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Abstract

An early unbalanced nutritional diet can induce affective disorders in adult-
hood. As well as stress in adolescence can accentuate these disorders. Both
human and rat structural changes have been demonstrated in the hippocam-
pus, likewise, oxidative stress may be involved in these disturbances. The ob-
jective of this study is to see the impact of a high-fructose diet (PN21) asso-
ciated with chronic mild stress (CMS) at the end of adolescence (PN55) on
metabolic and affective disorders in rats Wistar. This study was performed on
four groups of male rats: control group, CMS for five weeks (PN55), fructose
for ten weeks (PN21) and fructose for ten weeks (PN21) associated with CMS
for five weeks (PN55). These animals underwent behavioral tests to evaluate
their affective states (open field test, Sucrose preference test). After sacrifice,
the dosage of glucose, triglycerides and total cholesterol was performed at the
prefrontal cortex (CPF) and also at the hippocampus; the dosage of nitric
oxide (NO) was performed, too. The bulk of our results show that fructose
induces metabolic disturbances; the CMS induces a state of depression-like,
while the association potentiated metabolic disturbances, depression-like state
and also inducing anxiety. This study has shown that fructose and CMS can
disrupt the various functions of the body and their association can potentiate
these disturbances.
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1. Introduction

Obesity is one of the major health problems in the world, and its prevalence

continues to increase. This epidemic is accompanied by metabolic and behavior-
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al disorders [1] [2]. These diseases are due to genetic and epigenetic factors es-
pecially food [3]. Food is essential for the proper functioning of the body, how-
ever, an excess leads to harmful health effects, especially fructose, which has
been heavily consumed during the last years [3]. The role of dietary fructose has
raised a lot of worries about its close relationship with the development of me-
tabolic diseases [4]. Fructose absorbed by the hepatic portal vein is almost com-
pletely metabolized in the liver via the action of fructokinase [5] which is an in-
sulin-independent step, and therefore, fructose is metabolized largely in the ab-
sence of insulin secretion. Fructose is rapidly converted in the liver to phosphate
triose independently of the action of insulin [6]. A quantity of phosphate triose
can also form acetyl COA which is also converted to free fatty acids which will
be re-esterified to triglycerides in liver cells by a process of lipogenesis [7], which
appears to be associated with increased Plasma triglyceride (TG) and very low
density lipoprotein (VLDL) concentrations with development of hepatic steato-
sis, glucose intolerance, insulin resistance and the development of hypertension
[8] [9]. Another factor, whose intensity can be decisive for health, is stress, when
experienced at an early age and/or chronically [10] [11]. It causes various dis-
turbances within the body including those related to the nervous system: depres-
sion and anxiety. These mental disorders have adverse psychological, physical
and socio-economic repercussions. They are responsible for a high mortality by
suicide, to which is added the excess mortality non-suicidal (accidental, con-
sumption of alcohol, tobacco or drugs) especially during the physiological and
behavioral transition phase which is adolescence [12]. These factors have a nega-
tive impact on the patient and his entourage. Of this scourge, which is formed by
psychiatric pathologies, major depression is the most prevalent disorder in the
world, followed by anxiety, the prevalence of which still holds second place in
primary health care facilities worldwide according to statistics of WHO. In addi-
tion, anxiety and depressive disorders combine in about half of all subjects [13].
The aim of this study is to evaluate the effects of a high-fructose diet at an early
age (PN21), a CMS at the end of adolescence (PN55) and their association on the

biochemical profile and affective disorders in Wistar rat in adulthood.

2. Material and Methods

2.1. Animals

Right after weaning, male Wistar rats (21D) and body weight 30 + 2 g, born and
reared at the laboratory pet shop in optimal conditions according to the faculty’s
ethics committee, were manipulated. These animals were born and raised in pet
Shop at a temperature varying between 20°C - 25°C, distributed in scientific
cages, lined with a litter made of wood chips which was renewed every two days,
with light regulated automatically (7 h - 19 h ON). The animals are always han-
dled in the same time intervals and by the same experimenter. The experimental
protocol was performed in accordance with the guidelines of the OECD (Organ-

ization for Economic Co-operation and Development).
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The animals were divided into four groups:

1) Group exposed to a standard diet (PN21): (control).

2) Group exposed to a high fructose diet (23%) (PN21): (Fructose).

3) Group exposed to a standard diet and a CMS during the end of adolescence
(PN55): (Stress).

4) Group exposed to a high fructose diet (23%) (PN21) and a CMS during the

end of adolescence (PN55): (Fructose/stress).

2.2. Diets

The rats had free access to tap water for drinking and to a:

1) Standard diet provided by the company Alf Sahel of marketing of animal
feed, Morocco. (13% crude protein, 2% fat, 0.3% phosphorus, 9% mineral, 15%
cellulose, 1% calcium, 500 IU vitamin A, 75 IU vitamin D, 1 IU of vitamin E.)

2) High-calorie diet high in fructose at 23% dissolved in water [14].

2.3. Chronic Mild Stress Protocol (CMS)

As there are different stress protocols in the literature [10] [11] [15], we opted
for a CMS that involves putting animals under various stressors daily. The dis-
turbances applied are of a low intensity and without food or dipsic deprivation.
The interest of the protocol is the repetition of low and unpredictable events for
animals. The procedure of stressing the rats selected for this work was based on
a standardized protocol [16] [17] [18]. The animals were exposed for five weeks
to two stressors per day in an unpredictable way, these factors are: 45° cage tilt
(24 h), wet litter during (24 h), cage vibration (5 min), change waking/sleeping
cycle (36 h), forced swimming with cold water 4° (5 min), forced swimming with

hot water 40° (5 min), strong lighting (12 h), tightening the tail (5 min).

2.4. Behavioral Tests.

To evaluate behavioral disorders related to high calorie diet and stress, animals
in adulthood have undergone a battery of tests.

1) Open field (OFT).

The open field or open field test [19], is a white test, which measures one
square meter surrounded by four 40 cm high walls and placed under strong
lighting. It was divided into 25 squares (20 cm x 20 cm), defined as 9 central and
16 peripherals. At the beginning of the test, which lasts 10 min, the animal was
placed in the center of the device and its behavior is filmed for later analysis. The
device was cleaned after each pass, using 70% ethanol. The parameters measured
in this study are: the number of central squares visited, the number of total
squares visited and the time spent in the central zone. These parameters are
generally used as parameters measuring locomotor activity and anxiety [20].

2) Sucrose preference test (Sucrose test: ST).

This test allows evaluating the sensations of pleasure in the animal. It involves

the simultaneous presentation of two baby bottles to the animal, one with a 4%
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sucrose solution and the other with tap water. The consumption of sweet solu-
tion gives pleasure to an animal whose hedonic system is working properly.
Conversely, in a “depressed” animal whose hedonic system is affected, the crav-
ing for sugar will be less important. The exposure of the animal to the sweet so-
lution lasted 8 days, the first four days are to habituate the animals while the last
four days are to measure the volume of sweet solution and tap water consumed
by these animals [21]. To avoid the possible effects of the position of the bottle, it
was changed during the exposure (the two bottles were alternated during the last
two days). The animals were not deprived beforehand of water or food.

The consumption of water and the 4% sucrose solution was estimated by
weighing the bottles and measuring the remaining water volumes in the bottles

after exposure.

2.5. Biochemical Dosage

1) Determination of glucose, triglycerides and total cholesterol.

The biochemical analyzes performed in this work consisted in measuring
glucose, triglycerides and cholesterol in order to explore the metabolic profile of
the animals.

All these analyses were carried out by the use of marketed reagents imported
from the company (Bio Systems S. A, Spain) which must follow the protocol set
by the manufacturer.

2) Determination of nitric oxide.

The determination of the NO is carried out according to the method of Griess,
It is an indirect dosage, it is the nitrites, products of degradation of NO which
are dosed. This assay consists of a diazotization reaction in two steps: the nitrites
form a diazonium salt with sulfanilic acid which is then coupled with an amine
(N-naphthylethylenediamine) to give an azo dye that absorbs at 548 nm. The
assay is carried out in 96-well plate. This assay was carried out by the Griess
reagent, the composition of which is as follows: (Griess solution A = 0.1% of
naphthylethylenediamine dichlorohydrate diluted in water + Griess solution B =
1% of sulfanilamide diluted in H,PO, at 5%). In this study the concentration of
NO in the hippocampus.

3) Data Analysis.

Behavioral data and biochemical parameters were analyzed by two-way
ANOVA using SPSS version 22. Post hoc comparisons were made using the Tu-
key’s test. All data are expressed as the means + standard error of the means
(S.E.M.). Differences were considered significant when p < 0.05 (*), very signifi-
cant when p < 0.01 (**) and highly significant when p < 0.001 (***).

3. Results

1) Effect of a high fructose diet, a CMS and their association on weight gain
(Figure 1).
Statistical analyzes showed that the high fructose diet increased body weight
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Figure 1. Effect of a high fructose diet, a CMS and their association on weight gain in
rats. Results are expressed as mean + SEM. The significance level is 0.05. *p < 0.05, **p <
0.01, **p < 0.001.

significantly compared to the control group from the third week (P = 0.003).
This difference became highly significant from the fourth week (2 < 0.001).
Complication by CMS during the fifth week induced changes in body weight: the
CMS significantly decreased weight from the second week (P = 0.036) compared
to the control group, this weight loss became highly significant from the third
week (P < 0.001). The combination of high fructose diet and CMS induced a
very significant weight loss compared to the Fructose group (£ = 0.007), this fall
became highly significant (P < 0.001) after four weeks of association.

2) Effect of a high fructose diet, a CMS and their association on the level of
anxiety.

Level of anxiety measured in the OFT.

Statistical analyzes have shown that the high-fructose diet and the CMS have
not induced any significant change in the number of center squares entred and
time spent in center squares. While their association induced anxiety-like signif-
icantly decreasing the number of center squares entred (2= 0.018) (Figure 2(a))
and very significantly the time spent in center squares (2= 0.005) (Figure 2(b)).
This association does not induce any significant change of the parameter (num-
ber of total squares entred) (Figure 2(c)) which gives information on the loco-
motor activity of animals.

3) Effect of a high fructose diet, a CMS and their association on depressive
behavior.

Depressive behavior measured in the sucrose preference test.

The sucrose-preference test revealed that the animals exposed to CMS re-
duced the consumption of sweet solution in a very significant way (P = 0.002),
while the combination of CMS with the high-fructose diet decreased significant-
ly this sucrose preference (P = 0.035) compared to the control group (Figure
3(a)). In parallel, the animals exposed to the CMS increased the consumption of
tap water in a very significant way compared to the control group (P = 0.002)
and the Fructose group (P = 0.001) (Figure 3(b)).
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Figure 2. Effect of a high-fructose diet, a CMS and their association on the level of anxie-
ty: (a) (Number of center squares entred); (b) (Time spent in center squares). (c) (Num-
ber of total squares entred). Results are expressed as mean + SEM. The significance level

is 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.

4) Effect of a high fructose diet, a CMS and their association on the level of
anxiety, level of glucose and level of triglyceride.

Statistical analyzes showed that the high fructose diet increased glycemia
compared to the control group in a non-significant way. While the combination
of a high fructose diet and the CMS significantly increased glycemia compared
to control animals (P = 0.045) (Figure 4(a)). The high fructose diet significantly
increased triglyceridemia compared with control animals (2 = 0.009), the com-
plication of this diet by the CMS has the same effect (£ = 0.004). This complica-
tion significantly increased the Triglyceridemia compared to the Stress group (P
= 0.031) (Figure 4(b)). Regarding the concentration of total cholesterol, the high
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Figure 3. Effect of a high fructose diet, a CMS and their association on depressive beha-
vior. (a) Intake of sucrose; (b) Intake of water. Results are expressed as mean + SEM. The
significance level is 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.

fructose diet and chronic stress did not significantly influence this concentration,
whereas their combination increased the synthesis of total cholesterol very sig-
nificantly compared to the control group (£ = 0.002) and significantly compared
to the Stress group (P = 0.02) (Figure 4(c)).

5) Effect of a high fructose diet, a CMS and their association on oxidative stress.

Nitric oxide.

The measurement of nitric oxide (NO) in the hippocampus showed that the
high fructose diet, the CMS and their association have no significant effect on
NO concentration (Figure 5(a)). This association induced a very significant in-
crease in NO in the prefrontal cortex (P= 0.001) (Figure 5(b)).

4. Discussion

The purpose of this study is to evaluate the effects of combining a high fructose
diet with chronic stress in late adolescence on biochemical and behavioral pat-
terns. Our results show that high fructose diet does not induce any behavioral
disorder. While the PN55-CMS induces anxiety and depressive disorder, these
disorders are also observed in several studies [22] [23] [24]. The level of anxiety
in a CMS model is generally due to activation of the corticotropic axis, which
leads to the release of glucocorticoid hormones (GCs) and CRF [25] [26]. During
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Figure 4. Effect of a high fructose diet, a CMS and their association on the biochemical
profile (a): Glucose; (b): Triglycerides; (c): Total cholesterol. Results are expressed as
mean + SEM. The significance level is 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.

stress, the emotional or physical information is integrated by the appropriate
structures (amygdala, hippocampus and PFC) and can directly activate the locus
coerulus, generating a massive and very fast release of norepinephrine at the
central level. This structure receives nerve fibers from the CRF neurons of PVN
of the hypothalamus, central amygdala, and innervates the PVN with noradre-
nergic nerve fibers [27]. Following exposure to CMS or the combination of a
high-fructose diet and CMS, depressive behavior is well established as confirmed
by the decrease in sucrose preference, these results are in accordance with cur-
rent literature [28] [29]. The major system that responds to stress is the cortico-
tropic axis. The essential role of this system in the effects of chronic stress was
demonstrated by experiments showing that the development of a depressive
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Figure 5. Effect of a high fructose diet, a CMS and their association on oxidative stress.
(a): concentration of NO in the hippocampus; (b): concentration of NO in the prefrontal
cortex. Results are expressed as mean = SEM. The significance level is 0.05. *p < 0.05, **p

<0.01, **p < 0.001.

phenotype upon exposure to a CMS (decreased sucrose preference) is decreased
by the glucocorticoid receptor antagonist (mifepristone) [30] or by the corticos-
terone synthesis inhibitor (metyrapone) [31] or by ablation of adrenal gland [32]
[33]. Stress intensively stimulates the amygdala that projects towards the ventral
pallidum inducing a decrease in dopamine discharge at the level of the nucleus
accumbens (Nacc) by the ventral tegmental area (VTA) [34]. Thus, the activa-
tion of the lateral habenula nucleus, which is very well known in the manage-
ment of negative emotions (aversion) via its projections towards the VTA and
the raphe nucleus, consists respectively in the decrease of dopamine and 5HT
production in the mesocorticolimbic pathway, this decreases the preference for
sucrose [35]. Exposure to stress during adolescence is associated with structural
and molecular changes [36]. Indeed, preclinical studies have shown that stress
leads to a 5HT decrease in the amygdala and Nacc with a decrease in dopamine
at PFC, HPC and Nacc. This molecular perturbation is at the origin of the mor-
phological changes of the neurons [37]. Other studies have shown that increas-
ing GC rates can affect the connections between structures involved in stress,
which predispose to psychiatric pathologies [38]. These studies have shown that
high levels of GCs reduce neurogenesis and synaptogenesis at the PFC and hip-
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pocampus [38]. Thus, chronic stress decreases metabolism and neurotrophic
factors in the pyramidal cells of the median CPF: chronic exposure to glucocor-
ticoids attenuates synaptic proteins (PSD95) and synapsin I [33] following a de-
crease in the production of BDNF at the median PFC and the hippocampus
which causes a depressive state [39]. The PN21 hypercaloric diet and the PN55
CMS induce a non-significant increase in the concentration of glucose and total
cholesterol. While their association has potentiated metabolic disorders: in-
creased blood sugar, triglyceride and total cholesterol. Many studies have shown
that fructose has deleterious effects on glucose homeostasis and insulin sensitiv-
ity [40] [41]. Our results show that chronic stress has greatly potentiated the de-
leterious effect of fructose, which causes metabolic disorders whose incidence
continues to increase, leading to increased risks of diabetes and cardiovascular
diseases. Hepatic discoloration revealed by macroscopic observation is a sign of
the accumulation of fat, which causes hepatic steatosis, this condition is often
associated with insulin resistance. Stress by activating the sympathetic nervous
system and blocking the production of insulin, aggravates the deleterious effects
caused by fructose, lipid metabolism is also altered by stress [42]. This combina-
tion induced an increase in NO [43]. This free radical has a very high capacity to
activate intracellular proteins such as (NFkB, PKC, MAPK) that participate in
the establishment of cellular damage at the peripheral and central level. Free
radicals and inflammation are at the origin of metabolic diseases and are also the
pathophysiological cause of affective disorders. The work of Barone and these
collaborators in 2016 [44] showed that a state of insulin resistance is accompa-
nied by psychiatric and neurodegenerative diseases. The same studies have
shown that a diet rich in fat and fructose increased leptinemia and insulinemia,
as well as the rate of TNFq, IL6, IL1 at the level of the hippocampus [45]. These
pro-inflammatory brain cytokines (in particular IL-1, IL-6 and TNFa) will act
on neural and non-neural cells through their specific receptors and thus contri-
bute to the development of neuropsychiatric disorders. The mechanisms by
which cytokines induce depressive states have been studied in particular in pa-
tients treated with immunotherapy (interferon-y for example). These studies
show that cytokines influence the development of depression by acting on the
metabolism of monoamines. Interferon-y or TNF-a activates the enzyme IDO
(indolamine 2, 3 dioxygenase) which converts tryptophan into kynurenine.
However, tryptophan is also the precursor of serotonin which is decreased by the
activation of the IDO in the PFC and in the hippocampus. Cytokines also have
an effect on the bioavailability of brain dopamine leading to psychomotor retar-
dation and anhedonia. This study has shown that the combination of a PN21
high fructose diet and the PN55-CMS induces metabolic and effective disorders
in adulthood.
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