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Abstract

Neuropsychiatric disorders are major causes of the global burden of diseases, frequently co-occurring with multiple co-morbidities, especially
obesity, type 2 diabetes mellitus, non-alcoholic fatty liver disease and its various risk factors in the metabolic syndrome. While the determining
factors of neuropsychiatric disorders are complex, recent studies have shown that there is a strong link between diet, metabolic state and neuro-
psychiatric disorders, including anxiety and depression. There is no doubt that rodent models are of great value for preclinical research.
Therefore, this article focuses on a rodent model of chronic consumption of high-fat diet (HFD), and/or the addition of a certain amount of
cholesterol or sugar, meanwhile, summarising the pattern of diet that induces anxiety/depressive-like behaviour and the underlying mechanism.
We highlight how dietary and metabolic risk influence neuropsychiatric behaviour in animals. Changes in dietary patterns, especially HFD, can
induce anxiety- or depression-like behaviours, which may vary by diet exposure period, sex, age, species and genetic background of the animals
used. Furthermore, dietary patterns significantly aggravate anxiety/depression-like behaviour in animal models of neuropsychiatric disorders.
The mechanisms by which diet induces anxiety/depressive-like behaviour may involve neuroinflammation, neurotransmitters/neuromodula-
tors, neurotrophins and the gut-brain axis. Future research should be focused on elucidating the mechanism and identifying the contribution of
diet and diet-induced metabolic risk to neuropsychiatric disorders, which can form the basis for future clinical dietary intervention strategies for
neuropsychiatric disorders.
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Highlights disorders, which can serve as the basis for future clinical dietary
intervention strategies for neuropsychiatric disorders.

A high-fat diet and/or the addition of a certain amount of cho-

lesterol or sugar induces neuropsychiatric disorders in rats The massive but largely unrecognised burdens of neuropsy-
and mice. chiatric disorders are obvious throughout the world, while the
* A high-fat diet and/or the addition of a certain amount of cho- most common neuropsychiatric disorders are anxiety and
lesterol or sugar exacerbates the neuropsychiatric disorders depression disorders. Globally, an estimated 4-4 % of the global
observed in animal models of depression. population suffers from depression and 3-6 % from anxiety*?. In
* The mechanisms by which diet induces anxiety/depressive- most countries, the lifetime incidence of depression is 8-12 %,
like behaviour may involve neuroinflammation, neurotransmit- Similarly, anxiety is a serious neuropsychiatric disorder that often
ters/neuromodulators, neurotrophins and the gut-brain axis. coexists with other neuropsychiatric disorders, especially major
 Future research should be focused on identifying the contribu- depressive disorder®. In Europe, Africa, Asia and the USA, the
tion of diet and diet-induced metabolic risk to neuropsychiatric lifetime incidence of anxiety is between 9 and 29 %50,

Abbreviations: BDNF, brain-derived neurotrophic factor; cAMP, 3’,5'-cyclic AMP; CSDS, chronic social defeat stress; CUMS, chronic unpredictable mild stress;
HFD, high-fat diet; 5-HT, 5-hydroxytryptamine; NAFLD, non-alcoholic fatty liver disease; T2DM, type 2 diabetes mellitus.
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Shockingly, suicide has been linked to neuropsychiatric disor-
ders and is now the third leading cause of death among young
people in Western countries”. Unfortunately, we still know very
little about anxiety and depression, and a large proportion of
patients are treated with drugs targeting the central nervous sys-
tem that have poor therapeutic effects and serious side effects®.

Currently, chronic metabolic diseases such as obesity, type 2 dia-
betes mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD),
atherosclerosis and the metabolic syndrome are also major health
problems. In 2016, more than 1-9 billion adults were overweight
and more than 650 million adults were obese, representing 39
and 13% of the world’s adult population, respectively®. T2DM
wortldwide has increased from 108 million in 1980 to 422 million
in 2014%? and is largely the result of overweight and sedentary life-
styles. In addition, NAFLD is closely related to diabetes and obesity
and affects one-quarter of the world’s population”. However, there
is still a lack of effective medications for NAFLD"?. Although genetics
plays a role in regulating the metabolic responses of body weight,
lipids and glucose to food intake in humans and animals, genetics
cannot account for the climb in metabolic diseases worldwide in a
short time, which may result from individual differences in genetic
susceptibility to dietary factors. Diets rich in fat, cholesterol and/or
sugar can cause a series of metabolic diseases in humans and
animals3-19,

Individual metabolic status is highly correlated with diet. Diets
rich in fat not only induce metabolic disorders in humans and ani-
mals but also induce chronic metabolic diseases. Recent studies
have shown that individuals with anxiety or depression frequently
co-occur with multiple co-morbidities, especially obesity, T2DM,
NAFLD and its various risk factors in the metabolic
syndrome”®, Obese individuals have a higher risk of depression
and anxiety, and diet is a risk factor for the development of depres-
sion?, Clinically, one in four patients with T2DM has significant
depression. Depression not only increases the risk of developing
T2DM but also increases the risk of hyperglycaemia, insulin resis-
tance and microvascular and macrovascular complications®*2V,
Two studies recently found that depression is independently asso-
ciated with NAFLD in adults??, and the association is stronger after
adjusting for covariates such as age, sex and insulin resistance®®.
Therefore, diet is a risk factor for anxiety and depression in addition
to altered metabolic status®®. Recent studies have shown that there
are clear links between diet and vulnerability to or protection from
neuropsychiatric disorders, including anxiety and depression, but
the mechanisms are not yet understood®. In fact, some patients
with anxiety and depression have metabolic diseases and the thera-
peutic effect of drugs targeting the central nervous system is not as
satisfactory®”. Furthermore, an estimated 50 % of patients with
depression is inadequately treated by available interventions.
This condition can be called treatment-resistant depression, which
is associated with a variety of factors, including metabolic risks of
CVD and past depressive episodes®. At the same time, some
scholars have pointed out that immune-metabolic depression is a
subtype of chronic depression®’ 2%, If depression is combined with
the metabolic syndrome, depressive symptoms can worsen and the
risk of depression recurrence increases nearly 3-fold. Thus, meta-
bolic disorders are important risk factors for depression®. While

the determining factors of neuropsychiatric disorders are complex,
preclinical and clinical studies have shown that there is a strong link
between diet, metabolic state and neuropsychiatric disorders,
including anxiety and depression®*3?, Undoubtedly, rodent mod-
els have become an important tool for understanding preclinical
research on anxiety and depression®®. With the widespread use
of transgenic animals, a great deal of research has focused on trans-
genic animal models of neuropsychiatric disorders such as anxiety
and depression®?. Although transgenic animals have greatly aided
our understanding of the interactions between genes and neuro-
psychiatric disorders, relatively little attention has been given to
dietary risk factors in animal models®>3?. In fact, exposure to a
high-fat diet (HFD) and/or adding a certain amount of cholesterol
or sugar to the diet of rats or mice induces metabolic disorders that
can lead to some of the hallmark symptoms of depression, includ-
ing anxiety, anhedonia and despair, and exacerbate neuropsychi-
atric disorders observed in animal models of depression. Diet and
its associated metabolic disorders have important implications for
the development of neuropsychiatric disorders in rodent models.
Therefore, this article focuses on a rodent model of chronic con-
sumption of HFD, and/or the addition of a certain amount of cho-
lesterol or sugar, meanwhile, summarising the pattern of diet that
induces anxiety/depressive-like behaviour and explores the mech-
anisms that have been proposed for neuropsychiatric disorders
induced by dietary patterns, especially a diet rich in fat.

Behavioural assessment of animal models
Testing for anxiety-like behaviours

In an attempt to model human pathological anxiety in rodents,
a wide range of behavioural testing paradigms have been
developed. The social interaction test was the first ethologically
based anxiety model that used natural behaviour as a depen-
dent variable®”. Once a social partner is present, the latency
and time spent with the partner are measured and the ratio
of the time spent in the zone with and without the social partner
is used as an indicator of anxiety. The open field test is a
common measure of exploratory behaviour and general activ-
ity in rodents, where both the quality and quantity of the activity
can be measured®. Some outcomes, particularly defecation,
centre time and activity within the first 5 min, likely gauge some
aspects of emotionality, including anxiety. The elevated plus
maze is a widely used behavioural assay for rodents, and it
has been validated to define brain regions and mechanisms
underlying anxiety-related behaviour®. A decrease in open
arm activity (duration and/or entries) in which rodents are
exposed to the plus maze for 5 min reflects anxiety behaviour.
The light/dark transition test is a characteristic method used in
the assessment of anxiety: the apparatus consists of a simple
chamber divided into dark and light compartments. Rodents
are allowed to move freely between the two chambers“?,
The number of entries into the bright chamber, the duration
of time spent there and the related exploratory behaviours,
detected via a video tracking system, are reliable parameters
for assessing anxiolytic effects.
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Testing for depressive-like behaviours

The clinical diagnosis of depression requires the presence of sev-
eral ‘core’ symptoms (depressed mood, decreased pleasure), and
these signs can be followed with behavioural assessments in dif-
ferent animal models of depressive states. The forced swim test is
the most widely used tool for assessing anti-depressant activity
preclinically“?,
between when the animal is placed in an inescapable cylinder
of water and the onset of immobility. Rodent models of depression
exhibit a decrease in the time spent trying to escape. The tail sus-
pension test is a reliable test procedure for antidepressants in
which a mouse is suspended by the tail from a lever, and the
movements of the animal are recorded?. During this test, typi-
cally 6 min in duration, the resulting escape-oriented behaviours
are quantified. The sucrose preference test is a reward-based test
used as an indicator of anhedonia®’. Anhedonia, or the
decreased ability to experience pleasure, represents one of
the core symptoms of depression. In general, this test measures
the amount of a sweet-tasting solution that the animal ingests
across a fixed period. The reduced preference for sweet solution
in the sucrose preference test represents anhedonia.

Investigators measure the amount of time

High-fat diet-induced neuropsychiatric disorders

Diets rich in fat not only induce metabolic disorders in humans
but also cause animal metabolic disorders. In animal models, as
in humans, metabolic disorders can be assessed by criteria based
on metabolic abnormalities in body weight, blood glucose, insu-
lin levels, TAG, total cholesterol, LDL-cholesterol and HDL-cho-
lesterol levels“+%>. A growing body of research in humans and
in animals has found that HFD not only causes these metabolic
phenotypes but can also induce or increase the risk of neuropsy-
chiatric disorders. In recent years, research on diet-induced
neuropsychiatric disorders in animal models has increased dra-
matically. This section focuses on dietary patterns and summa-
rises the literature of the past 10 years to explore the
mechanisms that have been proposed for neuropsychiatric dis-
orders induced by diets rich in fat and the possibility of reversing
diet-induced neuropsychiatric disorders in animal models.

Dietary fat content

In a previous review, low-, medium- and high-fat diets were defined
as <20, 20-35 and >35 % of total energy, respectively®. Currently,
feeding a HFD leads to metabolic disorders and cognitive and neuro-
psychiatric disorders compared with feeding a low-fat diet in a rodent
model. Chudasama & Bhatt's research team™® first fed male
Sprague-Dawley rats a HFD containing 60-29 % kcal fat, 17-85 % kcal
catbohydrate and 20-15% kcal protein for 5 weeks. The results
showed for the first time that the body weight and systolic blood pres-
sure of the rats increased significantly, and the immobility time in the
5-min forced swim test, reflecting depression-like behaviour,
increased meaningfully. On the other hand, the immobility time in
the 6-min tail suspension test, which reflects anxiety-like behaviour,
also increased significantly. Then, the number of obese rats that
passed the 5-min open field test, which reflects anxiety-like behav-
iour (an indicator that indirectly reflects immobility time), was also

significantly reduced. These results suggest that a HFD and its related
metabolic characteristics are positively correlated with depression
and anxiety. In the literature included in this study (Table 1), most
of the animal model studies on anxiety- and depression-like behav-
jour induced by HFD used 45 % of energy from fat’>%, even up to
60 % or higher of the energy from fat“*>*7, The control diet is gen-
erally below 20 % of energy from fat. However, there are several
studies”!7? that use male C57BL/6 mice and fed a medium-fat diet
(237 % kcal fat) compared with a control low-fat diet (13-3 % kcal fat)
for 3-6 weeks. The mice in the medium-fat diet group showed sig-
nificant weight gain and decreased glucose tolerance. Because most
neurobehavioural performance tests, including the open field test,
tail suspension test, forced swim test and sucrose preference test,
were abnormal, these results suggest that the medium-fat diet can
also induce depression-like behaviour. In fact, several studies have
used a HFD and/or adding a certain amount of cholesterol or sugar to
intervene in rodents and observed the effects of high cholesterol on
anxiety/depression-like behaviour. A fat-rich diet (>20 %) and add-
ing 0-2-2-5 % cholesterol can induce anxiety/depressive behaviour
in male mice and rats”>77. A low-fat diet with 0-2-10% choles-
terol 8 can also induce anxiety/depressive behaviour in female
mice but no anxiety/depressive behaviour in male rats””. There
are sex differences in the role of cholesterol in the diet in anxiety
and depression, and its detailed mechanism needs to be further stud-
ied. The high-sugar diet is associated with an increased consumption
of simple sugars, typically in the form of sucrose- or fructose-derived
sweeteners. Several studies® ™ have used a high-sugar diet (or
‘high-sugar and high-fat’ or ‘Western diet) to intervene in rodents
and observed the effects of anxiety/depression-like behaviour (also
shown in Table 1). There is a study that has particularly attracted
attention; male BALBc mice (an inbred immune-deficient mouse)
were fed a high-sugar diet (60 % sugar) for 9 weeks, with a significant
increase in body weight and total cholesterol, and the mice showed
anxiety-like behaviour abnormalities. Importantly, the authors
showed that fat and sucrose affect behaviour differently and some-
times oppositely, and thus, the proportion of fat and sugar in the diet
should be given more attention when designing behavioural
studies®”. These effects of the HFD inducing neuropsychiatric
behaviour are often attributed to the high dietary content of fat.
Therefore, the fat content of HFD may be the major cause of anxiety
and depression-like behaviour®?.

Diet exposure period

Most of the included studies used medium- and long-term HFD to
induce neuropsychiatric disorders, most commonly at 8-32 weeks.
In some studies, male Wistar rats or mice were fed a HFD (60 % kcal
from fat) for 8 weeks®>*® or a HFD (45 % kcal from fat) and HSD
(10 % sugar water) for 8 weeks®. They found that a HFD led to
metabolic disorders and triggered similar anxiety- and depres-
sive-like phenotypes, such as decreased social interaction. This
strongly suggests that a HFD can lead to anhedonia.
Furthermore, female C57BL/6 mice were fed a HFD (60 % kcal from
fat) for 32 weeks, and body weight, fasting blood glucose and oral
glucose tolerance tests increased significantly in HFD-induced
mice. The error time in the Y-maze test was significantly higher than
that in the control group, and the sucrose consumption rate in the
sucrose preference test was significantly reduced. A long-term HFD
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Table 1 Most commonly used high-fat diets to induce anxiety/depressive-like behaviour in rodent models

Duration Metabolic Anxiety-like Depressive-like
References Species, strain, sex, age Intervention diet Control diet (weeks) Metabolic state abnormalities behaviours behaviour
Agusti et al.®¥ 6-8 weeks old, male C57BL/6  60-3 % kcal fat 12.4 % kcal fat 14 Obesity Weightt* LDT* SPT*
mice 18-4 % kcal protein 18-8 % kcal protein TC, TAGT* OFT* FST*
21-3 % kcal carbohydrate 68-8 % kcal carbohydrate Glucoset*
Insulint*
Almeida-Suhett et al.®® 5 weeks old, male C57BL/6 60-3 % kcal fat 18 % kcal fat 18 Obesity Weightt* OFT* FST*
mice 18-4 % kcal protein 24 % kcal protein Glucoset* EZM*
21-3 % kcal carbohydrate 18 % kcal carbohydrate Insulint*
Aslani et al.*”) 3 weeks old, male Wistar Han 45 % kcal fat 3% kcal fat 19 Obesity Weightt* EPM* FST*
Rats 20 % kcal protein 18:5 % kcal protein Glucoset*
35 % kcal carbohydrates 535 % kcal carbohydrate Insulint*
Bridgewater et al.®¥ 6 weeks old, male and female 60 % kcal fat 10 % kcal fat 12 Obesity Weightt* OFT* -
C57BL/6 mice 20 % kcal protein 20 % kcal protein EPM*
20 % kcal carbohydrate 70 % kcal carbohydrate
Bruce-Keller et al.®® 8 weeks old, male C57BL/6J 60 % kcal fat 13-5 % kcal fat 10 obesity Glucose1t* OFT* -
mice 20 % kcal protein 28-5 % kcal protein Insulint* EPM*
20 % kcal carbohydrate 58 % kcal carbohydrate
Chudasama et al.4) Male SD rats 60-29 % kcal fat 9-12 % kcal fat 5 Obesity Weightt* OFT* FST*
20-15 % kcal protein 22:1 % kcal protein TST*
17.85 % kcal carbohydrate 58-92 % kcal carbohy-
drate
Del Rio et al.®? 5 weeks old, male C57BL/6 45 % kcal fat 18 % kcal fat 8 Obesity Weightt* OFT* -
mice 20 % kcal protein 24 % kcal protein EPM*
35 % kcal carbohydrate 58 % kcal carbohydrate
Del Rosario et al.(%3 4 weeks old, male CD-1 45 % kcal fat 10 % kcal fat 8 Obesity Weightt* OFT* FST*
genetic HBT*
background mice
Ganii et al.*®) 2-2.5 months old, male Wistar 45 % kcal fat 10 % kcal fat 12 Obesity Weightt* EPM* -
rats Insulint*
de Noronha et al.®®) Male Wistar rats 45 % kcal fat 11 % kcal fat 9 obesity Weightt* ETM* -
20 % kcal protein
35 % kcal carbohydrate
Wu et al.™" 5-6 weeks old, male C57BL/6 23.7 % fat 13-3 % saturated fat 3-6 Obesity Weightt* OFT* FST*
mice 23-0 % protein 26-2 % protein Glucoset* TST*
53-3 % carbohydrate 60-5 % carbohydrate
Hassan et al.(®® 8 weeks old, male C57BL/6 60 % kcal fat 12 % kcal fat 8 Obesity Weightt* - SPT*
mice 16 % kcal protein 23 % kcal protein SIT*
24 % kcal carbohydrate 65 % kcal carbohydrate HCI*
Karth et al.®¥ 2—4 months old, male homozy- 39-7 % kcal fat 9 % kcal fat 22  Obesity Weightt* OFT* FST*
gous WT or Kl animals from 18-8 % kcal protein 19 % kcal protein
the Tph2R439H mice 41.4 % kcal carbohydrate 72 % kcal carbohydrate
Kurhe et al.®® Male Swiss albino mice 58 % kcal fat 12 % kcal fat 14 Obesity Weightt* - SPT*
25 % kcal protein FST*
17 % kcal carbohydrate
Kurhe et al.%®) Male Swiss albino mice 58 % kcal fat 12 % kcal fat 14 Obesity Weight1* LDT* SPT*
25 % kcal protein HBT* FST*
17 % kcal carbohydrate
Kurhe et al.®" Male Swiss albino mice 58 % kcal fat 12 % kcal fat 14  Obesity Weightt* EPM* SPT*
25 % kcal protein Glucoset* FST*
17 % kcal carbohydrate Insulint*
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Table 1 (Continued)

Duration Metabolic Anxiety-like Depressive-like
References Species, strain, sex, age Intervention diet Control diet (weeks) Metabolic state abnormalities behaviours behaviour
Kurhe et al.%® Male Swiss albino mice 58 % kcal fat 12 % kcal fat 14  Obesity Weightt* LDT* SPT*
25 % kcal protein Glucoset* HBT* FST*
17 % kcal carbohydrate Insulint*
Xu et al.® Male C57BL/6 mice 60 % kcal fat 10 % kcal fat 12 Obesity Weight1* EPM* -
20 % kcal protein 20 % kcal protein Glucoset* OFT*
20 % kcal carbohydrate 70 % kcal carbohydrate LDT*
Nakajima et al.®" 8 weeks old, male Swiss 300 g/kg fat 70 g/kg fat 8 Obesity Weightt* OFT* SIT*
albino mice 200 g/kg protein 200 g/kg protein TGt
3995 g/kg carbohydrate 629-5 g/kg carbohydrate Insulint*
Ogrodnik et al.®” 8 months old, male C57BL/6J 60 % kcal fat 131 % kcal fat 8 Obesity Weightt* OFT* -
mice 20 % kcal protein 24-5 % kcal protein EPM*
20 % kcal carbohydrate 62-3 % kcal carbohydrate
Park et al.®® 4 weeks old, male C57BL/6 60 % kcal fat - 20 Obesity Weightt* EPM* TST*
mice
Sharma et al.(1%9) 8 weeks old, male C57BL/6 58 % kcal fat 10-5 % kcal fat 12 Obesity Weightt* OFT* FST*
mice 16-4 % kcal protein 16-4 % kcal protein EPM*
25-5 % kcal carbohydrate 731 % kcal carbohydrate
Suéarez et al.('o" 6—7 weeks old, male ati-CB1- 60 % kcal fat 11 % kcal fat 26  Obesity Weightt* - FST*
WT or KO mice 17 % kcal protein 36 % kcal protein Glucose?*
23 % kcal carbohydrate 53 % kcal carbohydrate Insulint*
Tomiga et al.(1%? 4-5 weeks old, male C57BL/6 57 % kcal fat 14 % kcal fat 12 Obesity Weightt* EPM* -
mice 20 % kcal protein 25 % kcal protein
23 % kcal carbohydrate 62 % kcal carbohydrate
Tomiga et al.(1%3) 5 weeks old, male C57BL/6 57 % kcal fat 14 % kcal fat 12 Obesity Weightt* EPM* -
mice 20 % kcal protein 25 % kcal protein
23 % kcal carbohydrate 62 % kcal carbohydrate
Vagena et al.(®) WT C57BL/6J mice 60 % kcal fat 131 % kcal fat 3or8 Obesity Weightt* - TST*
20 % kcal protein 24.5 % kcal protein FST*
20 % kcal carbohydrate 62-3 % kcal carbohydrate
Gainey et al.®? 3-4 weeks old, male C57BL/ 60 % kcal fat 10 % kcal fat 3 Obesity Weightt* EZM* -
6J mice 20 % kcal protein 20 % kcal protein OFT*
20 % kcal carbohydrate 70 % kcal carbohydrate
Yamada et al."® 6 weeks old, male C57BL/6J 60 % kcal fat 126 % kcal fat 16  Obesity Weightt* - FST*
mice 20 % kcal protein TCt SPT*
20 % kcal carbohydrate Glucose?*
Insulint*
Yang et al.9 9 weeks old, male Wistar rats 60 % kcal fat 8 % kcal fat 8 Obesity Weightt* OFT* SPT*
20 % kcal protein EPM*
20 % kcal carbohydrate
Sweeney et al.59) Male and female, C57BL/6J 61-6 % kcal fat 16-7 % kcal fat 5 Obesity - OFT* -
mice 18-1 % kcal protein 26-8 % kcal protein EPM*
20-3 % kcal carbohydrate 56-4 % kcal carbohydrate
Sweeney et al.%® Male and female, C57BL/6J 61-6 % kcal fat 16-7 % kcal fat 15  Obesity Weightt* OFT* -
mice 18-1 % kcal protein 26-8 % kcal protein Glucoset* EPM*
20-3 % kcal carbohydrate 56-4 % kcal carbohydrate
Wu et al.®”) 8 weeks old, female C57BL/6 60 % kcal fat 10 % kcal fat 32 Obesity/diabe- Weightt* - SPT*
mice 20 % kcal protein 20 % kcal protein tes TC1*, TAGt
20 % kcal carbohydrate 70 % kcal carbohydrate HDL-choles-
terolt*
AST?, ALT?
Glucose?*
Insulin}
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Table 1 (Continued)

Duration Metabolic Anxiety-like Depressive-like
References Species, strain, sex, age Intervention diet Control diet (weeks) Metabolic state abnormalities behaviours behaviour
Pan et al.™® 5-6 weeks old, male C57BL/6  23-7 % kcal fat 13-3 % kcal fat 6 Obesity/hyperli- Weightt* OFT* FST*
mice 23-0 % kcal protein 26-2 % kcal protein pidaemia TC, TAG 1* TST*
53-3 % kcal carbohydrate 60-5 % kcal carbohydrate Glucoset* SPT*
Insulint*
Alonso-Caraballo 65—70 d, male and female SD 60 % kcal fat 135 % kcal fat 40r8 Obesity Weight t* OFT * -
et al.%® rats (obesity-prone) 20 % kcal protein 28-5 % kcal protein Insulint* EPM*
20 % kcal carbohydrate 58 % kcal carbohydrate
Dutheil et al.59 Male SD rats 60 % kcal fat 10 % kcal fat 16 T2DM Weightt* OFT* SPT*
20 % kcal protein 20 % kcal protein Glucoset* ORT*
20 % kcal carbohydrate 70 % kcal carbohydrate Insulint* NSFT*
Zemdegs et al.®" 7 weeks old, male C57BL/6 45 % kcal fat 3-1% kcal fat 16 T2DM Weightt* OFT* -
mice 20 % kcal protein 26-2 % kcal protein Glucoset* NSFT*
35 % kcal carbohydrate 60 % kcal carbohydrate Insulint*
Kaczmarczyk et al'™ 3 weeks old, male C57BL/6J 60 % kcal fat 10 % kcal fat 1-3  Weight gain/ Weightt* ORT* FST*
mice 20 % kcal protein 20 % kcal protein pre-diabetes Insulint* EZM*
20 % kcal carbohydrate 70 % kcal carbohydrate
Tsai et al.®? 8 weeks old, male C57BL/6 61-6 % kcal fat 13:5 % kcal fat 12 Metabolic dis-  Weight1* ORT* SPT*
mice 18:1 % kcal protein 27-6 % kcal protein ruption HDL-choles- OFT* FST*
20-3 % kcal carbohydrate 58-9 % kcal carbohydrate terol, LDL-
cholesterolt*
Glucoset*
Insulint*
Abildgaard et al.(1%% 4 weeks old, male SD rats 60 % kcal fat 11 % kcal fat 10 - Glucose?t* OFT* -
20 % kcal protein 23 % kcal protein Insulint*
20 % kcal carbohydrate 66 % kcal carbohydrate
Feng et al.(1%) 5 weeks old, C57BL/6 mice 59 % kcal fat 16 % kcal fat 18 - Weightt* OFT* -
15 % kcal protein 21 % kcal protein Glucoset* NSFT*
26 % kcal carbohydrate 63 % kcal carbohydrate
Liu et al.49) 5-6 weeks old, male C57BL/6 45 % kcal fat 10 % kcal fat 8 Insulin-resistant Glucoset* OFT* -
mice 20 % kcal protein 30 % kcal protein Insulint*
35 % kcal carbohydrate 60 % kcal carbohydrate
Zemdegs et al.®? 5-7 weeks old, male C57BL/ 45 % kcal fat 3 % kcal fat 16 Insulin-resistant Weightt* EPM* -
6J mice 20 % kcal protein 26 % kcal proteins Glucoset* NSFT*
35 % kcal carbohydrate 60 % kcal carbohydrate Insulint*
Marion Soto et al.®% 6 weeks old, male, C57BL/6 60 % kcal fat 22 % kcal fat 6 Obesity and Weight1* LDT* -
mice 20 % kcal protein 23 % kcal protein diabetes Glucoset* NSFT*
20 % kcal carbohydrate 55 % kcal carbohydrate OFT*
Batschauer et al.®) 8-10 weeks old, male, Wistar 19 g fat 4 g fat 6 Obesity Weightt* EPM* -
rats 13 g protein 22 g protein Glucose?*
40 g carbohydrate 48 g carbohydrate TC1, TAG?T*
TGL1*
André et al.8%) 3 weeks old, male, C57BL/6 49 % kcal fat 9.3 % kcal fat 9or18 Obesity Weightt* EPM TST
mice Glucose| Y-maze* FST
Insulint
Peris-Sampedro et al.8”) 7 weeks old, male, SD rats 100 % fat 12 % kcal fat 3 Obesity Weightt OFT* -
(and/or the addition of 9 % 22 % kcal protein Insulint EPM*

sucrose or glucose solu-
tion)

66 % kcal carbohydrate
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Table 1 (Continued)

Duration Metabolic Anxiety-like Depressive-like
References Species, strain, sex, age Intervention diet Control diet (weeks) Metabolic state abnormalities behaviours behaviour
Ji et al.88) 6 weeks old, male, C57BL/6 60 % kcal fat 10 % kcal fat 3 Obesity Weightt* OFT*
mice 8-9 % sucrose EPM*
Xu et al.®) 4 weeks old, male SD rats 23.53 % fat 12.05 % fat 90d - Weight1* EPM* -
66-14 % sugar 63-02 % sugar OFT*
10-33 % protein 24.93 % protein
Gancheva et al.®) 6 weeks old, male Wistar rats 38 % kcal fat 10 % kcal fat 8 Metabolic syn- Weightt OFT* FST*
20 % kcal fructose (high- 29 % kcal protein drome TC, TAG?T*
sucrose diet) 61 % kcal carbohydrate HDL-choles-
10 % fructose solution terolt
Insulin}
Rebolledo-Solleiro 8 weeks old, male, Wistar rats  13-5 % fat 13:5 % fat 24  Metabolic syn- Weightt* OFT* -
et al.®V) 285 % protein 28.5 % protein drome TAG 1* SPBT*
58 % carbohydrate 58 % carbohydrate Glucoset*
20 % (w/v) sucrose solution Insulint*
Choudhary et al.®? 3 months old, male C57BL/6 20 % sucrose solution - 12 Alzheimer's Weight1* - FST*
mice disease Glucoset*
Insulint*
Jorgensen et al.® 7 weeks old, male BALB/c 10 % kcal fat 10 % kcal fat 9 - Weightt* OFT* -
mice 20 % kcal protein 20 % kcal protein TC?
70 % kcal carbohydrate 70 % kcal carbohydrate
60 % sugar
Magdy et al.74 Male Wistar rats 72-8 % ordinary chow Ordinary chow 12 NAFLD Weightt* OFT* FST*
25 % fat TC, TAG?T* SIT*
2 % cholesterol HDL-choles-
terol}*,
LDL-choles-
terolt*
AST, ALT?*
Glucoset*
Insulint*
Higarza et al."™ 8 weeks old, male SD rats 65 % kcal fat 13 % kcal fat 14 NAFLD Weightt* SIT* FST*
2 % kcal cholesterol TC1*, TAGtH* SPT*
HDL-choles-
terol}*,
LDL-choles-
terol*
AST, ALT*
Glucoset*
Khedr et al.("® Male Wistar rats 72-8 % ordinary chow Ordinary chow 12 - Weightt* OFT* SIT*
25 % fat TC1*, TAGtH* FST*
2 % cholesterol HDL-choles-
terol}*,
LDL-choles-
terol*
Glucoset*
Insulint*
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ORT*
LDT*

TC, TAG 1*

17-48 % protein

17-48 % protein

rats

Glucoset*
Insulint*

62-99 % carbohydrate

52-99 % carbohydrate

10 % cholesterol

—, Not reported; 1, increase v. control diet; TC, total cholesterol; LDT, Light and dark test; OFT, open field test; SPT, sucrose preference test; FST, forced swim test; EZM, elevated zero maze; EPM, elevated plus-maze; WT, wild-type; KI, knock-
in; AST, aspartate aminotransferase; ALT, alanine aminotransferase; T2DM, type 2 diabetes mellitus; ORT, object recognition test; NSFT, novelty suppressed feeding test; NAFLD, non-alcoholic fatty liver disease; SD, Sprague—Dawley;

SPBT, Shock-probe/burying test; ETM, elevated T-Maze; TST, tail suspension test; SLA, spontaneous locomotor activity score; SIT, social interaction test; HBT, hole-board test.

*P < 0-05 was considered significant.

Y. Liang et al.

not only leads to depression-like behaviour but also affects spatial
memory damage®”. In addition, whether short-term (1—4 weeks)
high-fat feeding induces anxiety-like and depression-like behav-
iour remains controversial. Several studies involving short-term
feeding of rodent models with a HFD (60 % kcal from fat) for
1-4 weeks have found that anxiety- and depression-like behaviour
is significantly changed®80207L1%9 " However, evidence from
rodent models suggests that the consumption of a HFD for 3 weeks
can have anti-depressant and anxiolytic effects"?”. Sweeney’s
study®® sought to determine whether the duration of exposure
to a HFD (60 % kcal from fat) had a significant effect on anxiety-
related behaviour. Their results showed that HFD feeding had a
time-dependent biphasic effect on anxiety-related behaviours,
and the level of weight gain and the degree of decreased glucose
tolerance were positively correlated with the severity of anxiety.
Anxiety-like behaviour was reduced in mice fed a short-term
HFD (60 % kcal from fat) for 5 weeks. Interestingly, after 15 weeks
of HFD feeding, mice exhibiting metabolic symptoms of obesity
(significant weight gain and reduced glucose tolerance) showed
an increase in anxious behaviour. Taken together, these findings
suggest that metabolic abnormalities, such as weight fluctuations,
glucose tolerance and blood lipids, promote anxiety-related behav-
iour in animals fed a HFD and that the feeding duration is likely to
affect the progression of this relationship. It is certain that, in par-
ticular, long-term HFD (over 8 weeks) and their induced metabolic
disorders may produce persistent depressive/anxiety behaviours.

Species and genetic background

Similar to other animal models of disease, Sprague-Dawley rats,
Wistar rats and C57BL/6 mice are currently used to observe met-
abolic abnormalities and neuropsychiatric disorders induced by
a HFD. Wistar Han rats“”, Long Evans Rattus rats"*® and Swiss
albino mice®?>-” have also been used. In addition, several
studies using rodents with specific genetic backgrounds have
produced interesting results. In a recent study®®, two types of
obesity-prone and obesity-resistant Sprague-Dawley rats were
selected. After feeding a HFD for 8 weeks, the weight and insulin
level increased significantly and anxiety-like behaviours were
enhanced in obese-susceptible rats. However, anxiety-like
behaviour remained unaffected in obesity-resistant rats, despite
a significant increase in weight and insulin levels. Therefore,
obesity-prone mice may be one of the appropriate models to
explore the mechanism of HFD-induced anxiety-like behaviour.
The tryptophan hydroxylase 2 R439H knock-in mouse line har-
bours a partial loss-of-function mutation in the brain 5-hydrox-
ytryptamine (5-HT) synthesis enzyme tryptophan hydroxylase
209 Homozygous knock-in animals from this line have
60-80 % less brain 5-HT than their homozygous wild-type litter-
mates'%M1O_ Tryptophan hydroxylase 2 R439H knock-in mice
with brain 5-HT deficiency were fed a HFD (39-7 % kcal from
fat) for 22 weeks, and it was shown that a HFD could increase
body weight and anxiety-like behaviour and decrease the
depression-like behaviour of wild-type mice. However, in tryp-
tophan hydroxylase 2 R439H knock-in mice with brain 5-HT
deficiency, HFD intervention did not significantly affect weight,
anxiety-like behaviour or depression-like behaviour. This pre-
liminary study suggests that 5-HT deficiency in the brain has a
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significant effect on HFD-induced behaviour and the molecular
response®. Suarez’s study’
the effects of cannabinoid type 1 receptor knockout on behav-
ioural and molecular changes induced by a HFD (60 % kcal from
fat) after long-term feeding for 26 weeks. The results showed that
a HFD could significantly increase depression-like behaviour in
wild-type mice but not in cannabinoid type 1 receptor knock-
out mice.

In 2012, Del Rosario et al.®® used male mice with close
homology to human genes and a CD-1 genetic background to
conduct research. Fed a HFD (45 % kcal from fat) for 8 weeks,
body weight was significantly increased by 14 %, the anxiety
level increased significantly and the depression-like behaviour
was reduced significantly, which implied that the HFD had an
anti-depressant effect on the mice. Interestingly, the study found
that the effects of a HFD on anxiety- and depression-like behav-
iour in male mice with a CD-1 genetic background were incon-
sistent. To date, most of the included studies have used mouse
models and a few have used rat models. Careful consideration of
the baseline traits of the strain in both rats and mice should be
considered before experimentation!? | although there is no sys-
tematic literature to study the advantages and disadvantages of
various rodent models induced by HFD. More importantly, sev-
eral studies using rodents with specific genetic backgrounds
have yielded some interesting results, and they may represent
appropriate models to explore the mechanism of HFD-induced
mood disorders. Furthermore, non-human primates have been
used to model mood disorders for several decades. The success
of this paradigm is related to the fact that there are comparable
cognitive skills, brain morphology and social complexity in adult
monkeys and humans!?. Therefore, in addition to rodent mod-
els, this field could benefit from additional studies of non-human
primate models.

used transgenic mice to assess

Sex and age

Although depression is more common in women than men
(almost 2:1), the vast majority of preclinical studies have been
conducted in male animals™!®. Only a limited number of studies
have been conducted in female rodent models. There is little evi-
dence supporting sex differences in mood disorders induced by
a HFD. C57BL/6 mice were fed a HFD (60 % kcal from fat) for
12 weeks. Both male and female mice gained significantly more
weight, but only males showed an increase in anxiety-like
behaviour, not females?. In another study®®, after feeding
mice a HFD (60 % kcal from fat) for 15 weeks, anxiety-like
behaviour and body weight increased and glucose tolerance
decreased in both female and male C57BL/6] mice. HFD
(59 % kcal from fat) exposure for 18 weeks led to glucose intol-
erance, anxiety/depression-like behaviour and neuroinflamma-
tion in male mice, with similar but non-significant trends in
females"®. Wu et al. 7 also fed C57BL/6 female mice a
HFD (60 % kcal from fat) and showed depression-like behaviour
32 weeks later. Therefore, there are significant sex differences in
anxiety-like behaviours induced by a HFD, and male mice seem
to be more sensitive to the anxiety-inducing effects of a HFD than
female mice®. The importance of sex as a biological variable
must be emphasised in future similar studies.

Although almost all studies adopt 4- to 8-week-old adult
rodents, it is important to point out that a research group®” used
32-week-old elderly male C57BL/6J mice fed a HFD (60 % kcal fat)
for 8 weeks and found that obesity results in the accumulation of
senescent glial cells in proximity to the lateral ventricle, a region in
which adult neurogenesis occurs. Furthermore, senescent glial
cells exhibit excessive fat deposits, a phenotype termed ‘accumu-
lation of lipids in senescence.” Clearing senescent cells from high-
fat-fed or leptin receptor-deficient obese mice restored neurogen-
esis and alleviated anxiety-related behaviour. Current animal liter-
ature supports the programming effect of maternal nutrition
(Western style diet) on negative-valence behaviours (including
depression and anxiety) of offspring'*1'> The next stage is
not only to study the relationship between diet and neuropsychi-
atric disorders in adult mice but also to consider related research in
offspring and elderly mice. Because of different ages, the patho-
genesis may be different.

Mechanisms of high-fat diet-induced neuropsychiatric
disorders

In this section, the discussed mechanisms include elevated neu-
roinflammation, changes in neurotransmitters/neuromodulators
(e.g. 5-HT, glutamic acid, neuronal nitric oxide synthase and
3'5'-cyclic AMP (cAMP)), neurotrophins (e.g. brain-derived
neurotrophic factor (BDNF)) and the gut-brain axis (e.g. micro-
biota, metabolites), which may be involved in the pathogenesis
of diet-induced neuropsychiatric disorders.

Neuroinflammation. A number of studies support the idea that
HFD-induced neuropsychiatric disorders may be related to inflam-
matory responses in the brain®630573,10L100) referred to as neuroin-
flammation, and to peripheral inflammatory responses©-">. Two
animal models examining short-term HFD-induced depression-like
behaviour noted increased serum inflammatory factors, including
IL-6, IL-18, TNFa and IL-6°11%, Furthermore, a long-term HFD sig-
nificantly increased the expression of pro-inflammatory cytokines
(TNFa, IL-1p, IL-6, IL-2 and IL-17A) in the hippocampus, amygdala
and prelimbic cortex©373199 and down-regulated the expression of
anti-inflammatory cytokines (IL-10 and IL-4) in the hippocampus?.
Increased anxiety-like behaviour was positively correlated with high
expression of IL-1f in the amygdala®®%31°V_ Four-month HFD feed-
ing leads to anxiety and anhedonic behaviour associated with TLR
expression and pro-inflammatory cytokine production (IL-6, IL-14
and TNFa)®. Another experiment found that adipocyte-specific
cannabinoid type 1 receptor influences obesity-related depression-
like behaviour concomitantly with neuroinflammation in the hippo-
campus and hypothalamus™?. In addition, obesity drives senes-
cence in glial cells in the lateral ventricle of mouse brains, and
clearing senescent cells from HFD-fed or leptin receptor-deficient
obese mice restores neurogenesis and alleviates anxiety-related
behaviour®”.

Neurotransmitters/neuromodulators. As a monoamine
neurotransmitter, serotonin, also named 5-HT, is widely
involved in the mediation of various life activities in the central
and peripheral regions and its regulatory effect is related to the

diversity of receptor subtypes'®. As an jon-gated channel
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receptor, the 5-HT receptor is widely expressed in the hippo-
campus, amygdala and posterior polar region™”. In recent
years, research on improving neuropsychiatric disorders
induced by HFD has focused on 5-HT and its receptors'®.
A number of preclinical studies have shown that a HFD regulates
the metabolism of 5-HT in the brain and in the periphery and that
5-HT receptor antagonists may have anti-depressant and anti-
anxiety effects™"”. First, several studies have demonstrated that
a HFD regulates peripheral 5-HT metabolism. Male C57BL/6
mice were fed a HFD for 4 weeks, which significantly increased
circulating 5-HT levels7?. Female adult C57BL/6 mice were fed a
HFD for 10 months, which led to decreased serum 5-HT and
induced depression®”. An untargeted plasma metabolomic
analysis showed that a HFD that induces depressive-like behav-
iour could affect peripheral tryptophan metabolites (kynurenine
pathway)9>, Several studies have focused on how a HFD reg-
ulates 5-HT metabolism in the brain. Male C57BL/6 mice were
fed a HFD for 14 weeks, which caused hippocampal neuron loss
and decreased the gene expression of BDNF, 5-HT1A, 5-HTT
and IDO27%. Three studies from Kurhe’s team®~” confirmed
that a HFD decreased the concentrations of cAMP, BDNF and
5-HT in the hippocampus, leading to anxiety and depression.
Additionally, depressive- and anxiety-like behaviours increased
in HFD-induced obese mice, the number of 5-HT- and TPH-pos-
itive cells decreased, and 5-HT1A and 5-HTTP protein expres-
sion decreased in the dorsal raphe®®. Finally, two recent
studies by Zemdegs team®>? systematically demonstrated
the mechanism of HFD-induced anxiety and depression-like
behaviour. The increased body weight, hyperglycaemia,
impaired glucose tolerance and insulin resistance accompanied
by elevated circulating levels of branched-chain amino acids in
response to HFD were correlated with anxiogenic-like/depres-
sive-like symptoms. Moreover, this phenotype was associated
with decreased extracellular 5-HT levels in the hippocampus,
which may result from increased sensitivity of the dorsal raphe
5-HT1AR.

Glutamic acid is considered to be the most abundant neuro-
transmitter in the brain, and its excitability plays a crucial role in
brain structure and function. The two studies found that a
decrease in hippocampal glutamate transporters may play a criti-
cal role in the pathogenesis of metabolic disorder-related
depression. On the one hand, a HFD disturbs the function of
hippocampal astrocytic neuroplasticity-related protein, GLAST,
glutamate transporter 1 and connexin-43 and induces depres-
sion-like behaviours in mice®”. On the other hand, high-lard/
high-sucrose diets induced anxiety-like behaviour and an
increase in glutamate transporters and a decrease in glutamate
receptor mRNA expression in the prefrontal cortex®V.
Neuronal nitric oxide synthase is a key regulator of emotional
behaviour. Some experiments©>192199 found that anxiety
caused by a HFD was associated with increased levels of neuro-
nal nitric oxide synthase in the hippocampus and cerebral cor-
tex. The content of glutathione in the blood is used as a
biomarker to reflect the redox state of mice®”. A HFD led to
a more than 60 % reduction in total glutathione levels in the
blood, which may have contributed to the increased anxiety lev-
els in the mice/'’?. Consumption of a HFD selectively induced
the accumulation of palmitic acid in the hypothalamus,

suppressed the cAMP/protein kinase A signalling pathway and
increased the concentration of free fatty acid receptor 1.
Deficiency of phosphodiesterase 4A, an enzyme that degrades
cAMP and modulates stimulatory regulative G protein (Gs)-
coupled receptor signalling, protected animals from either a
genetic- or dietary-induced depression phenotype®”.

Neurotrophin. BDNF, one of the major neurotrophic factors,
plays an important role in the maintenance and survival of neu-
rons and in synaptic plasticity. Several lines of evidence suggest
that the expression of BDNF is decreased in depressed models.
BDNF concentrations in the hippocampus were significantly
lower in diet-induced obese mice, and leptin administration sig-
nificantly increased hippocampal BDNF concentrations in CD
mice””. HFD rapidly impacts dopamine metabolism in the
brain, appearing to trigger anxiety-like behaviours and learn-
ing/memory impairments prior to the onset of weight gain
and/or pre-diabetes. Examination of the mouse cortex, hippo-
campus and hypothalamus for dopamine and its metabolites
demonstrated increased homovanillic acid concentrations in
the hippocampus and cortex that were associated with
decreased cortical BDNF gene expression.

Gut-brain axis. Research into the role of the microbiota in modu-
lating brain function has rapidly increased over the past 10 years.
Increasing clinical and preclinical evidence implicates the micro-
biome as a possible key susceptibility factor for neurological dis-
orders@>12L122 1n fact, HFD consumption generally leads to a
decrease in Bacteroidetes and an increase in Firmicutes. These
alterations have been associated with obesity and the subsequent
development of chronic diseases''??. First, a HFD damages mark-
ers of intestinal barrier function and increases circulating endo-
toxin levels. The evaluation of brain homogenates revealed that
the HFD-shaped microbiota increased neuroinflammation and
disrupted cerebrovascular homoeostasis®. Second, prolonged
HFD-induced depression-like behaviour in mice was associated
with significant changes in IM, brain metabolome, the NPY system
and DPP-4 activity®?. Finally, a HFD increased the concentration
of plasma leptin and faecal corticosterone and significantly
decreased the relative expression of the leptin receptor OB-R in
the hippocampus and small intestine. On the other hand, dopa-
mine and noradrenaline levels in the small intestine and adrena-
line levels in the hypothalamus were reduced. More importantly,
the concentration of 5-HT in the hippocampus of mice was signifi-
cantly reduced, and the relative expression of TLR2 in the small
intestine and hippocampus was significantly increased, leading
to the occurrence of anxiety and depression®?. Intervention with
Bifidobacterium pseudocatenulatum CECT 7765 for 14 weeks can
adjust the endocrine and gut-brain axis and plays a role in obesity
co-morbid with depressive behaviour. Diet is perhaps one of the
greatest factors influencing microbiota composition™??. Where
research has shown that there are clear links between diet and
neuropsychiatric disorders, assessing what role, if any, the micro-
biome has in terms of causality will be important'?>. The effects of
both dietary components and microbial-generated metabolites on
host physiology and health are gaining attention, which will be
important for moving therapeutic approaches forward.
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Diet exacerbates neuropsychiatric disorders observed in
animal models of depression

Finally, some literature supports that not only does diet induce or
increase the risk of anxiety and depression-like behaviour, but,
more importantly, it may also aggravate anxiety- and depression-
like behaviour in rodent models of neuropsychiatric disorders
(Table 2).

Chronic social defeat stress paradigm-induced depression
model

The chronic social defeat stress (CSDS) paradigm induces depres-
sion by repeatedly exposing naive mice to aggressor mice. After
7-15 d in this emotionally stressful environment, mice display
robust depressive phenotypes, which are characteristic of human
symptoms(lzs). Male C57BL6/J mice (8-10 weeks old) were sub-
jected to CSDS for 10 d and then fed a HFD (42 % kcal from fat) for
30 d. Mice subjected to CSDS and then fed a HFD for 30 d display
significantly severe depression-related behaviour (greater social
avoidance than mice receiving regular chow) accompanied by
redistribution of body fat and increased serum leptin levels2%,
Male Wistar rats (21 d old) were subjected to social isolation dur-
ing the prepubertal period for 7 d and then fed a HFD (42 % kcal
from fat) for 70 d. They found that both social isolation and HFD
induced depressive-like behaviour. These findings showed that
brief social isolation and chronic HFD during a sensitive develop-
mental period cause depressive-like behaviour in adulthood™?”.
Eight-week-old male C57BL/6 mice were subjected to CSDS for 10
d and then fed a HFD (60 % kcal from fat) for 2 h or 24 h¥?®  HFD
intervention for 2 h increased the anxiety-like behaviour of the
CSDS mice. However, HFD intervention for 24 h can reduce
the anxiety of CSDS mice. It is suggested that a HFD may reduce
the burden of stress and this benefit is probably related to the
metabolism of cholesterol in the liver.

Chronic unpredictable mild stress-induced depression
model

Chronic unpredictable mild stress (CUMS) is currently the most
commonly used, reliable and effective rodent model of depres-
sion’*”, Experimental mice underwent CUMS exposure for
approximately 14 consecutive days with exposure each day to
at least one stressor that was randomly chosen from nine different
stressors, and stressors were given in a random order to ensure
unpredictability">”. A HFD and/or the addition of a certain
amount of cholesterol or sugar exacerbates the neuropsychiatric
disorders observed in animal models of depression. Six-week-old
female and male C57BL/6 mice were fed a HFD (60 % kcal from
fat) for 12 weeks and then subjected to CUMS for 18 d. Male mice
were more vulnerable to the anxiogenic effects of the HFD, and
obese male mice showed decreased locomotion activity in
response to stress, whereas obese female mice did not. These
results revealed distinct sex differences in the impacts of obesity
and stress on anxiety-like behaviours in mood disorders©?. Male
Wistar Han rats were fed a HFD (45 % kcal from fat) for 19 weeks
and subjected to CUMS for 6 weeks. Specifically, animals fed a
HFD displayed depressive- and anxious-like behaviours that were
only present in the normal diet group upon exposure to CUMS. Of

note, these mood impairments were not further aggravated when
the HFD animals were exposed to CUMS, which suggests a ceiling
effect”, Male Wistar rats were fed a HFD (60 % kcal from fat) for
8 weeks and repeatedly exposed to CUMS for 3 weeks. The rats
exhibited the most severe depression-like and anxiety-like behav-
iour. Depressive- and anxiety-like behaviours as well as cognitive
impairment were positively correlated with the highest weight,
plasma leptin levels and LepRb protein and mRNA levels in the
hippocampus and hypothalamus®®. Several studies”*7 used a
diet containing 2 % cholesterol to feed rats for 8-12 weeks and
exposed them to chronic restraint stress for 6-8 weeks. In addition
to abnormal liver lipids, atherosclerosis and other metabolic dis-
orders, with the high cholesterol intervention, the rats later devel-
oped depression-like behaviours, cognitive impairment and
diminished object recognition memory as well. In addition, sita-
gliptin is recommended in the management of NASH, especially
when associated with depression”?, and metformin, which is
commonly used to treat hepatogenic diabetes, can ameliorate
resistance to fluoxetine in depression”®,

Genetic animal model of depression

Flinders Sensitive Line rats were, through selective breeding
techniques, bred to be more sensitive to the anticholinesterase
diisopropyl fluorophosphate!3"
have been widely described and highly validated as a genetic
animal model of depression’®®. Abildgaard et al. used
Flinders Sensitive Line rats fed with a HFD (60 % kcal from fat,
mainly lard) for 10 weeks and subjected them to behavioural
testing and metabolic assessment. They found that the HFD
increased weight, insulin levels and fasting blood glucose levels.
At the same time, HFD consumption led to exacerbation of the
depressive-like behaviour of Flinders Sensitive Line rats in the
forced swim test, which is a depression screening tool, and
diminished social interaction as well'39,

, and Flinders Sensitive Line rats

Conclusions

The association between the development of metabolic disor-
ders and chronic consumption of a HFD has been well demon-
strated. Interestingly, emerging evidence indicates that HFD and
metabolic risk are also associated with an increased risk of
neuropsychiatric disorders, including anxiety and depression,
in humans and in animals. A HFD and/or the addition of a certain
amount of cholesterol or sugar can induce anxiety- or depres-
sion-like behaviours, which may vary based on the diet exposure
period, sex, age, species and genetic background of the animals
used. In addition, diet significantly aggravates anxiety- or
depression-like behaviour in animal models of neuropsychiatric
disorders. The effects of a HFD on anxiety are critically linked to
the duration of HFD exposure. Prolonged exposure to a HFD
promotes anxiety and depression in animals that are susceptible
to HFD-induced metabolic disorders, and diets with a high fat
percentage may accelerate the progression of this relationship
in animal models of depression. In addition, there are significant
sex differences in anxiety-like behaviours induced by a HFD
and/or the addition of a certain amount of cholesterol or sugar.
However, there have been a very limited number of studies
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Table 2 Diet exacerbates neuropsychiatric disorders observed in animal models of depression

Duration Metabolic abnormal- Anxiety-like Depressive-like
References Species, strain, sex, age Intervention diet Control diet (weeks) Model ities behaviours behaviour
Chuang et al. (129 8-10 weeks old, male C57/ 42 % kcal fat 4 % kcal fat 30d Chronic social defeat Weight1* EPM* FST*
B16 mice stress (40 d) SPT*
Bridgewater et al. ¥ 6 weeks old, male and 60 % kcal fat 10 % kcal fat 12 Chronic unpredictable mild Weightt* OFT* -
female C57BL/6 mice 20 % kcal protein 20 % kcal protein stress (18 d) EPM*
20 % kcal carbohydrate 70 % kcal carbohydrate
Otsuka et al. (128) 8 weeks old, male C57BL/6 60 % kcal fat Normal chow diet 24 h Social-defeat stress (10 d)  Weightt* SIT* -
mice 20 % kcal protein
20 % kcal carbohydrate
Arcego et al. (127) 21 d old, male Wistar rats 42 % kcal fat 4% fat 10 Social isolated animals Weight1* - FST*
28 % kcal protein 22 % kcal protein SPT*
25 % kcal carbohydrate 50 % kcal carbohydrate
Aslani et al. 47 3 weeks old, male Wistar 45 % kcal fat 3% kcal fat 19 Chronic unpredictable mild Weightt* EPM* FST*
Han Rats 20 % kcal protein 18:5 % kcal protein stress (6 weeks) Glucoset*
35 % kcal carbohydrate 53-5 % kcal carbohy- Insulint*
drate
Yang et al. %% 9 weeks old, male Wistar 60 % kcal fat 8 % kcal fat 8 Chronic unpredictable mild Weightt* OFT* SPT*
rats 20 % kcal protein stress (3 weeks) EPM*
20 % kcal carbohydrate
Magdy et al.™ Male Wistar rats 72-8 % ordinary chow  Standard chow diet 12 Chronic restraint stress Weightt* OFT* FST*
25 % fat (6 weeks) TC, TGt* SIT*
2 % cholesterol HDL-C|*, LDL-Ct*
AST, ALTt*
Glucoset*
Insulint*
Abildgaard et al. ('%3) 44 d old, male Flinders line 60 % kcal fat 10 % kcal fat 10 A genetic animal model of ~ Weightt* EPM* FST*
rats 20 % kcal protein 20 % kcal protein depression Glucoset*
20 % kcal carbohydrate 70 % kcal carbohydrate Insulint*
Khedr et al. 78 male Wistar rats 72-8 % ordinary chow  Ordinary chow 12 Chronic restraint stress Weightt* OFT* SIT*
25 % fat (6 weeks) TCt*, TAGT* FST*

2 % cholesterol

HDL-cholesterol|*,
LDL-cholesterol1*

Glucoset*

Insulint*

—, Not reported; 1, increase v. control diet; EPM, elevated plus-maze; OFT, open field test; ORT, object recognition test; LDT, light and dark test; FST, forced swim test; TST, tail suspension test; SLA, spontaneous locomotor activity score; SIT,

social interaction test; SPT, sucrose preference test; TC, total cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
*P < 0-05 was considered significant.
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Influence factor
Fat content
Exposure period
Sex

Age

Species

Genetic background

Neuropsychiatric
disorders T

| Mechanisms

Neuroinflammation
Neurotransmitters/neuromodulators (e.g.,
5-HT, glutamic acid, nNOS and cAMP)
Neurotrophins (e.g., BDNF)

| Gut-brain axis (e.g., microbiota, metabolites)

Diet exposure
High-fat diet
and/or the addition
of a certain amount
of cholesterol or

| sugar

Metabolic state

| Metabolic risk T Obesity

Bodly weight, Blood pressure &> Diabetes

Blood glucose, Insulin levels NAFLD

TAG, TC, LDL-cholesterol and Metabolic syndrome
| HDL-cholesterol levels Atherosclerosis

Fig. 1. Impact of diet and metabolic risk on neuropsychiatric disorders. BDNF, brain-derived neurotrophic factor; cAMP, 3’,5’-cyclic AMP; HFD, high-fat diet; 5-HT,
5-hydroxytryptamine; NAFLD, non-alcoholic fatty liver disease; nNOS, neuronal nitric oxide synthase; TC, total cholesterol.

involving female mice, and the direction of the sex differences in
any individual behavioural test has not been well described.
Future studies should investigate the extensive contributions
of sex to neurobehavioural outcomes. It is not clear how diet
affects anxiety- and depression-related behaviours, while the
strong foundation of the literature supports continued investiga-
tion of the mechanisms of diet-induced neuropsychiatric behav-
iour. In addition to diet, metabolic conditions can increase the
risk of neuropsychiatric diseases. Individual metabolic status
are highly correlated with diet, so it is difficult to distinguish their
contribution to individual neuropsychiatric disorders. Currently,
epidemiological studies are complicated by individual
differences in diet and nutrition, but the dietary pattern and
exposure period can be precisely controlled in animal models.
To date, most studies have used rodent models, yielding some
interesting results. The mechanisms by which diet induces anxi-
ety/depressive-like behaviour may involve neuroinflammation,
neurotransmitters/neuromodulators (e.g. 5-HT, glutamic acid,
neuronal nitric oxide synthase and cAMP), neurotrophins (e.g.
BDNF) and the gut-brain axis (e.g. microbiota, metabolites)
(see Fig. 1). Further studies are needed to determine the cellular
and neural circuit mechanisms governing the complex relation-
ship between diet, metabolic state and neuropsychiatric behav-
iour. Furthermore, non-human primates have been used to
model mood disorders for several decades. The success of this
paradigm is related to the comparable cognitive skills, brain mor-
phology and social complexity between adult monkeys and
humans'?. Therefore, in addition to rodent models, this field
could benefit from additional studies of non-human primate
models. Altogether, the presented literature has provided reli-
able evidence for the association between diet and neuropsychi-
atric disorders, and future research should be focused on
elucidating the mechanism and identifying the contribution of
diet and diet-induced metabolic risk to neuropsychiatric disor-
ders, which can form the basis for future clinical dietary interven-
tion strategies for neuropsychiatric disorders.
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