressants on body weight and the manifestation of motor side effects, specif-

ically stereotypy. Employing video recordings and DeepLabCut (DLC) for precise 

behavioral quantification, we analyzed stereotypy, defined as purposeless, repetitive 

motor behaviors, in male and female rats. Under control (saline) conditions, male 

rats exhibited a greater propensity for weight gain compared to females. However, in 

contrast, female rats demonstrated greater and more homogenous weight loss than 

males following the administration of diethylpropion and tesofensine. Phentermine 

and mazindol induced comparable weight loss in both sexes, whereas cathine elicited 

weight reduction exclusively in males. 5-HTP and d-amphetamine administration only 

prevented weight gain relative to controls. Analysis of motor side effects revealed that 

drugs primarily targeting dopamine pathways – specifically, phentermine, mazindol, 

diethylpropion, cathine, and d-amphetamine – induced pronounced stereotypies, par-

ticularly head-weaving, in both sexes. Interestingly, tesofensine elicited head-weaving 

behavior exclusively in female subjects, albeit to a lesser extent than that observed 

with other dopaminergic agents; conversely, tesofensine was most frequently associ-

ated with orolingual dyskinesia. Male subjects treated with these same drugs exhib-

ited an unexpected effect: spontaneous ejaculations, potentially attributable to the 

combined effects on dopamine and serotonin signaling in brain regions regulating 

sexual function. Network analysis and Markov transition matrices revealed distinct 

behavioral profiles associated with head-weaving, which emerged as the dominant 

attractor state, suggesting potential mechanistic differences among these drugs. Col-

lectively, this study provides a valuable database characterizing the behavioral side 

effects of appetite suppressants.
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Introduction

While Soranus of Ephesus, a Greek physician practicing in the first century AD, 
recognized obesity and advocated for its management through diet, exercise, and 
diuretics [1], the modern obesity epidemic necessitates more sophisticated pharma-
cological interventions, alongside educational campaigns and government policy. 
Appetite suppressants have emerged as valuable adjuncts to lifestyle modifications, 
primarily functioning to reduce hunger and enhance satiety [2]. Early efforts in this 
domain centered on amphetamine, first employed in humans for weight reduction 
in the mid-20th century [3,4]. However, amphetamine’s clinical utility was hampered 
by a narrow therapeutic window: low doses proved ineffective for weight loss [5], 
whereas higher doses elicited undesirable motor side effects, including hyperactivity 
and stereotypy [6,7]), besides its well established addictive properties [8].

This limitation spurred the development of amphetamine derivatives designed to 
minimize adverse effects while maximizing weight loss efficacy. The prodrug diethylpro-
pion (DEP) represented an early alternative, demonstrating some efficacy but retaining 
some stimulant and motor side effects [9,10]. Phentermine (PHEN), a sympathomi-
metic anorectic agent, is utilized as a short-term adjunct therapy for weight reduction 
[11,12], but it elicits side effects such as hyperlocomotion and stereotypy [13]. Cathine 
(also known as D-norpseudoephedrine (NPE)), a monoamine alkaloid found naturally 
in the khat plant (Catha edulis) and structurally similar to d-amphetamine, has been 
referred to as a “natural amphetamine.” [14]. Studies in rats suggest that cathine (NPE) 
can promote weight loss [15] and may possess a lower abuse potential compared to 
amphetamine [14,16–19]. Beyond amphetamines and their derivatives, other classes 
of appetite suppressants have been developed. Mazindol, a tricyclic imidazoisoindole 
non-amphetamine anorectic, has demonstrated efficacy in reducing body weight in 
both animal models and human trials [20–22]. Tesofensine (NS2330), a triple mono-
amine reuptake inhibitor and a novel investigational weight-loss agent, has shown 
anti-obesity effects in preclinical and clinical research [23–25]. Furthermore, research 
has established the role of serotonin in appetite regulation [26]. Consequently, drugs 
that enhance serotonergic signaling, either directly or via the administration of sero-
tonin precursors (5-HTP), have demonstrated potential for inducing weight loss with a 
reduced incidence of motor side effects compared to amphetamine-based drugs [13].

Appetite suppressants, including common amphetamine derivatives such as dieth-
ylpropion, phentermine, and cathine, are primarily employed to facilitate weight loss. 
These agents share a common mechanism of action, primarily involving the inhibition 
of serotonin, norepinephrine, and dopamine reuptake, albeit with varying affinities for 
each transporter, resulting in distinct pharmacological profiles. Other appetite sup-
pressants, such as mazindol and tesofensine, are not direct amphetamine derivatives 
but exert similar psychostimulant effects, also acting as triple inhibitors of monoamine 
neurotransmitter reuptake. Additionally, the serotonin precursor 5-hydroxytryptophan 
(5-HTP) can exhibit appetite-suppressant properties by elevating brain serotonin 
(5-HT) levels. Mechanistically, appetite suppressants are designed to curb hunger and 
reduce food intake, promoting weight loss [2]. They exert their effects by modulating 
the activity of neurotransmitters in the brain that regulate appetite, including serotonin, 
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norepinephrine, and dopamine. A common adverse effect of certain appetite suppressants, particularly those that elevate 
dopamine (DA) levels, is the induction of stereotypy. Stereotypy is characterized by repetitive, seemingly purposeless 
behaviors that lack an apparent function [27]. It can manifest in various forms, including motor instability [28,29], head bob-
bing, head weaving, orolingual dyskinesias, excessive grooming, gnawing [30], and aberrant locomotion, such as backward 
locomotion or “moonwalking.” [31–33].

The motor-activating effects of d-amphetamine and their derivatives in rats have been investigated not only for their 
central nervous system psychostimulant properties [34,35], but also for their impact on weight loss in treated subjects 
[36–38]. Studies have implicated dopamine (DA) efflux from the striatum not only in the regulation of movement but also in 
food calorie detection, satiety, and food-related anticipatory behaviors [39–41]. While increased DA levels may contribute, in 
part, to the weight-loss effects of appetite suppressants, they can also precipitate motor side effects [15,42]. This is because 
amphetamine derivatives, by enhancing DA efflux from the striatum, influence neuronal activity in the dorsal striatum and 
other brain regions, such as the lateral hypothalamus and ventral tegmental area [30], thereby promoting stereotypy and 
other stimulant-related side effects [43–45]. As previously mentioned, most appetite suppressants function as triple reuptake 
inhibitors of dopamine (DAT), serotonin (SERT), and norepinephrine (NET) transporters, indirectly elevating DA, serotonin 
(5-HT), and norepinephrine (NE) to supraphysiological levels, contingent upon their affinity for each transporter. Conse-
quently, each appetite suppressant induces varying degrees of motor side effects, primarily reflecting its DA-related activity.

Despite a history spanning over half a century, a comprehensive understanding of the mechanisms by which appetite 
suppressants induce stereotypy remains elusive. This knowledge gap is partly attributable to the inherent difficulties in 
quantifying these complex and temporally extended behaviors [46]. Historically, most studies have employed subjective 
manual scoring to assess the magnitude of these effects [31,33,46–49], often neglecting subtle motor kinematics over 
extended observation periods (hours). Similarly, ethological research traditionally relies on subjective human scoring of 
animal behavior, a process that is both time-intensive and susceptible to intra- and inter-observer variability. These chal-
lenges are particularly pronounced when investigating complex behaviors such as stereotypy, underscoring the need for 
more objective and reliable methodologies.

To address this limitation, we employed an artificial intelligence (AI)-based approach. Recent advancements in machine 
learning, particularly deep learning, have enabled unsupervised behavioral analysis, revealing the state of rodent behav-
ior. One such implementation is the open-source pose estimation and movement tracking software, DeepLabCut (DLC) 
[50]. Unlike commercially available software (e.g., Noldus Ethovision, ANY-MAZE) or other open-access video tracking 
tools (e.g., Bonsai), which often lack the capacity to define and score specific behaviors of interest, DLC empowers users 
to specify and track user-defined body parts. Consequently, DLC facilitates the accurate scoring and reporting of these 
behaviors, adding a crucial dimension to analyzing the animal’s movement repertoire. In this study, we utilized DLC to 
gain a better understanding of the motor side effects associated with certain appetite suppressants, a critical and fre-
quently overlooked aspect of their pharmacological profile.

Materials and methods

Animals

This study utilized 90 Sprague-Dawley rats (45 males and 45 females) weighing approximately 150–400 grams. To 
minimize stress, rats were housed in same-sex pairs and given ad libitum access to food and water. During experimental 
procedures, rats were individually placed in custom-designed acrylic boxes (details provided below). The housing room 
maintained a controlled temperature of 21°C and a 12:12-hour light-dark cycle, with lights on at 06:00 and off at 18:00.

Ethical considerations

Animals were monitored daily for signs of pain or distress, including weight loss and immobility, and all efforts were made 
to minimize suffering. No animals required early euthanasia during the study. At the end of the experiments, animals were 



PLOS One | https://doi.org/10.1371/journal.pone.0325067  June 24, 2025 4 / 30

humanely euthanized via an overdose of sodium pentobarbital, followed by transcardial perfusion with phosphate-buffered 
saline and 4% paraformaldehyde.. All experimental procedures were approved by the Cinvestav Animal Care and Use 
Committee (Cinvestav) under permit number [0189–16] and conducted following the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health.

Drugs

The following appetite suppressants were used in this study: Phentermine hydrochloride (PHEN), Diethylpropion 
hydrochloride (DEP), Mazindol, D-norpseudoephedrine hydrochloride (NPE, or Cathine), Tesofensine (NS2330),  
5-hydroxytryptophan (5-HTP), and Carbidopa (CB) were kindly donated by Productos Medix (Mexico). d-Amphetamine 
(dextroamphetamine) was kindly donated by Dr. Benjamin Floran Garduño (CINVESTAV, Mexico).

Pharmacological administration of appetite suppressants

Phentermine, diethylpropion, mazindol, and cathine were dissolved in an isotonic saline solution. Carbidopa (CB) was 
suspended in a 1:4 ratio of carboxymethyl cellulose (0.5%) and saline (this mixture is referred to as “vehicle” hereafter). 
5-HTP was dissolved in saline heated to approximately 40°C and kept warm until the time of injection (no longer than 20 
minutes) [51]. All drugs were freshly prepared and administered daily. Except for tesofensine, which was administered 
subcutaneously, all drugs were administered intraperitoneally. Rats were systematically weighed before the administration 
of either the vehicle, phentermine, diethylpropion, cathine at a dose of 20 mg/kg, mazindol, d-amphetamine at a dose of 
10 mg/kg, tesofensine 2 mg/kg, and 5-HTP with carbidopa at a dose of 31 mg/kg. The doses used were based on previ-
ous reports that produce changes in body weight and motor changes, such as inducing stereotypy or hyperlocomotion 
[10,13,21,25,42,49,52].

Behavioral procedures

Effect of appetite suppressants on weight loss.  This study investigated the effects of various appetite suppressants 
on the body weight of rats. Six male and six female rats were randomly assigned to one of seven treatment groups: 
Phentermine, diethylpropion, mazindol, cathine (NPE), tesofensine, 5-HTP, or saline (0.9%) served as a control. An 
additional group of three male and three female rats received d-amphetamine. All rats were housed with ad libitum access 
to standard rat chow (Purina, Mexico) and water. For seven consecutive days (days 1–7), rats in the appetite suppressant 
groups received daily injections of their assigned treatment. This was followed by a seven-day recovery period (days 
8–14) without treatment. The final weight on day 14 was reported as withdrawal. The amphetamine group received daily 
injections but only for three consecutive days, followed by a seven-day recovery period. Body weight was measured daily 
20 minutes before treatment administration between 12:00 and 16:00 hours. The change in body weight was normalized 
using the subject’s initial body weight at the start of the treatment, referred to as baseline (BL).

Effect of an appetite suppressant on kinematic behaviors in an open field task.  The effects of appetite 
suppressants on rat behavior were assessed using an open-field test. The testing arena (39 cm x 30 cm x 25 cm) 
was constructed of transparent acrylic and located in a ventilated room isolated from external noise. Rats were 
habituated to the arena for two days before pharmacological treatment to minimize novelty-induced behaviors. 
Following habituation, each rat was individually placed into the arena, and its behavior was recorded for 4 hours 
using top-down and bottom-up cameras (Kayeton Technology) at a frame rate of 60 frames per second. Recordings 
were captured using OBS Studio software. The spatial resolution of the recordings was 720 x 480 pixels. The arena 
occupied approximately 500x500 pixels. Given the physical dimensions of the arena (39 x 30 cm x 25 cm), this yields 
a spatial resolution of ~0.08 cm per pixel. This resolution, combined with our use of the animal’s center of mass 
(approximated by the midpoint between the hind paws and nose), provided a reliable estimate of locomotion speed 
across consecutive frames.
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To begin recording, the acrylic lid was placed on the arena. All tests were conducted during the inactive light phase of 
the rats’ light-dark cycle. Behavioral measures were recorded 15 minutes before drug administration (baseline) and 225 
minutes after. Observations included stereotypy (head weaving), locomotion, quiet-awake state, rearing, and grooming. 
This procedure was repeated for 7 consecutive days. Kinematic behaviors were analyzed throughout the testing period 
using DeepLabCut, a pose estimation software that tracked six points on the rat’s body.

Data analyses

DeepLabCut (DLC) analysis.  Rat behavior was analyzed using DeepLabCut (DLC) software (DeepLabCut GUI 
v2.2.2) [50] to track specific body points. A training dataset was created by extracting 105 frames from videos of seven 
rats recorded from a bottom-up view (15 frames per rat). Seven points were manually labeled on each frame: the nose, 
forepaws, hind paws, column (the central point between the two hind paws and the base of the tail), and base of the tail.

A ResNet-50 neural network was trained on this dataset for 1,000,000 iterations using a multi-step learning rate sched-
ule (initial learning rate: 0.005). The trained network’s performance was evaluated by visually inspecting the labeled 
frames. Frames with low labeling likelihood (likelihood < 0.9) were identified and manually corrected. The network was 
then refined twice using the corrected labels and the same training parameters as before but with a reduced learning rate 
(0.001). The resulting DLC output (CSV files) containing the tracked body point coordinates was processed using custom 
Matlab scripts for further analysis.

Automatic analysis of stereotypy.  Analysis of head-weaving stereotypy was performed using the X and Y 
coordinates of the nose, hind paws, and base of the tail tracked by DeepLabCut (DLC). These coordinates were imported 
into a MATLAB script for further processing. To identify head-weaving events, a centroid was calculated between the two 
hind paw points and the base of the tail point. The angle formed by this centroid and the nose point were determined for 
each frame. Head-weaving stereotypy was characterized by fluctuations in this angle within a threshold of ± 2 standard 
deviations from the mean angle. This angular measure was further refined by incorporating locomotion data. To be 
classified as head-weaving, the behavior had to occur without locomotion or with only minor locomotor events lasting less 
than 10 seconds. Additionally, if another head-weaving event was detected within 10 seconds of the initial event, it was 
considered part of the same continuous head-weaving episode, even if other behaviors (locomotion, quiet-awake state, 
rearing, or grooming) occurred between the two events.

Analysis of locomotion and quiet-awake state.  Locomotion was analyzed using the X and Y coordinates of the 
forepaws and hind paws tracked by DeepLabCut (DLC). First, a centroid (center of mass) was calculated for each frame. 
To ensure data quality, any points with a likelihood value below 0.95 were removed and interpolated using the filloutliers 
function in MATLAB.

The Euclidean distance between centroids in consecutive frames was then calculated to estimate the rat’s movement. 
This was done using the following equation: distance = sqrt((centroid(i + 1))^2 – (centroid(i))^2), where centroid(i) rep-
resents the centroid coordinates at frame i.

The resulting distance data was segmented into 600-frame snippets (corresponding to 10-second intervals at 60 
frames per second) for further analysis. To classify the rat’s movement state within each snippet, the velocity and acceler-
ation were calculated by integrating the centroid position over time.

A threshold was defined based on the maximum speed observed when the rat was in a quiet-awake state. If the cal-
culated speed within a snippet was less than or equal to this threshold, the snippet was labeled as “quiet-awake.” If the 
speed exceeded the threshold, it was labeled “forward locomotion.”

Analysis of rearing and grooming.  Analysis of rearing and grooming behaviors utilized the X and Y coordinates of all 
body points tracked by DeepLabCut (DLC). Unlike the locomotion analysis, all tracked points were included, even those 
with low likelihood values (likelihood ≥ 0.25). Rearing: A rearing event was defined by the interruption or occlusion of one 
or both forepaw points and the nose point from the camera’s view (likelihood < 0.80), while the hind paw points remained 
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visible (likelihood > 0.90). This criterion reflects the rat standing on its hind legs, with its forepaws and nose raised above 
the field of view of the bottom-up camera. Grooming: Grooming behavior was characterized by rapid oscillations of one 
or both forepaw points (likelihood < 0.79) due to scratching movements against the face or body. This was accompanied 
by a high likelihood (> 0.90) for all other tracked points, indicating that the rat remained stationary during grooming. To be 
classified as grooming, this pattern had to be sustained for at least 100 consecutive frames (approximately 1.67 seconds 
at 60 frames per second).

Automatic ethogram

Video frames were analyzed to classify rat behavior over time. Each frame was assigned to one of five mutually exclu-
sive behavioral categories: stereotypy, quiet-awake state, locomotion, grooming, or rearing. To ensure that only sustained 
behaviors were captured, a minimum duration of 330 milliseconds (10 frames at 60 frames per second) was required 
for a behavior to be registered. While multiple behaviors could occur within a given minute, each frame was associated 
with only one specific behavior. This resulted in a comprehensive behavioral profile spanning the 4-hour recording period 
(864,000 frames). For visualization purposes, each behavior was represented by a distinct color: Stereotypy: Black,  
Quiet-awake state: Red, Locomotion: Blue, Grooming: Cyan, and Rearing: Magenta.

Cluster classification of motor profile effects

To analyze the overall patterns of behavior across different treatment groups and time points, we performed a dimen-
sionality reduction analysis. First, we compiled a data array where each row represented a single rat, and each column 
represented a specific variable. These variables included the percentage of time spent in each behavioral state (ste-
reotypy, locomotion, quiet-awake, grooming, rearing), the onset of stereotypy, the treatment group (including both male 
and female groups for each appetite suppressant and the control), and the time point within the treatment period. This 
high-dimensional data array was then subjected to Principal Component Analysis (PCA) to reduce dimensionality while 
preserving the most important information. The resulting reduced-dimensionality matrix from PCA was further processed 
using t-distributed Stochastic Neighbor Embedding (t-SNE), a nonlinear dimensionality reduction technique well-suited 
for visualizing high-dimensional data, followed by a hierarchical clustering analysis, as we previously reported [53]. To 
determine the optimal number of clusters in the t-SNE output, we employed hierarchical clustering analysis and the elbow 
method [54]. This analysis suggested two distinct clusters within the data. Each point represents an individual rat, plotted 
according to its coordinates in the two-dimensional space defined by the t-SNE analysis.

Markov correlation matrix analysis

To analyze how the rats’ behavior changed over the treatment period, we used a Markov chain model to examine the 
probabilities of transitioning between different behavioral states. Five distinct behavioral states were defined: stereotypy, 
quiet-awake state, locomotion, grooming, and rearing. For each rat, we constructed a sequence of behavioral states 
observed over the seven days of treatment. We then identified consecutive “chains” of the same state within these 
sequences. For each chain, we recorded the “end state” (the last state in the chain) and the “start state” (the first state in 
the following chain). This allowed us to create a “transition count matrix,” where each element represented the number of 
times a transition occurred from a specific end state to a specific start state. To obtain an overall picture of behavioral tran-
sitions, we combined the transition count matrices from all rats and all treatment days into a single accumulated matrix. 
This matrix was then normalized by the total number of transitions observed for each end state, resulting in an “average 
transition probability matrix.” This matrix provided insights into the likelihood of transitioning from one behavioral state to 
another across the entire treatment period. This analysis was performed using a MATLAB script based on the Markov 
Hidden Chain algorithm [55], which explicitly utilized the transition matrix algorithm.
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Statistical analysis

Behavioral data were reported as mean ± SEM. Statistical differences between groups were analyzed using repeated 
measures ANOVA (RM ANOVA), followed by Tukey’s post hoc test, using GraphPad Prism 9. For a detailed description of 
all p values and complete statistical analysis, See S1 Table.

Results

The appetite suppressants diethylpropion and tesofensine elicited more significant weight loss in female than 
male rats. Phentermine and mazindol were equally effective, while cathine produced body weight reduction only 
in male rats

To assess whether appetite suppressants induced weight loss in a sex-specific manner, they were administered to male 
and female rats over 7 days, and body weight was measured after one week of drug withdrawal (Fig 1). The doses used 
were based on previous reports in which changes in body weight were observed [10,13,21,25,42,49,56].

As expected, rats treated with saline gained body weight progressively over the days in a sex-specific manner. The 
male rats exhibited a more pronounced weight gain than females, and these differences were significant (Table 1) [two-
way RM ANOVA; main factor sex; F

(1,10)
 = 6.108, p = 0.0330, Fig 1]. One week after the final saline injection on day 14 

(withdrawal), male rats weighed significantly more than female rats [t(10) = 2.911, p = 0.0155]. This finding confirms a 
tendency for male rats to gain more weight than female rats under physiological conditions. In contrast to saline, appetite 
suppressants induced evident weight loss or prevented weight gain, with the effects often differing between sexes.

Phentermine: Phentermine induced a significant body weight reduction over treatment duration, reaching −13.5 g in 
females and −7.8 g in males, significantly different from saline control rats [three-way RM ANOVA; main factor drug: F

(1, 

20)
 = 140.4, p < 0.0001; main factor sex: F

(1,20)
 = 5.222, p = 0.0334]. A Tukey post hoc unveiled no significant difference 

between male and female rats treated with phentermine. Importantly, this effect persisted even after one week from the 
last treatment (withdrawal period [one-way ANOVA: F

(3, 20)
 = 21.79, p < 0.0001; but no differences between sexes Tukey 

post hoc phentermine male vs. female (p = 0.1445)], with both phentermine male and female rats exhibiting significantly 
lower body weight compared to saline-treated rats.

Mazindol: Mazindol (10 mg/kg) over 7 days induced a significant weight reduction compared to saline [three-way 
RM ANOVA; main factor drug: F

(1, 20)
 = 184.1, p < 0.0001]. Like phentermine, rats administered with mazindol exhibited 

a similar weight reduction in females −7.9 g and −8.5 g in males (Tukey post hoc all p’s > 0.05), with a rapid body weight 
loss in the first 2 days of treatment, and then a plateau during the rest of the treatment. Interestingly, even one week after 
withdrawal, body weight loss remained significantly below compared to the saline group [one-way ANOVA; F

(3, 20)
 = 51.00, 

p < 0.0001].
Diethylpropion: Treatment with diethylpropion resulted in significant body weight reduction compared to saline treat-

ment [three-way RM ANOVA; drug: F
(1, 20)

 = 208.5, p < 0.0001]. This effect is clearly illustrated in Fig 1, which shows a 
gradual weight loss over the first 4 days of treatment and a plateau in the last 3 days (see days 5−7). Furthermore, a 
significant difference in weight loss was observed between sexes [two-way RM ANOVA for diethylpropion; main factor sex: 
F

(1, 10)
 = 15.32, p = 0.0029]. Diethylpropion induced the greatest weight loss in females (−16.7 g; see Table 1), who lost sig-

nificantly more weight than females in the control group, who gained 13.25 g. A Tukey post hoc analysis revealed that this 
sex difference was particularly pronounced during days 5−7 of treatment (p < 0.05), with females exhibiting a greater aver-
age weight loss (−16.7 g) compared to males (−4.5 g). This sex difference in body weight was maintained even one week 
after the last treatment (see Fig 1; Withdrawal [one-way ANOVA: F

(3, 20)
 =60.84 p < 0.0001; Tukey post hoc DEP males vs. 

females p < 0.0001), with females in the diethylpropion group returning to their initial baseline body weight, still significantly 
lower than the body weight of females in the saline control group (DEP females vs. Saline females; p < 0.0001). Fig 1 illus-
trates this persistent difference in body weight during withdrawal.
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Fig 1.  Effects of appetite suppressants on body weight change in male and female rats. The change in body weight of control naïve rats daily 
injected intraperitoneally with saline (n = 6 males(▲ triangles), n = 6 females (● circles)) from day 1 to day 7 compared with rats injected intraperitoneally 
with phentermine at 20 mg/kg (n = 6 males, n = 6 females), mazindol at 10 mg/kg (n = 6 males, n = 6 females), diethylpropion at 20 mg/kg (n = 6 males, n = 6 
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Cathine: Unexpectedly, cathine treatment (20 mg/kg) induced opposite effects on body weight in male and female rats 
over the 7-day treatment period. Males exhibited an average weight loss of −11 g from their initial body weight (BL day 0), 
while females showed an average weight gain of +12 g. This weight gain in females was not significantly different from 
the + 13 g weight gain observed in the saline control group. This sexually dimorphic response to cathine may be related to 
its interaction with sex hormones. A three-way RM ANOVA confirmed a significant interaction between sex and treatment 
[main factor sex: F

(1, 20)
 = 40.19, p < 0.0001; main factor days: F

(2.578, 51.56)
 = 31.76, p < 0.0001; sex x days interaction: F

(6, 120)
 

= 15.77, p < 0.0001], indicating that the effect of cathine on weight change differed significantly between sexes (Tukey post 
hoc (days 2–7) all p’s < 0.05). This lower body weight in male than female rats persisted even during the withdrawal period 
[one-way ANOVA; F

(3, 20)
 = 27.52, p < 0.0001, Tukey post hoc Cathine males vs. females; p < 0.0001], whereas females 

significantly weigh more than saline-treated females rats (Tukey post hoc cathine females vs saline females p = 0.0191) as 
illustrated in Fig 1, which shows the mean body weights for each group one week after treatment cessation.

d-Amphetamine: A 3-day d-amphetamine administration (10 mg/kg) failed to induce significant weight loss in rats. 
Instead, females and males exhibited a slight, non-significant increase in body weight relative to baseline (females: + 6.6 g; 
males: + 9.5 g) comparable to the saline control group. A three-way repeated-measures ANOVA confirmed the absence of 
a significant drug effect [F

(1, 14)
 = 1.154, p = 0.3009] or sex difference [F

(1, 14)
 = 2.727, p = 0.1209]. This lack of weight loss 

may be attributable to the short treatment duration or the chosen dose, despite 10 mg/kg being considered a high dose in 
most addiction and locomotion studies [56].

Tesofensine, another appetite suppressant, also exhibited a sexually dimorphic effect on body weight loss. Female 
rats treated with tesofensine over 7 days exhibited a significantly greater reduction in body weight (−11.8 g) compared to 
males (−1.6 g), a difference of 10.2 g [two-way RM ANOVA; sex: F

(1, 10)
 = 7.295, p = 0.0223] A Tukey post hoc revealed a 

significant difference between male and female rats treated in the second day of treatment(p = 0.0203). This weight loss 
in females and males was also significantly greater than the body weight observed in the saline group [three-way RM 
ANOVA; main factor drug: F

(1, 20)
 = 15.77, p = 0.0008]. Tesofensine treatment was also efficacious in preventing weight gain 

(rebound) in both sexes after treatment withdrawal [one-way ANOVA: F
(3, 20)

 = 39.91, p < 0.0001].

Table 1.  Average weight change and coefficient of variation (CV) in male and female rats (for 7 days of treatment), sorted for weight loss 
induced in female rats.

Drug Mean Body Weight (F/M) (g) STD Body Weight (F/M) (g) CV (Female/Male) (%)

Saline 13.25 17.69 9.44 11.23 71.27 63.46

DEP −16.79 −4.50 8.62 7.59 51.33 168.63

Phentermine −13.56 −7.90 7.63 10.76 56.29 136.26

Tesofensine −11.88 −1.60 9.68 6.63 81.53 413.25

Mazindol −7.96 −8.56 6.59 7.86 82.83 91.74

5-HTP 2.90 6.35 7.19 12.62 248.44 198.54

Amphetamine 6.63 9.56 10.10 14.08 152.46 147.20

Cathine 12.31 −11.08 10.06 8.72 81.68 78.70

https://doi.org/10.1371/journal.pone.0325067.t001

females), cathine at 20 mg/kg (n = 6 males, n = 6 females), d-amphetamine at 10 mg/Kg (n = 3 males, n = 3 females), tesofensine (subcutaneous) at 2 mg/
kg (n = 6 males, n = 6 females), and 5-HTP/CB at 31 mg/kg (n = 6 males, n = 6 females). The break in the axis indicates where the treatment was stopped. 
For comparison reasons, the saline group was replotted for the rest of the panels. The body weight was measured again 7 days after the last injection 
(withdrawal). The horizontal dotted line represents the baseline body weight before treatment. * p < 0.05 for treatment days where there was a significant 
difference between sexes within the drug. Data is presented as mean ± SEM. # one-way ANOVA, p < 0.05, significantly different from the saline group 
and same-sex on withdrawal.

https://doi.org/10.1371/journal.pone.0325067.g001

https://doi.org/10.1371/journal.pone.0325067.t001
https://doi.org/10.1371/journal.pone.0325067.g001
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5-HTP/CB: 5-HTP did not induce weight loss from initial baseline body weight in either female or male rats, but it signifi-
cantly attenuated weight gain compared to the saline control group. A three-way RM ANOVA confirmed a significant main 
effect of drug treatment [F

(1, 20)
 = 15.77, p = 0.0008]. This effect is illustrated in Fig 1, which shows the mean body weight 

over time for each group. Importantly, significant differences between 5-HTP and saline were still observed one week after 
the last treatment (see Fig 1, withdrawal [one-way ANOVA; F

(3, 20)
 = 13.85, p < 0.0001]).

Variability in body weight loss between sexes: male predisposition to weight gain under saline and enhanced 
female weight loss with appetite suppressant treatment

To assess sex-specific differences in the response to appetite suppressants, we examined the variability in weight change 
using the coefficient of variation (CV). The CV, calculated as the standard deviation divided by the mean and multiplied 
by 100 (CV = (SD/Mean) * 100), provides a standardized measure of dispersion relative to the mean. The CV provides 
insight into the consistency of weight loss responses across individuals. In the saline-treated control group, a significant 
sex difference in weight gain was observed. Male rats gained an average of 17.69 g, with a CV of 63%. This relatively low 
CV suggests that most male rats gained a similar amount of weight, indicating a consistent increase in body weight under 
saline treatment.

In contrast, female rats gained less weight on average (13.25 g), but their response was much more variable 
(CV = 71%). This higher CV reveals that some females gained significantly more or less weight than others, highlighting 
a less uniform response within the female group than males. This suggests an inherent difference in how males and 
females respond to a regular diet, with males being more prone to consistent weight gain.

When treated with appetite suppressants, the sex differences were reversed. Overall, females lost more weight and 
exhibited less variability (lower CVs, see Table 1), indicating a more potent and consistent response to the drugs. Males, 
on the other hand, were more resistant to weight loss and showed greater variability (higher CVs) in their response, 
suggesting that the effectiveness of these appetite suppressants varied considerably among individual males. This can be 
more clearly seen in Table 1.

Appetite suppressants diminished total food intake and preference for High-Fat Diet (HFD) pellets

To assess the suppression of food intake during the four-hour acrylic observation box (see below), one chow pellet 
(weighing between 3.6–6 g) and one HFD pellet (weighing 3.2–5.5 g) were attached to the center of one wall of the 
observation box each day. Pellets were placed in small plastic bottle caps secured to the wall. Rats were familiarized with 
the behavioral box and exposed to both types of pellets (chow and HFD) one day before the experiment began, to mini-
mize novelty effects and ensure that food choices reflected actual preference rather than food neophobia. In addition, we 
started every experiment with a 15-minute baseline before administering the appetite suppressants; during this period, 
both food pellets were also available. Food intake was measured by weighing the pellets before and after the four-hour 
observation period (corrected for spillage) to determine the amount consumed (see Table 2).

Saline-treated rats, regardless of sex, exhibited a significant preference for the HFD pellet, often consuming the entire 
pellet. These animals consumed significantly more HFD than standard chow (Table 2). Conversely, diethylpropion, phen-
termine, d-amphetamine, and cathine significantly suppressed appetite, reducing total food intake to less than 1 g over 
the observation period. This marked reduction in feeding was accompanied by a decreased preference for HFD pellets, 
further demonstrating the efficacy of these substances as appetite suppressants. Statistical analysis confirmed these 
effects when comparing total food intake between each drug and its corresponding saline group: in females, phentermine 
(unpaired t-test, t(5) = 20.87, p < 0.0001), diethylpropion (t(5) = 30.92, p < 0.0001), cathine (t(5) = 7.005, p = 0.0009), and 
d-amphetamine (t(2) = 13.78, p = 0.0052) all significantly reduced food intake. Similar results were found in males, phen-
termine (t(5) = 4.103, p = 0.0093), diethylpropion (t(5) = 3.702, p = 0.014), cathine (t(5) = 3.007, p = 0.0299), and  
d-amphetamine (t(2) = 6.511, p = 0.0228) also produced significant reductions.
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Tesofensine (females: 2.14 g, males: 0.72 g food intake, p = 0.0220, t(5) = 3.277) and mazindol (females: 2.46 g, males: 
1.97 g, p = 0.0217, t(5) = 3.290) also reduced total food intake compared to saline groups, although somewhat. Interest-
ingly, tesofensine more strongly suppressed appetite in males than females, but males still exhibited a stronger preference 
for HFD pellets (preference index: males = 0.92 vs. females = 0.80). Similarly, mazindol-treated rats maintained a strong 
preference for HFD (preference index: males = 0.91 vs. females = 0.89). Thus, tesofensine and mazindol showed moderate 
effects on food intake.

In contrast, 5-HTP (females: 1.26 g, males: 1.23 g; preference index: 0.51 vs. 0.23, respectively), d-amphetamine 
(females: 0.45 g, males: 0.18 g; preference index: 0.59 vs. 0.47, respectively), and phentermine (females: 0.34 g, males: 
0.24 g; preference index: 0.65 vs. 0.19, respectively) robustly diminished HFD intake and preference. These treatments 
sometimes even induced a preference for chow pellets (Table 2; see values below 0.5 preference index). Thus, notably, 
5-HTP, d-amphetamine, and phentermine not only reduced HFD consumption but also shifted preference towards chow.

Automatic ethogram generation from video recordings using DeepLabCut and machine learning

To evaluate motor side effects associated with each appetite suppressant, rats were video-recorded daily for 4 hours over 
seven consecutive days. Each rat was placed in an acrylic box and recorded simultaneously from a top and bottom view. 
After a daily 15-minute baseline recording period, the subject received an intraperitoneal or subcutaneous injection of 
either saline (vehicle) or one of the appetite suppressants (see Materials and methods). These video recordings were ana-
lyzed using DeepLabCut (DLC) pose estimation software [50], combined with a machine-learning algorithm, ResNet-50, 
for training and refinement (see Materials and methods for details of the model). Key points including the nose, front paws, 
hind paws, and base tail- were automatically labeled on the rats and remained consistent across all videos (Fig 2A). The 
extracted coordinates of these key points were used to define behaviors such as forward locomotion, rearing, grooming, 
and stereotypy. These behaviors were then quantitatively analyzed across all frames. From these labels, we compute all 
behaviors of interest (Fig 2B) based on the frame-by-frame coordinates of each pose estimation.

From DLC-tracked points, we formed polygons by connecting points such as nose-front paws (top point), left front 
paw-left hind paw-base of the tail, right front paw-right hind paw-base of the tail, and left hind paw-base of the tail-right 
hind paw (bottom view) (Fig 2C). These polygons allowed us to build the ethograms frame by frame, indicating whether 
an animal was in a state of stereotypy (head weaving), quiet-awake state (including putative sleep periods and inactivity), 
locomotion, grooming, or rearing (Fig 2D). To calculate the stereotypy behavior, we used the centroid formed by the joints 
between the front paws and the nose, measuring the angle difference (between frames) relative to the one formed by the 
hind paws and the base of the tail (see Materials and methods). For rearing and grooming behaviors, the tracking of these 
polygons helped identify moments when the edges between the front and hind paws deformed or disappeared, providing 
a key indicator for determining these behaviors (see Materials and methods).

Table 2.  Average Chow and HFD pellet intake (for 4 hours) in male and female rats (for 7 days of treatment), sorted for weight loss induced in 
female rats.

HFD Intake (F/M) (g) Chow Intake (F/M) (g) Total Intake (F/M) (g) ± SEM Preference HFD

4.26 2.44 0.09 0.79 4.35 ± 0.10 3.23  ± 0.67 0.98 0.96

0.35 0.23 0.14 0.08 0.48 ± 0.12 0.30  ± 0.12 0.71 0.62

0.22 0.03 0.12 0.21 0.34 ± 0.08 0.24  ± 0.11 0.65 0.19

1.97 0.70 0.18 0.03 2.14  ± 0.69 0.72  ± 0.51 0.92 0.80

2.24 1.78 0.23 0.19 2.46  ± 0.58 1.97  ± 0.24 0.91 0.89

1.00 0.28 0.95 0.96 1.26  ± 0.40 1.23  ± 0.28 0.51 0.23

0.27 0.17 0.18 0.02 0.45  ± 0.28 0.18  ± 0.1 0.59 0.47

0.81 0.36 0.17 0.39 0.98 ± 0.47 0.75  ± 0.40 0.82 0.67

https://doi.org/10.1371/journal.pone.0325067.t002

https://doi.org/10.1371/journal.pone.0325067.t002
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Fig 2.  Automatic quantification of behavioral states induced by appetite suppressants. A) Experimental protocol for video recording rat’s behav-
ior. For the data acquisition, rats were filmed from top and bottom views. The first 15 minutes were used as a baseline, followed by the injection of an 
appetite suppressant at 15 minutes. The recording continues until completing four hours. Images were converted into videos, and a machine learning 
algorithm, ResNet-50, was used for training these key points: the nose, front paws, hind paws, and tail base. Subsequently, the coordinates of these 
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Analysis using the automatic ethogram revealed that saline-treated rats (Fig 2D, left panel) did not exhibit any 
head-weaving stereotypy. Instead, they spent most of the observation period in a quiet-awake state. Initially, these rats 
displayed exploratory behavior, with long periods of forward locomotion alternating with rearing. After one hour, this explor-
atory behavior decreased almost entirely. Following this, the animals entered prolonged periods of inactivity, characterized 
by a quiet-awake state (standing motionless) or sleep postures such as curling up in a ball. This transition occurred more 
rapidly across days, decreasing from an average of ~60 minutes on day 1 to ~20 minutes on day 7 as the rats acclimated 
to the observation box.

In contrast, rats treated with some appetite suppressants, such as phentermine, exhibited no sleep or inactivity 
after injection. Instead, they displayed pronounced head-weaving stereotypy (see S1 Video for males and S2 Video for 
females), spending approximately >50% of the observation period in this purposeless behavior. Moreover, the onset 
of head-weaving became progressively faster over the days of treatment, with the latency to onset decreasing from an 
average of 56.50 ± 19.67 SEM minutes on day 1 to 7.46 ± 1.59 SEM minutes (post-injection) on day 7 (Fig 2D, right panel), 
reflecting a sensitization process. In subsequent days, head-weaving became the predominant activity, with a strong ten-
dency for the animals to remain in this state once it is initiated. Fig 2D (right panel) depicts these behavioral patterns by 
showing a representative ethogram or the time course of behavioral states of one rat across seven days.

Control saline-treated rats

Once the motor behaviors associated with each appetite suppressant were computed (Fig 2D), we calculated the total 
time spent on each behavior over the 4 hours of recordings. Vehicle-treated rats remained predominantly in a quiet-awake 
state (including sleep-like behavior) most of the time, slightly increasing throughout the treatment (Figs 3A males and 4A 
females). This could be due to the rats becoming more familiar with the behavioral box over time (See S1 Fig for all etho-
grams of saline-administered rats).

Dopamine-targeting drugs induced head-weaving stereotypy in both sexes

The following section details the motor side effects of appetite suppressants, ranking drugs from most to least severe.
Phentermine: In contrast, phentermine (Fig 3B males) predominantly induced head weaving stereotypy, which 

became more pronounced over the days [one-way ANOVA F
(6,35)

 = 6.865, p < 0.0001] a Tukey post hoc revealed that the 
first day was significantly different from the third day onwards (Tukey post hoc all p’s < 0.05) not only in duration but also 
in having a faster onset [one-way ANOVA F

(6,35)
 = 5.220, p = 0.0006]. A Tukey post hoc revealed a significant difference 

between the first day versus the rest of the days (All p’s < 0.05). While some subjects treated with phentermine exhib-
ited high levels of locomotion during the first two days of treatment, locomotion gradually decreased over the days. This 
decrease in locomotion coincided with the opposite increase in stereotypy. Therefore, although initial locomotion was 
high in some phentermine-treated subjects, this effect was likely offset by the later increase in stereotypy, resulting in no 
overall difference in locomotion compared to the vehicle group [two-way RM ANOVA; main factor; drug: F

(1, 10)
 = 0.000291, 

p = 0.9867]. Moreover, we observed an inverse correlation between the increase in the percentage of time spent in ste-
reotypy and a decrease in locomotion over days in males treated with phentermine (Pearson correlation coefficient, 
r = −0.9941, p < 0.0001).

key points were extracted. After correcting errors, behaviors such as locomotion, quiet-awake state, rearing, grooming, and stereotypy were defined 
based on these coordinates and quantitatively analyzed across all frames. B) Ethograms were built of the following behavioral states: 1) Head weaving, 
2) Quiet sleep state, 3) Locomotion, 4) Grooming, and 5) Rearing. C) Pose estimation images extracted from DLC show behaviors in the same order 
as in panel (B). D) Representative ethogram of male rats. Left panel: saline-injected rat; right panel: rat injected with Phentermine at 20 mg/kg. Behav-
ioral states are color-coded as follows: 1) Stereotypy (black), 2) Quiet-awake state (red), 3) Locomotion (blue), 4) Grooming (cyan), and 5) Rearing 
(magenta). In S1–S8 Figs, the complete ethograms for all rats and drugs can be seen, and the entire database can be found in [87].

https://doi.org/10.1371/journal.pone.0325067.g002

https://doi.org/10.1371/journal.pone.0325067.g002
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Fig 3.  Effect of appetite suppressants on head-weaving stereotypy in male rats. Drugs were ranked in descending order of potency on 
stereotypy. Each behavior is quantified as a proportion of the time spent in that state during the 4 h duration of each session. Each dot within the violin 
plots represents an individual rat, and the colored dot corresponds to the same rat across various days and behaviors. A) Saline: As expected, under 
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Similarly, female rats (Fig 4B) treated with phentermine predominantly exhibited head-weaving stereotypy but in a more 
homogeneous manner than males from the first day (males had a larger CV = 22.28% vs. females CV = 10.54%), as all 
female subjects spent more than 50% of the time in a head-weaving state from day one and subsequent days (S2 Fig). In 
females, there is also an effect where levels of stereotypy increase over the days, whereas locomotion decreases (Pear-
son correlation coefficient, r = −0.8364, p < 0.0001). These findings suggest that, throughout the treatment, the predomi-
nant side effect of these drugs shifts toward head weaving stereotypy, gradually taking over locomotor activity.

Mazindol: Mazindol induced the second most potent effect on stereotypy. Figs 3C (male) and 4C (female) show that 
chronic administration of mazindol led to head-weaving stereotypy in both sexes on each treatment day. However, rats 
exhibited a large variability. For example, two male rats exhibited low levels of stereotypy (see Fig 3C, yellow and cyan 
dots, S3 Fig see male rats 4 and 6) but high locomotion. Likewise, one female rat had no stereotypy on the first three days 
(Fig 4C green dot, S3 Fig, see female rat 5), but on days 4, 5, and 7, exhibited more than 90% of the time stereotypy. 
Another female rat (Fig 4C pink dot) spent less than 50% in stereotypy on most days except day 6 (>80%), but they spent 
extended periods in rearing (see S3 Table, S6 Fig). This variability was reflected in a high CV = 40.04%. Also, in both, male 
and female rats exhibited an anti-correlation between the stereotypy and locomotion behavior, where levels of stereotypy 
increase over the days, whereas locomotion decreases (Pearson correlation coefficient for males, r = −0.9878, p < 0.0001, 
and for females r = −0.9641, p < 0.0001).

Diethylpropion: In male rats (Fig 3D), diethylpropion, like phentermine and mazindol, was the third drug that induced 
a stronger head-weaving stereotypy in all subjects throughout the 7 days of treatment. Stereotypy gradually increased 
over the days, reaching its peak level of time spent on this behavior (82.7% of the 4-hour observation time was spent on 
stereotypy) on the fourth day of treatment, after which it plateaued during the last three days. A strong anticorrelation was 
observed between the increase in stereotypy and the decrease in locomotion (Pearson correlation coefficient, r = −0.9194, 
p < 0.0001).

Diethylpropion induced head-weaving stereotypy in both sexes, but with a significant difference in the magnitude of the 
effect (See S4 Fig for all ethograms). On the first day of administration, males exhibited head-weaving stereotypy 65.93% 
of the time, markedly higher than the 32.52% observed in females (Fig 4D). Conversely, females showed significantly 
greater locomotor activity (54.43%) than males (22.99%). A strong negative correlation confirmed this inverse relationship 
between stereotypy and locomotion (Pearson correlation coefficient, r = −0.9450, p < 0.0001).

Cathine: Cathine also proved to be an effective appetite suppressant in male rats, though it notably induced 
head-weaving stereotypy, making it the fourth drug identified in this study to elicit this behavior. On the first day of treat-
ment, male subjects (see Fig 3E, blue and cyan dots) showed levels of stereotypy under the mean in all of the seven days 

physiological conditions, rats spend most of their daytime in a quiet-awake time (immobile but mainly in a sleeping-like posture) or exploring their envi-
ronment (locomotion). No head-weaving stereotypy was observed. B) Phentermine (20 mg/kg): Stereotypy strengthens over the days, occupying more 
than 60% of session time from the fourth day onwards. Moreover, we observe a progressively shorter onset of stereotypy across days. C) Mazindol 
(10 mg/kg) also induced significant head weaving stereotypy, although with more variability than phentermine. D) Diethylpropion (20 mg/kg) was the 
third appetite suppressant with a robust stereotypy, although its stereotypy was more homogeneous than phentermine (CV for DEP = 17.85% vs CV for 
PHEN = 22.01%). E) Cathine 20 mg/kg (d-Norpseudoephedrine (NPE)): Stereotypy was not as pronounced as with phentermine, and rats exhibited high 
variability (CV = 37.81%), but it tended to strengthen across days. F) d-amphetamine (10 mg/kg): High but variable levels of stereotypy were observed 
from the first day of treatment (CV = 53.35%). Additionally, this drug induced a quiet-awake state (including sleep-like behaviors) on the first and third 
days of treatment, suggesting that their effects disappeared more rapidly than other appetite suppressants. G) Tesofensine (2 mg/kg): Unlike other 
appetite suppressants, males do not exhibit significant head weaving stereotypy, as previously reported [25], except for one subject on the third day. 
Tesofensine-treated rats exhibited prolonged periods of immobility (quite-awake state) while remaining awake, alternating with brief sleep-like posture, 
suggesting this drug may have insomnia-inducing properties. H) 5-HTP (31 mg/kg): 5-HTP/CB treatment did not induce head-weaving stereotypy. Rats 
treated with 5-HTP exhibited behavioral profiles similar to saline controls, characterized by prolonged periods of inactivity, primarily sleep-like behavior. 
For all the drugs, the symbols # and + and the color next to each dot indicate the rat and the day on which a subject presented spontaneous ejaculation 
(+) and/or backward locomotion (# moonwalk stereotypy).

https://doi.org/10.1371/journal.pone.0325067.g003

https://doi.org/10.1371/journal.pone.0325067.g003
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Fig 4.  Effect of appetite suppressants on head-weaving stereotypy in female rats. Drugs were ranked in descending order of potency on 
stereotypy. Same conventions as in Fig 3, but for female rats: A) Saline: female rats spend most of their time in the quiet-awake state (mostly sleeping). 
B) Phentermine (20 mg/kg): Induced stereotypy in females is even more homogeneous than in males from the first day (males had a larger coefficient 
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of treatment, and this made cathine the highest variability (CV = 37.81%) in males among the appetite suppressants that 
successfully induced stereotypy in all subjects. However, the same as in phentermine, the levels of stereotypy gradually 
increased over the days, reaching their peak by the fourth and fifth days of treatment.

In females, cathine showed diverse stereotypy patterns, with some subjects presenting very high levels of stereotypy 
(see Fig 4E, green and yellow dots), while other subjects displayed predominantly locomotion rather than stereotypy (see 
Fig 4E violet dot and S5 Fig). A phenomenon observed in both sexes was that stereotypy levels were low or absent on 
the first day of treatment, gradually increasing over time. However, females exhibited significantly lower stereotypy levels 
on the first day of treatment (11.4%) compared to males (20.60%), highlighting a sex-dependent difference in the initial 
response to cathine.

d-Amphetamine: We administered chronically for three days in both male and female rats a high dose of 10 mg/kg 
(given that the lethal dose is in the range of 10−30 mg/kg, and thus we decided to treat rats for only 3 days) [57]. It has 
been reported that doses starting at 2.5 mg/kg are enough to induce locomotion in rats [52,58], while doses higher than 
5 mg/kg start to induce stereotypy [49,52,59]. Beyond 10 mg/kg, the stereotypes do not differ much, so we used a dose 
of 10 mg/kg to analyze stereotypy head weaving. In male rats, d-amphetamine induced head-weaving stereotypy with 
a rapid onset on the first day (average onset time: 49 minutes). However, the percentage of time spent in this state was 
relatively low (46%) due to a significant amount of drug-induced locomotion (44%), which increased further on the second 
day of treatment (63% of the observation time). Despite the strong inverse correlation between stereotypy and locomotion 
(Pearson correlation coefficient, r = −0.94402, p = 0.00001) (Fig 3F), d-amphetamine exhibited a unique behavioral profile. 
In contrast to other appetite suppressants, where stereotypy predominates, d-amphetamine-induced both increased loco-
motion and decreased stereotypy. Visual observation revealed more frequent head movements during locomotion than 
saline-treated rats (S3 Video).

While d-amphetamine elicited high levels of stereotypy with an early onset on the second and third days of treatment, 
some subjects transitioned into a quiet-awake state, including a curled-up posture indicative of a sleep-like state, towards 
the end of the observation period (see Fig 3F, blue and green dots, and S6 Fig, see male rats 1 and 2). This shift from ste-
reotypy to sleep-like behavior in the latter half of the observation period was unique to d-amphetamine among the dopami-
nergic appetite suppressants tested, potentially suggesting rapid clearance at this dose.

In females, rats exhibited stereotypy throughout the three days of treatment (Fig 4F). Some subjects exhibited low lev-
els of stereotypy (see Fig 4F, purple and cyan dots) but high levels of locomotion (S6 Fig see rats 2 and 3).

of variation in treatment CV = 22.2% versus females CV = 10.5%. Moreover, the onsets are quicker from the second day of treatment, with rats exhibiting 
head-weaving behavior within 15 minutes post-injection. C) Mazindol (10 mg/kg): Similar to males, female rats exhibit marked head weaving stereotypy. 
However, one subject (green dot) stands out, as it exhibited very low levels of stereotypy but high locomotion during the first three days of treatment. 
D) Diethylpropion (20 mg/kg): In contrast to the low variability shown by males (CV = 17.8%), females exhibited high variability in the induced levels of 
stereotypy (CV = 35.9%). A particular case stands out with the cyan dot, which consistently showed stereotypy levels below the mean except for the 
second day of the treatment. E) Cathine 20 mg/Kg (d-Norpseudoephedrine NPE): Cathine was the drug that induced the fourth-highest average level 
of stereotypy in both females and males. However, unlike males (CV = 37.8%), there was significant variability between subjects (CV = 49%) and across 
days. For example, the subjects represented by the red dot showed increasing levels of stereotypy over the days, whereas the subjects represented by 
the cyan dot transitioned from high levels of stereotypy during the first days of treatment to levels below the mean on days 6 and 7 of treatment. F)  
d-amphetamine (10 mg/kg): From the first day of treatment, subjects exhibited a level above 50% of time spent on stereotypy, which slightly increased 
on the second day. Notably, one subject (cyan dot) showed a considerable decrease in stereotypy levels on the third day, quantified after 100 minutes 
post-injection. G) Tesofensine (2 mg/kg): In females, tesofensine, unlike in males, did induced head weaving behavior, although with high variability 
between subjects (CV = 116.04%), which was also characterized by its delayed onset (82.62 min), highlighting a gender-specific effect of the drug. H) 
5-HTP (31 mg/kg): Like in male rats, serotonin alone does not induce the head-weaving stereotypy. For all the drugs, the symbols # and color next to 
each dot indicate the rat and the day a subject presented backward locomotion (# moonwalk stereotypy).

https://doi.org/10.1371/journal.pone.0325067.g004

https://doi.org/10.1371/journal.pone.0325067.g004
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Sex-dependent behavioral effects of tesofensine: Greater susceptibility stereotypy in female rats

A previous study from our group reported that tesofensine 2 mg/kg in male rats failed to induce head weaving stereo-
typy, which was only present at a high dose of 6 mg/Kg accompanied by orolingual dyskinesia [25]. However, we did 
not explore the effect of tesofensine in female rats. Here, we investigated whether the appetite-suppressant tesofensine 
induces stereotypy in both sexes. Male rats administered 2 mg/kg tesofensine spent significantly more time in a quiet- 
awake state (including curled-up in a ball posture, a sleep-like posture, a difference notably more pronounced than in 
female rats [RM ANOVA; sex factor: F

(1,10)
 = 16.31, p = 0.0024]. Only one male exhibited brief stereotypic head-weaving on 

the third day of treatment (Fig 3G green dot and S7 Fig see rat 2). In contrast, females showed significantly more pro-
nounced stereotypy than males across sessions [RM ANOVA; sex factor: F

(1,10)
 = 50.17, p < 0.0001]. Interestingly, in most 

cases, tesofensine-induced stereotypy appeared later (in the last hour) in the recording session and was characterized by 
subtler head movements compared to the more intense head-weaving behaviors induced by other appetite suppressants 
(S7 Fig). These findings suggest that female rats are more susceptible than males to tesofensine-induced weight loss 
(Fig 1) and behavioral motor side effects.

5-HTP, a serotoninergic precursor, did not induce head-weaving stereotypy

To evaluate the chronic effects of 5-HTP/carbidopa (CB) on stereotypy expression, male and female rats received daily 
administrations of 31 mg/kg 5-HTP combined with 75 mg/kg CB, a peripheral inhibitor of aromatic L-amino acid decar-
boxylase that indirectly elevates brain serotonin (5-HT) levels [60]. This regimen did not elicit measurable head-weaving 
stereotypy in either sex during the four-hour observation period (Figs 3H, 4H, and S8 Fig). Furthermore, the behavioral 
profiles observed following 5-HTP/CB treatment were largely indistinguishable from those exhibited by the vehicle group 
(e.g., compare Fig 3A and 3H).

t-SNE and hierarchical clustering analysis revealed two distinct motor behavioral profiles induced by appetite 
suppressants

To further explore the overall map of motor effects of appetite suppressants, we investigated whether these drugs induced 
distinct clusters of motor behaviors. We used t-SNE, a dimensional reduction technique, and hierarchical clustering anal-
ysis to map all motor effects of each rat into clusters based on shared behavioral characteristics (stereotypy, locomotion, 
quiet-awake state, grooming, rearing), where each point represents an individual rat (Fig 5). This analysis revealed two 
primary groups: 1) rats treated with 5-HTP/CB and male rats administered tesofensine (2 mg/kg), which exhibited motor 
profiles similar to saline-treated controls, and 2) rats treated with dopaminergic drugs (phentermine, mazindol, diethyl-
propion, and cathine), all of which induced substantial stereotypy, formed a distinctive cluster (Fig 5 see arrow stereotypy 
cluster). Interestingly, tesofensine exhibited unique sex-dependent dynamics. Female rats treated with tesofensine (2 mg/
kg) formed a smaller, intermediate position between clusters, suggesting a motor profile with features shared between 
control-like behaviors and stereotypy-inducing drugs. Additionally, three outlier rats treated with cathine (two males and 
one female) displayed unique motor profiles that did not fit into the main two clusters. Together, these findings illustrate 
that drugs that elevate synaptic dopamine levels evoke a markedly distinct motor behavior profile compared to drugs with 
little to no effect on dopamine reuptake inhibition.

Behavioral state transitions induced by appetite suppressants

To determine whether transitions between behavioral states varied by drug, sex, or an interaction between both, we 
constructed a weighted network using Markov chain transition probabilities between behavioral states [55]. This approach 
allowed us to compare the predominant transition pattern in response to each drug. In saline-treated rats, both sexes 
exhibited highly similar transition dynamics between states (Fig 6B), with the quiet-awake state being the most prominent 
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(red node, the diameter of each circle is proportional to the fraction of time the rat spent engaged in that behavior). These 
rats transitioned primarily from quiet-awake to locomotion, followed by rearing, revealing the most common physiological 
transitions between behaviors. Impressively, both transition networks were highly similar in male and female rats.

Conversely, phentermine, mazindol, diethylpropion, and cathine produced a more active pattern (Fig 6C–6F), where 
head-weaving stereotypy emerged as the primary state (see the large diameter of the black node), commonly followed by 
transitions from stereotypy to locomotion. This network analysis also revealed a similar transition frequency between male 
and female rats treated with these appetite suppressants (see Fig 6C–6F).

In contrast, d-amphetamine and tesofensine (Fig 6G and 6H) displayed unique sex-dependent dynamics: 
d-Amphetamine also induced distinct motor patterns (Fig 6G). Male rats transitioned from locomotion (blue node) to 
head-weaving (black node), rearing (light blue node), and a quiet-awake state (red node). In contrast, female rats more 
frequently transitioned between locomotion (blue node) and head-weaving (black node).

Likewise, tesofensine-treated males transitioned predominantly from locomotion (blue node) to grooming (pink node, 
Fig 6H) (also see the tiny black node of stereotypy), while females exhibited a main transition from locomotion (blue node) 
to head-weaving stereotypy (black node).

Other forms of stereotypy: Orolingual dyskinesia and moonwalk locomotion

In addition to head-weaving stereotypy, another stereotypy observed includes orolingual dyskinesias (tongue protrusion 
and retraction in the air, S4 Video). This dyskinesia was particularly strong after the administration of mazindol. Tesofen-
sine induced sporadic, brief, and abnormal jaw and tongue movements (orolingual dyskinesia) in both male and female 

Fig 5.  t-distributed Stochastic Neighbor Embedding (t-SNE) and hierarchical clustering analysis delineate distinct clusters of drug-induced 
motor effects in rats, with tesofensine in females demonstrating an intermediate profile. The analysis reveals two primary clusters: one encom-
passing amphetamine-like drugs associated with stereotyped behaviors and another comprising drugs that do not elicit such behaviors. t-SNE map 
illustrating the clustering of motor effects across various treatments. Each data point represents an individual subject, with triangles indicating males and 
circles indicating females. Colors denote different treatments: saline (pink), phentermine (yellow), mazindol (light green), diethylpropion (beige), cathine 
(blue), tesofensine (burgundy), and 5-HTP (dark green). Tesofensine-treated females (burgundy circles) are positioned intermediately between the two 
main clusters. This suggests that tesofensine in females elicits a motor effect profile that shares characteristics with both amphetamine-like and  
non-stereotypy-inducing drugs.

https://doi.org/10.1371/journal.pone.0325067.g005

https://doi.org/10.1371/journal.pone.0325067.g005
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Fig 6.  Appetite suppressants alter state transition probabilities in a Markov chain model of rat behavior. Markov chain analysis reveals signifi-
cant shifts in behavioral state transitions induced by appetite suppressants in rats. Saline-treated animals (controls) demonstrate a pattern of transition-
ing from a quiet-awake state to locomotion, indicative of exploratory behavior. In contrast, appetite suppressant-treated rats exhibit a reduced probability 
of transitioning from quiet-awake to locomotion and an increased probability of transitioning directly from locomotion to stereotyped behaviors, such as 
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rats during periods of quiet wakefulness (S4 Video). Notably, this effect was observed in male rats despite the absence 
of head-weaving stereotypy in males (Fig 3G, also see S4 Video), suggesting that tesofensine may induce distinct motor 
effects compared to other drugs. Previously, we reported that a high dose of 6 mg/kg of tesofensine induced robust orolin-
gual dyskinesia in male rats [25].

Moreover, male and female rats treated with phentermine, diethylpropion, cathine, d-amphetamine, and mazindol 
exhibited additional stereotypes. For example, these drugs led to a unique gait pattern. This is one of the most potent 
forms of stereotypy—backward locomotion, here referred to as “moonwalking”—was sporadically observed only following 
the administration of phentermine, diethylpropion, cathine, and mazindol, with diethylpropion inducing it most frequently. 
The moonwalk stereotypy was exclusively seen in males when using phentermine (S5 Video, Fig 3B), while it occurred 
more frequently in both males and females with diethylpropion (Figs 3D and 4D; S6 Video and S7 Video), mazindol (male 
Figs 3C and female 4C; see S8 Video and S9 Video). In the case of d-amphetamine, this backward locomotion was only 
observed in females (Fig 4F see # symbol, S10 Video). A systematic and formal measurement of orolingual dyskinesia 
and moonwalk effects is out of the scope of this manuscript. However, these behaviors further underscore the potent 
dopaminergic effects of the drugs, reflecting their ability to induce a broad spectrum of repetitive and abnormal purpose-
less motor patterns.

Appetite suppressants and spontaneous ejaculations

Spontaneous ejaculations (Fig 3C see + symbol) were observed in male rats treated with appetite suppressant phenter-
mine (S11 Video), mazindol (S12 Video), diethylpropion (S13 Video), and cathine (S14 Video). This side effect, which 
wasn’t seen with other drugs such as d-amphetamine (mainly DA releaser and blocker of transporter DAT [61], 5-HTP 
(a pure serotoninergic precursor), highlights that the pronounced dopaminergic or serotonergic activity per se of these 
compounds is not sufficient to induce spontaneous ejaculation and semen discharge. Therefore, spontaneous ejaculations 
may be due to the drugs’ effects on combined effects on dopamine and serotonin signaling in brain regions involved in 
sexual function [62–64]. This is because a synergistic effect between DA and 5-HT has been reported on semen dis-
charge [64–66].

These rare and atypical behaviors were sporadically observed, including orolingual dyskinesias (e.g., tongue protru-
sions), moonwalking locomotion, and spontaneous ejaculations. These behaviors were not systematically tracked, as 
they occurred infrequently and irregularly. Therefore, they were documented qualitatively based on consistent observation 
across multiple sessions and treatment groups.

Discussion

This study examined the effects of several appetite suppressants on weight loss and motor behaviors in both male and 
female rats. In general, female rats demonstrated more consistent weight loss, exhibiting reduced inter-individual vari-
ability compared to males. Specifically, female rats exhibited significantly greater weight loss than males in response to 
diethylpropion and tesofensine. Conversely, and unexpectedly, cathine induced weight loss only in male rats. In terms of 
motor side effects, tesofensine generally induced less pronounced stereotypy than the other compounds tested. However, 
drugs primarily targeting dopamine pathways – namely, phentermine, diethylpropion, mazindol, and cathine – elicited 

head weaving. (A) Mean percentage of time spent in the head-weaving stereotypy state across seven days of treatment. Data are presented separately 
for males (left) and females (right), with each point representing an individual animal. (B-I) Directed network graphs illustrate the transition probabilities 
between behavioral states for each treatment group and sex (i.e., saline, phentermine, mazindol, diethylpropion, cathine, d-amphetamine, tesofensine, 
and 5-HTP/CB, respectively). Nodes (circles) represent distinct behavioral states: head-weaving stereotypy (black), quiet-awake (red), locomotion (blue), 
grooming (magenta), and rearing (cyan). Edges represent the transition probability between states, with thickness and color intensity corresponding 
to probability magnitude. Thicker, more yellow-toned edges signify higher transition probabilities, while thinner, more blue-toned edges indicate lower 
probabilities.

https://doi.org/10.1371/journal.pone.0325067.g006

https://doi.org/10.1371/journal.pone.0325067.g006
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marked stereotypies, particularly head-weaving (male S1 Video and female S2 Video). Notably, tesofensine also induced 
head-weaving behavior, specifically in female rats, although this effect was not as pronounced as with other appetite 
suppressants. Consistent with prior research, the serotonergic precursor 5-HTP did not elicit head-weaving stereotypy 
[13]. Further analysis, employing network analysis and Markov transition matrices, revealed distinct behavioral transition 
probabilities associated with head-weaving. This stereotypy emerged as a dominant attractor state under the influence 
of certain drugs, highlighting subtle differences in their potential mechanisms of action. Indeed, this analytical approach 
demonstrates that head-weaving stereotypy was more likely to manifest as an ‘attractor’ behavior when dopaminergic 
pathways were modulated. This observation underscores the role of dopamine reuptake inhibitors – specifically phenter-
mine, mazindol, diethylpropion, and cathine – in precipitating this repetitive motor behavior. Finally, sex differences were 
observed, primarily for tesofensine and d-amphetamine, suggesting a potential sexually dimorphic effect on stereotypy 
expression.

Hierarchical clustering and t-distributed Stochastic Neighbor Embedding (t-SNE) analyses further elucidating the dis-
tinct motor profiles elicited by the investigated appetite suppressants. Specifically, animals administered drugs primarily 
targeting serotonergic pathways – namely, 5-HTP– clustered closely with control groups. This proximity reflects behav-
ioral profiles characterized by lower levels of stereotypy and more balanced transitions between quiet-awake, grooming, 
and locomotor states. In contrast, drugs modulating dopamine reuptake formed a distinct cluster, marked by pronounced 
stereotypy and locomotor behaviors, indicative of a characteristic dopaminergic influence on motor control. Interestingly, 
female rats treated with tesofensine formed an intermediary cluster, suggesting a partial overlap in motor profiles with both 
control and stereotypy-inducing drug groups. This intermediate positioning may reflect a mixed mechanism of action for 
tesofensine in females, potentially involving both serotonergic and subtle dopaminergic effects, or alternatively, enhanced 
sensitivity to the latter.

Sexually dimorphic responses to appetite suppressants: Implications for weight loss and stereotypy

A key finding of this investigation is the pronounced sexually dimorphic response to specific appetite suppressants, 
impacting both weight loss and the manifestation of stereotyped behaviors. Cathine administration produced a striking 
sex difference in weight reduction, inducing weight loss exclusively in male rats (Fig 1), although both sexes exhibited 
robust head-weaving stereotypy in response to the drug (Fig 6A). In contrast, diethylpropion and tesofensine elicited 
significantly greater weight loss in female rats compared to their male counterparts (Fig 1). Regarding stereotypy, 
diethylpropion induced pronounced stereotypy in both sexes, whereas tesofensine predominantly elicited this behavior 
in female rats. Future research should elucidate the molecular mechanisms underpinning these observed dimorphic 
responses to appetite suppressants. Given these drugs’ capacity to inhibit norepinephrine (NET), serotonin (SERT), 
and dopamine (DAT) transporters, it is plausible that these transporters exhibit differential potencies and/or expression 
levels between male and female rats [67,68]. Alternatively, gonadal hormones may modulate susceptibility to appetite 
suppressants, contributing to the observed sex differences. Consequently, these hypotheses warrant further in-depth 
investigation.

The striatum as a potential neural substrate for stereotypy induced by appetite suppressants

The striatum, particularly via dopaminergic (DA) signaling, plays a well-established role in the expression of stereotyped 
behaviors. This is evidenced by studies using animal models of dopaminergic supersensitivity resulting from DA deficiency 
[3,48,69]. For instance, while L-3,4-Dihydroxyphenylalanine (L-DOPA) administration has no discernible effect on wild-
type mice, it induces a behavioral shift in dopamine-deficient mice when striatal DA levels surpass 50% of those found in 
wild-type counterparts. This shift manifests as a transition from hyperlocomotion to intense, focused stereotypy, concomi-
tant with the upregulation of c-fos mRNA expression in the dorsal and ventrolateral striatum [44]. Furthermore, D1 recep-
tor antagonists attenuate both L-DOPA-induced stereotypies and c-fos expression, highlighting the critical involvement of 
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D1 receptor-expressing medium spiny neurons (MSNs) in mediating these stereotyped behaviors. Hypersensitivity to DA, 
as seen in these models, predisposes individuals to stereotypy upon hyperactivation of dopaminergic circuits, which can 
also be triggered by chronic exposure to psychomotor stimulants like cocaine and d-amphetamine [70]. Indeed, the stria-
tum’s essential role in expressing motor stereotypies via dopaminergic mechanisms has been consistently demonstrated 
[33,61,69]. Moreover, it has been shown that dendritic atrophy and dendritic spine loss occur in dorsal striatum D1-MSNs 
from mice with repetitive behavior [71]. As shown here, the induction of robust motor stereotypies by appetite suppres-
sants, coupled with their ability to curb hunger, further underscores the shared reliance of both appetite and motor circuits 
on DA as a key neuromodulator. We also acknowledge the possibility that stereotypical behavior could interfere with or 
directly compete with rats’ feeding ability, thus rationalizing a portion of the anorectic effects induced by dopaminergic 
appetite suppressants [10]. This aligns with the well-documented development of tolerance to the therapeutic outcomes of 
these drugs (i.e., food suppression and weight loss) over days, which occurs despite a concurrent increase in the sensitiv-
ity of motor side effects, as shown in the present study [10,13,15,25,42].

In this regard and beyond motor effects, DA efflux on the dorsal striatum has also been related to food intake and food 
reward [72], in particular, caloric detection regardless of taste [40], substantiating the idea that overlapping neural cir-
cuits are shared between caloric detection and motor effects, whereas DA in the ventral striatum, including the nucleus 
accumbens is related to both calories and taste hedonics of food [40,73]. In this regard, we have recently discovered that 
phentermine, diethylpropion, and cathine induced their appetite-suppressant properties and motor effects via DA D1 and 
D2 receptors in the nucleus accumbens [10,42], highlighting the importance of DA in ventral and dorsal striatum on feed-
ing and motor stereotypies.

Beyond the connection between food intake and motor circuits, further evidence points to a shared role of dopamine 
function in both obesity and drug addiction. Individuals with obesity and those with drug addiction exhibit similar impair-
ments in dopaminergic circuits [74]. This aligns with the well-established role of some amphetamine derivatives as appe-
tite suppressants. These drugs, by inhibiting the DAT transporter, increase dopamine levels, and thus, they suppress 
appetite and promote weight loss, but their addictive potential and motor side effects could also limit their use for the long-
term treatment of obesity.

Other types of motor stereotypies

Informal video analysis identified a novel stereotypy characterized by backward locomotion, which we termed “moonwalk 
stereotypy.” Notably, backward locomotion is known to be induced by hallucinogenic drugs such as lysergic acid diethyl-
amide (LSD), a potent agonist at the serotoninergic 5-HT2a receptor [32,75]. Therefore, it is plausible that diethylpropion, 
beyond its dopaminergic effects, may also activate 5-HT2a receptors, potentially explaining the sporadic induction of 
backward locomotion observed. These findings are consistent with existing literature on amphetamine-induced psychosis, 
which can accelerate psychosis onset in susceptible individuals [76,77]. Furthermore, this may offer a potential expla-
nation for rare case reports, primarily in women, of psychosis and hallucinations associated with the use of phentermine 
[78,79], diethylpropion [78,80–82], and mazindol [83].

An important advantage of video recording using a bottom view was the discovery that during head-weaving stereo-
typy, rats also stuck out their tongue (tongue protrusion and retraction in the air). It has been reported that apomorphine, 
a potent dopaminergic agonist, more clearly induces this type of orolingual stereotypy [61], but amphetamine and cocaine 
also induced this behavior, although to a lesser extent [30,61]. Here, we observed this behavior as particularly strong 
after administering mazindol (see S1 Video and S2 Video). Likewise, we have recently reported that a very high dose of 
tesofensine 6 mg/kg is needed to induce this orolingual dyskinesia in male rats [25], and here we also found it in female 
rats treated with 2 mg/kg. Recent optogenetic experiments have found that optogenetic activation of the projections 
between GABAergic neurons in the lateral hypothalamus to GABA neurons in VTA can induce food intake but also a 
strong gnawing and aberrant licking in the air or the floor stereotypy [30].
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Appetite suppressants and spontaneous ejaculations

Unexpectedly, some appetite suppressants induced spontaneous ejaculations. Specifically, this effect was observed fol-
lowing administration of phentermine, mazindol, diethylpropion, and cathine. In contrast, d-amphetamine (primarily dopa-
minergic) and 5-HTP (primarily serotonergic) did not induce semen discharge in rats. This suggests that the observed 
ejaculations may be attributable to the combined effects of these drugs on both dopamine and serotonin signaling in brain 
regions involved in sexual function [62–64], like the nucleus accumbens [84,85]. This interpretation is supported by reports 
of synergistic interactions between dopamine and serotonin on semen discharge [64–66].

Limitations of the study

We acknowledge that our video recordings did not allow us to systematically quantify orolingual dyskinesia, moonwalk ste-
reotypy, or other more complex forms of stereotypy. Similarly, our method did not differentiate immobility from sleep, cat-
egorizing both as a “quiet-awake” state. Moreover, other classic forms of stereotypy induced by amphetamine, like “taffy 
pulling’‘ a continuous movement of clasped forepaws toward and then away from the mouth, were not easily detected by 
our algorithm [86]. Further research should refine the automated ethogram by incorporating methods for precise detection 
and quantification of complex stereotypies and sleep behaviors. We anticipate that this open-source database [87] could 
facilitate and improve the study of drug-induced stereotypy in rats.

Conclusion

In summary, we conclude that stereotypic behavior is not a homogeneous or static behavioral state but rather a broad 
spectrum and rich choreography of diverse motor acts that constantly alternate and compete for expression [70]. Cru-
cially, appetite suppressants may exhibit sexually dimorphic responses, affecting males and females differently in terms 
of both weight loss and motor stereotypy effects. This underscores the importance of considering sex as a critical factor 
in their prescription and personalized use to optimize efficacy and minimize potential side effects. Indeed, our findings 
demonstrate that females exhibit greater sensitivity not only to the therapeutic effects but also to the adverse side 
effects of these compounds. This sex-dependent sensitivity to weight loss drugs extends beyond the classical appetite 
suppressants described here, encompassing newer generations of anti-obesity medications with different mechanisms 
of action. For example, in humans, females experience greater average weight loss than males when treated with the 
GLP-1 receptor agonist semaglutide (Ozempic), even at the same dose [88,89]. This observation suggests a broader 
role for sex hormones in modulating the physiological response to weight loss interventions, extending beyond appetite 
modulation.

Supporting information

S1 Fig.  Automatic ethograms revealed that saline-treated rats exhibited no head-weaving stereotypy. Video 
frames were analyzed to classify rat behavior over time. Each frame was assigned to one of five mutually exclusive 
behavioral categories: stereotypy, quiet-awake state, locomotion, grooming, or rearing. For visualization purposes, 
each behavior was represented by a distinct color: Stereotypy: Black, Quiet-awake state: Red, Locomotion: Blue, 
Grooming: Cyan, and Rearing: Magenta. The left column displays six panels, each representing one of the six male 
rats, showing the ethogram for each of the seven treatment days. The right column mirrors the left column, but for the 
female rats.
(TIF)

S2 Fig.  Automatic ethogram revealed that phentermine-treated rats exhibit head-weaving stereotypy that 
increases over the days. Same as for S1 Fig. For visualization purposes, each behavior was represented by a distinct 
color: Stereotypy: Black, Quiet-awake state: Red, Locomotion: Blue, Grooming: Cyan, and Rearing: Magenta. The 

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325067.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325067.s002
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left column displays six panels, each representing one of the six male rats, showing the ethogram for each of the seven 
days of treatment. The right column mirrors the left column, but for the female rats.
(TIF)

S3 Fig.  Automatic ethogram revealed that mazindol-treated rats exhibited head-weaving stereotypy similar in 
both females and males. Same as for S1 Fig. For visualization purposes, each behavior was represented by a distinct 
color: Stereotypy: Black, Quiet-awake state: Red, Locomotion: Blue, Grooming: Cyan, and Rearing: Magenta. The 
left column displays six panels, each representing one of the six male rats, showing the ethogram for each of the seven 
days of treatment. The right column mirrors the left column, but for the female rats.
(TIF)

S4 Fig.  Automatic ethogram revealed that diethylpropion-treated rats exhibited a robust head-weaving stereo-
typy. Same as for S1 Fig. For visualization purposes, each behavior was represented by a distinct color: Stereotypy: 
Black, Quiet-awake state: Red, Locomotion: Blue, Grooming: Cyan, and Rearing: Magenta. The left column displays 
six panels, each representing one of the six male rats, showing the ethogram for each of the seven days of treatment. The 
right column mirrors the left column, but for the female rats.
(TIF)

S5 Fig.  Automatic ethogram revealed that cathine-treated rats exhibited a heterogeneous head-weaving stereo-
typy. Same as for S1 Fig. For visualization purposes, each behavior was represented by a distinct color: Stereotypy: 
Black, Quiet-awake state: Red, Locomotion: Blue, Grooming: Cyan, and Rearing: Magenta. The left column displays 
six panels, each representing one of the six male rats, showing the ethogram for each of the seven days of treatment. The 
right column mirrors the left column, but for the female rats.
(TIF)

S6 Fig.  Automatic ethograms revealed that d-amphetamine-treated rats exhibited hyperlocomotion during the last 
hour of recording in females, while in males, it induced a quiet-awake state. Same as for S1 Fig. For visualization pur-
poses, each behavior was represented by a distinct color: Stereotypy: Black, Quiet-awake state: Red, Locomotion: Blue, 
Grooming: Cyan, and Rearing: Magenta. The left column displays three panels, each representing one of the three male rats, 
showing the ethogram for each of the three days of treatment. The right column mirrors the left column, but for the female rats.
(TIF)

S7 Fig.  Automatic ethograms revealed that tesofensine-treated female rats exhibited head-weaving stereotypy, 
while in males, it induced a quiet-awake state. Same as for S1 Fig. For visualization purposes, each behavior was 
represented by a distinct color: Stereotypy: Black, Quiet-awake state: Red, Locomotion: Blue, Grooming: Cyan, and 
Rearing: Magenta. The left column displays six panels, each representing one of the six male rats, showing the ethogram 
for each of the seven days of treatment. The right column mirrors the left column, but for the female rats.
(TIF)

S8 Fig.  Automatic ethograms revealed that 5-HTP-treated rats exhibited no head-weaving stereotypy. Same as for 
S1 Fig. For visualization purposes, each behavior was represented by a distinct color: Stereotypy: Black, Quiet-awake 
state: Red, Locomotion: Blue, Grooming: Cyan, and Rearing: Magenta. The left column displays six panels, each 
representing one of the six male rats, showing the ethogram for each of the seven days of treatment. The right column 
mirrors the left column, but for the female rats.
(TIF)

S1 Table.  Statistical analysis for Fig 1. 
(XLSX)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325067.s003
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