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Interaction between depressive
state and high-fat diet and its
impact on behavioral and body
weight changes in male mice
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Depression and obesity are common chronic diseases in modern society. Meta-analyses consistently
reveal a bidirectional relationship: individuals with depression have a higher risk of obesity, while
obese individuals are more prone to depression. High-fat diet (HFD) consumption is a risk factor

of obesity. However, the impact of depression on obesity and the underlying mechanisms remains
unclear. We aim to assess the impact of a long-term depressive state throughout adulthood on body
weight changes induced by HFD, and whether HFD affects depressive state in mice. We established

a depression mouse model using a Chronic Unpredictable Mild Stress (CUMS) paradigm. Following

the stress period, male mice were fed with a normal diet or a HFD for seven weeks prior to behavioral
tests and body weight measurements. Our results suggest that exposure to CUMS initially accelerated
weight gain in mice; however, it did not significantly affect final body weight or white adipose tissue
weight. Additionally, while HFD did not significantly impact measures of depression-like behavior in
CUMS mice but tended to induce depression-like behavior in control mice. Overall, contrary to clinical
observations, our findings revealed that a depressive state did not significantly affect the development
of obesity in mice, nor did HFD significantly exacerbate depressive-like behaviors in mice.
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Abbreviations

CUMS  Chronic unpredictable mild stress
FST Forced swim test

HFD High-fat diet

ND Normal diet

OFT Open field test

TST Tail suspension test

WAT White adipose tissue

Depression is a common mental disorder characterized by persistent feelings of sadness, loss of interest in
activities, inability to experience pleasure, and various other symptoms, including weight changes. Obesity,
defined as excessive fat accumulation, poses significant health risks, such as heart disease, diabetes, and cancer’.
The co-occurrence of depression and obesity is widely observed, with numerous studies establishing their
bidirectional relationship®>~. For instance, a recent study indicated that obesity increases the risk to lifetime
depression by 55%, while depression increases the risk of becoming obese by 58%>.

Chronic stress plays a crucial role in both depression and obesity, serving as a key factor that bridges
the two conditions. One of the most prominent characteristics of a depressive state is the increased level of
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cortisol, which is elevated due to the perception of stress. Stress activates the hypothalamic-pituitary-adrenal
axis, leading to the secretion of cortisol, which increases motivation to eat by reducing the brain’s sensitivity
to leptin and stimulating neuropeptide Y, a key regulator of feeding behavior®”. In addition, cortisol directly
promotes fat deposition, particularly in the abdominal region. Evidence from Cushing’s disease patients, who
exhibit excessive cortisol levels, demonstrates that treatments aimed at lowering cortisol can alleviate abdominal
obesity®. Behaviorally, individuals under stress tend to consume high-sugar, high-fat, and high-calorie food as a
form of emotional regulation®!°. The combination of these physiological effects and stress-induced behavioral
changes collectively contributes to excessive weight gain and obesity.

Dietary fat intake is strongly associated with the development of obesity'!. Beyond its role in obesity,
substantial evidence links high-fat diet (HFD) consumption to a range of neuropsychiatric disorders, including
mood disorders, developmental disorders, and neurodegenerative diseases'!'"!>. Our recent study found that
23 weeks of HFD consumption led to depression-like behaviors and reduced hippocampal volume in mice!4.
Similarly, research has shown that mice fed an HFD throughout adulthood exhibited more anxiety-like,
depression-like, and disruptive social behaviors compared to those on a normal diet'. Interestingly, another
study found that a three-month HFD resulted in a significant increase in anxiety-like behavior in adult mice,
but not in aged mice, suggesting that adulthood is a period of heightened susceptibility to diet-induced adverse
neurobehavioral effects®.

Building on these findings, the present study aims to explore the interaction between depressive states and
high-fat diet consumption in adult mice. Using the Chronic Unpredictable Mild Stress (CUMS) mouse model
of depression, we investigate whether a depressive state in adulthood influences HFD-induced body weight
changes and whether HFD impacts the depressive state.

Methods

Animals

Eight-week-old C57BL/6] male mice were used and were purchased from GemPharmatech (Nanjing, China)
and Charles River (Beijing, China). Male mice were used to avoid possible physiological variabilities in female
mice (e.g., hormonal fluctuations in the estrous cycle). Mice were housed 4-5 per cage, under a 12-h light/dark
cycle with free access to food and water. Stress intervention commenced after a 1-week habituation period.
This study adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
The protocol was approved by the Animal Ethics Committee of Shanghai Medical College, Fudan University,
Shanghai, China (20120302-107). The study was conducted in accordance with ARRIVE guidelines.

Experimental design

Mice were randomly divided into the control group (n=18) and the CUMS group (n=18). The sample size
was chosen to ensure sufficient randomization and to account for potential animal loss in depression mouse
model. The CUMS group underwent 18-week of chronic and unpredictable mild stress, while the control group
received no treatment!’"!%. Behavioral tests were carried out on mice in both groups following the 18-week
CUMS period. The open field test (OFT), tail suspension test (TST), and forced swim test (FST) were conducted
in sequence with 2-hour intervals using standard protocols to confirm their depressive states?*?!. Details are
provided in Fig. 1. After cessation of the stress stimuli, each group was further randomly split into two groups,
with mice fed either a normal chow diet (ND, containing 10% fat calories) or HFD (containing 60% fat calories)
(D12492, Research Diets) for 7 weeks, with each mouse provided a fixed amount of food (5 g/mouse/day). No
substantial leftover food was observed. This resulted in four groups: Control_ND group (n=9), Control_HFD
group (n=9), CUMS_ND group (n=9) and CUMS_HFD group (n=9). Weekly body weight was measured
to monitor the onset and progression of obesity. Behavioral tests were repeated after the final day of dietary
intervention. Subsequently, all animals were euthanized via cervical dislocation, and white adipose tissue (WAT)
was weighed (Fig. 1).

CUMS procedure

CUMS involves subjecting animals to various mild stressors at random times and is widely used to establish
depression models. Stressors included food deprivation (24 h), water deprivation (24 h), cage tilt (45°, 24 h),
wet bedding (24 h), cold water swimming (10 °C, 5 min), overnight illumination, restraint (2 h), vibrating cage
(40 rpm, 5 min), and bedding removal (24 h). Mice were exposed to one stressor daily at random times.

FST

In this test, mice were placed into a transparent cylindrical container measuring 100 mm in diameter and
300 mm in height, filled with water (22+2 ‘C) at a depth that prevented them from touching the bottom or
escaping so that they were forced to swim. A video camera started recording the mice for 6 min upon placement
in the water, with the last 4 min used for measuring their total immobility time. Immobility was defined as the
animal’s absence of active swimming or struggle, except for the necessary actions to keep its head above water.

TST

In the TST, mice had their tails fixed to a stand using medical tape at 1-2 cm from the tail tip, positioning their
heads downward approximately 5 cm from the ground. The tape prevented the mice from climbing or breaking
away. A video camera recorded each mouse’s 6-minute suspension, with the last 4 min used to measure their
total immobility time. Immobility is defined as the absence of movement, including swinging of the front and
rear limbs or twisting of the body, of the suspended animal.
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Fig. 1. Experimental procedures. Eight-week-old C57BL/6] male mice were randomly divided into the CUMS
group (n=18) and control group (n =18). The CUMS group underwent 18-week of chronic and unpredictable
mild stress, while the control group received no treatment. Behavioral tests were carried out on mice in both
groups following the 18-week period. After cessation of the stress stimuli, each group was further randomly
split into two groups, fed either a normal chow or high-fat diet for 7 weeks. Weekly body weight was measured.
Behavioral tests were repeated after the dietary intervention, followed by euthanasia and white adipose tissue
collection. CUMS, chronic unpredictable mild stress; HFD, high-fat diet; ND, normal diet.

OFT

In the OFT, mice were placed in the central area (250 mm x 250 mm x 500 mm) of an open square field
(500 mm x 500 mm x 500 mm), and the total distance travelled in the field and the time spent in each area were
observed for each mouse to reflect its exercise capacity and anxiety state. Mice were allowed to explore freely for
two minutes to familiarize themselves with the environment before video recording began for five minutes. An
automatic tracking system counted various indicators observed during the test. The field was cleaned and wiped
with alcohol between each test to reduce the effect of the previous mouse’s scent on the experimental results.

Statistical analysis

Statistical analyses were conducted in GraphPad Prism version 8.30, with results presented as mean + standard
deviation (mean + SD). T-test was used to compare the data between two groups, and two-way ANOVA with
Turkey’s test was used to compare the data of multiple groups. If the results were statistically different, Fisher’s
LSD test was used for post hoc analysis. P<0.05 indicated that the difference was statistically significant.

Results

Following 18 weeks of CUMS exposure, the CUMS group exhibited increased immobility time after exposure to
CUMS compared with the control group in both TST (P=0.0344) and FST (P=0.0014) (Fig. 2a, b). Moreover,
in the OFT, mice in the CUMS group showed a reduced total distance and time in the central zone (Figure S1
a, b, P=0.0004 and 0.0008, respectively). These results indicate a successful depressive-like behavior induction
by CUMS. Following 7 weeks feeding with either ND or HFD, mice exposed to CUMS continued to exhibit
depressive-like behavior despite cessation of the stimulus (Fig. 2d, Figure S1 ¢, CUMS_ND vs. Control_ND,
P<0.0001, P=0.0106, respectively). Moreover, the behavior of mice in the CUMS_HFD group did not change
significantly compared with the CUMS_ND group (Fig. 2¢, Figure S1 d), suggesting that HFD did not affect
the behavior of mice with pre-existing depression. In contrast, mice in control group showed an increase in
immobility time in the FST (Fig. 2d, P=0.0331) after exposure to HFD compared to ND, indicating that HFD
can induce depressive-like behavior in normal mice.

The mice lost weight after exposure to CUMS (Fig. 3a, b, P<0.0001). After random group allocation, body
weight was measured across the four groups, and no significant difference was observed within the CUMS or
control groups. After the diet intervention, mice exhibiting depressive-like symptoms fed with ND still showed
lower body weight than that of mice in control group (Fig. 3c, CUMS_ND vs. Control_ND, P=0.0120). As
expected, HFD induced a significant increase in body weight (Fig. 3¢, Control_ND vs. Control_HFD, P=0.0006;
CUMS_ND vs. CUMS_HFD, P<0.0001). However, no significant difference in body weight was observed
between HFD-fed mice in control or CUMS groups. Weekly weight gain analysis revealed that mice exhibiting
depressive-like symptoms had significantly higher weight gain than control mice in the first week (Fig. 3d,
CUMS_ND vs. Control_ND, P=0.0183, CUMS_HFD vs. Control_HFD, P=0.0002). In the second week, the
weight gain of mice in the CUMS_HFD group remained higher than that of those in the Control_HFD group,
though not significantly (Fig. 3d, P=0.0514), while there was no difference between the CUMS_ND group and
the Control_ND group (Fig. 3d, P=0.9274). This suggests that the depressive state of mice accelerated their
obesity development, but not significantly. Since the inguinal WAT and the epididymal WAT are the major organs
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Fig. 2. CUMS induced depressive-like behavior, but HFD did not affect the behavior in mice exhibiting
depressive-like behaviors. (a-b) Behavioral tests results of mice after CUMS for 18 weeks. (n=18 in each
group) (a) Immobility time in the TST. (b) Immobility time in the FST. (c-d) Behavioral tests results of mice
after CUMS and dietary intervention (fed with HFD or ND) for 7 weeks. (n=9 in each group). (c) Immobility
time in the TST. (d) Immobility time in the FST. All data is presented as mean = SD. *P<0.05, **P<0.01,
***P<0.001, ***P<0.0001. CUMS, chronic unpredictable mild stress; FST, forced swim test; HFD, high-fat
diet; ND, normal diet; SD, standard deviation; TST, tail suspension test.

for storing fat??, we measured their weights in mice, and discovered that HFD induced significant increases in

both types of WAT (Fig. 3e, f, P<0.0001). However, a depressive state did not affect HFD-induced weight gain in
inguinal WAT (Fig. 3e) but instead decreased that in epididymal WAT (Fig. 3f, CUMS_HFD vs. Control_HFD,
P=0.0155). These findings collectively demonstrate that depressive state can accelerate early weight gain in adult
mice during HFD consumption but do not significantly alter final body weight or white adipose tissue mass.

Discussion

This study used long-term CUMS to establish a depression mouse model, followed by dietary intervention to
observe behavioral and body weight changes after prolonged consumption of HFD. While CUMS is widely used
to establish animal depression models?*?!, CUMS alone may cause body weight reduction?>~?”. Meta-analysis
also indicated differential sensitivity to stress exposure duration, with longer exposure leading to stronger
behavioral effects?>. Once established, these changes can be maintained by continued application of CUMS for
three months or longer, and persists for 2-3 weeks after the termination of stress28. Therefore, to better induce
a long-term depressive state in mice after the CUMS modeling, we extended the stress exposure up to 18 weeks
and stopped the stimulation in the subsequent 7-week dietary intervention. However, this raises an issue that the
mice had reached 35 weeks (between mature and middle-aged) at the end of the dietary intervention, notably
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Fig. 3. Depressive state did not affect the body weight of HFD-fed mice but accelerated the process of obesity.
(a) The body weight of mice after CUMS for 18 weeks (n=18 in each group). (b) The body weight of mice
after CUMS for 18 weeks and prior to dietary intervention (n=9 in each group). (c) The body weight of

mice after CUMS and 7-week HFD (n=9 in each group). (d) The weekly weight change of mice after CUMS
and 7-week HFD (n=9 in each group). (e) The weight of iWAT after CUMS and 7-week HFD (n=6 in each
group). (f) The weight of eWAT after CUMS and 7-week HFD (n =6 in each group). All data are presented as
mean + SD. *P<0.05, ¥**P<0.001, ***P <0.0001. CUMS, chronic unpredictable mild stress; eWAT, epididymal
white adipose tissue; HFD, high-fat diet; iWAT, inguinal white adipose tissue; ND, normal diet; SD, standard
deviation.

older than mice in most of the relevant translational studies using 8-10 weeks of duration?. Therefore, references
and comparisons with relevant studies should be approached with caution, considering this age difference.

In this study, we used male animals to minimize variability associated with hormonal fluctuations inherent
in female reproductive cycles, which can influence stress responses and metabolic parameters. Previous research
indicates that male and female rodents may exhibit different susceptibilities to stress-induced metabolic changes,
potentially confounding the results®. By focusing on male subjects, we aimed to reduce hormonal variability
and obtain clearer insights into the mechanisms under investigation. We acknowledge that excluding female
animals limits the generalizability of our findings, and future studies should incorporate both sexes to provide a
more comprehensive understanding.

The behavioral tests demonstrated that CUMS throughout adulthood induced obvious depressive-like
behaviors in mice, which persisted 7 weeks after end of the stimulus. Subsequent HFD feeding showed no
significant impact on their pre-existing depression. Interestingly, some studies have found that individuals with
a body mass index>25 achieve a poorer clinical response to antidepressant treatment’!, and that treatment-
resistant depression is associated with baseline obesity®2. Therefore, the effect of HFD on the depressive state
might be reflected by the response to conventional antidepressant therapy rather than the severity of depression.

Anxiety frequently co-occurs with depression, with a significant proportion of individuals exhibiting both
conditions®. In mouse models, anxiety-like behavior is often assessed using the OFT; however, its interpretation
is complex, as the test can reflect both anxiety- and depression-like states®*. In our study, CUMS mice exhibited
reduced total distance traveled and decreased time in the central zone (Figure S1). Previous studies in CUMS-
induced mice have demonstrated decreased total distance traveled, along with other depressive phenotypes
such as weight loss, reduced sucrose preference, and impaired exploratory behavior in cognitive tests*. The
locomotor reduction observed in our CUMS mice may indicate either anxiety- or depression-like behavior.
Additional behavioral assessments, such light-dark box test, are needed to clarify the role of HFD in anxiety.

To explore whether mice exhibiting depressive-like symptoms had increased susceptibility to obesity, we
monitored their body weight changes after HFD. We discovered that the mice did not become more obese but
gained weight more quickly in the first two weeks, contradicting some clinical findings. However, inconsistencies
in the induction of obesity by depression have been noted in clinical studies, suggesting that this correlation
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may be limited to specific depression subtypes®®?”. Therefore, this difference may be related to the choice of

the depression model. Furthermore, our study focused solely on body weight changes and did not evaluate
potential metabolic alterations in depressed mice. For the preclinical modeling of depression, anhedonia-related
tests (e.g., sucrose preference test) should be included, or spatial memory tasks (e.g., Morris Water Maze) could
add to the validity of the model. Moreover, incorporating neurobiological correlates like plasma corticosterone
levels or GC receptor expression analysis could enhance the construct validity of the model. In future studies, a
more comprehensive evaluation system could be used to further explore this aspect, including the evaluation of
hippocampal pyramidal neuron dendritic length and arborization in Golgi-stained slices, or the measurement of
catecholamine tissue levels using high-performance liquid chromatography. Despite these limitations, our study
is the first to observe that mice in a depressed state throughout adulthood exhibit faster weight gain in the early
stages after prolonged HFD consumption.

Conclusion

Our study demonstrates the complex interaction between depressive states and HFD in influencing obesity and
behavior in mice. While depressive states accelerate early weight gain in adult mice during HFD consumption,
they do not significantly alter final body weight or white adipose tissue mass. Interestingly, HFD induces
depressive-like behaviors in normal mice, but does not exacerbate depressive symptoms in those already
depressed. These findings highlight the nuanced relationship between mental health and diet, suggesting that
while depressive states may predispose individuals to rapid weight gain, the mechanisms linking depression and
obesity may differ depending on the context. Further studies are needed to explore the underlying metabolic and
neurobiological pathways involved in this interaction.

Data availability
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