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Abstract

Background: Calorie Restriction (CR) is known as one of the most effective life-extending interventions. Therefore researchers are
looking for other interventions or drugs to mimic the mentioned effects. Time-restricted feeding (TRF) has recently gained more
attention recently as one of the CR mimetics. Here we evaluate and compare the effects of CR or TRF on cognitive function in young
animals fed a high-fat diet (HFD).

Methods: This is an experimental study that three-week-old male Wistar rats (n:52) were subjected to a control diet (n:11) or HFD
(n:42). Then the HFD group was divided into 1) 30% calorie restriction (CR), 2) Night Intermittent Fasting (NIF), 3) Day Intermittent
Fasting (DIF), and 4) Ad-Libitum (AL) with the standard diet for ten weeks (each of 9). An independent T-test or Mann—Whitney test
was used for the first phase and in the second phase of the study, one-way analysis of variance (ANOVA), followed by Tukey post-hoc
tests, or Kruskal-Wallis and post-hoc Bonferroni test were used. P-values of <0.05 were considered significant

Results: Deteriorated mental function was significantly lower in HFD than CON (p= 0.041). CR was still more efficient than NIF in
cognitive function in obese subjects. Post-hoc test indicated that from day 2-4, escape latency was significantly shorter in NIF and CR,
which was not seen in other groups (p=0.045).

Conclusion: While TRF has garnered much attention recently, here we show that CR is still more efficient in learning and memory
tasks. Longer fasting times and different fasting periods are recommended to study.
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Introduction
For many reasons, weight control is an important issue
for young ages. Firstly, thousands of beliefs and habits

are formed during childhood that can be hard to change.
Secondly, being overweight or obese in childhood and
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are increasing worldwide which is accompanied by many chronic
diseases. Moreover, there is a correlation between obesity and
cognitive function as well. At the opposite extreme, calorie
restriction is known as one of the most beneficial interventions to
extend lifespan and reduce chronic diseases, and a large number of
research have been dedicated to find calorie restriction mimetics to
achieve the same outcomes.

— What this article adds:

Early life high-fat diet can impair cognitive function in adulthood
which can be inverted by calorie restriction. In Comparison, time-
restricted feeding according to nocturnal rodent circadian rhythm
(not in the form of alternate fasting) was less efficient in this
regard.
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adolescence may lead to lifelong obesity and increase the
risk of the early onset of chronic diseases. Thirdly, lower
educational achievements and psychological disorders are
related to childhood and adolescent obesity (1, 2). Accord-
ing to the World Health Organization (3), the number of
overweight children under the age of five was estimated at
more than 41 million in 2016, and its trend is no longer
similar to that of adults (4). While it is clear that obesity
can lead to many chronic diseases, mounting evidence
indicates that there is a correlation between obesity and
cognitive function as well. However, fewer studies have
focused on childhood obesity and its effects on adulthood
learning abilities. Dietary intake is an important factor in
hippocampus maturation and will affect learning skills
later in life (5, 6).

The major explanation for the current global obesity
pandemic is the overconsumption of high-calorie foods.
Epidemiological studies in the USA, Canada, and China
have indicated that obesity incidence increases by the in-
crement of the average amount of fat in the diet. (7). Gen-
erally, food intake can be manipulated to be too low (to
cause malnutrition) or too high (to lead to obesity). Calo-
rie restriction (CR) lies between these two extremes and
reduces calories without compromising appropriate nutri-
ents intake (8). Since 1935, different studies have shown
that CR is the only non-genetic intervention that can ex-
tend lifespan and healthspan in many model organisms (9,
10).

A large number of research efforts have been dedicated
to finding interventions that mimic the effects of CR. One
of these interventions which have been highlighted recent-
ly is intermittent fasting (2), which may be more feasible
in practice. The protocols of IF in different studies offer
an alternate day fasting or time-restricted feeding. Most
animal and human studies have worked with alternate day
fasting, which is mostly considered as a main IF protocol
(11, 12). Applying the IF protocol while considering the
timing of food intake may be a good mimetic of calorie
restriction. The other concern in such studies is to provide
the calorie-restricted groups' food at the beginning of the
night phase (which is identical to the light phase in hu-
mans) to avoid circadian regulation disturbance, which is
usually neglected in such studies.

The comparison of the different effects of these two die-
tary interventions against nutritional challenges that pre-
dispose obesity (and their consequences on general health
and cognitive function in vivo) has yet to be investigated.
Accordingly, this study aims to investigate the effect of a
high-fat diet (started postweaning) on oxidative stress,
inflammatory markers and cognitive function in young
rats and subsequently to investigate the effects of CR and
IF in dark and light cycles on the above-mentioned pa-
rameters. The underlying question was to determine which
dietary interventions are most effective against obesity-
associated cognitive function, especially at an early age.

Methods

Animals and Diets

This is an experimental study that the protocol was ap-
proved by the Iran University of Medical Sciences Ethics
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Committee (ir.iums.rec. 0327-26581). Postweaning male
Wistar rats (three weeks old) were obtained from Pasteur
Institute of Iran and were individually housed in cages at a
controlled temperature (22 + 2 C) and humidity (50%) in a
designated room under a 12-h light-dark cycle. They were
allowed free access to food and water for one week. After
one week of accommodation, the animals were divided
into two groups, including a high-fat diet (n=41) offering
60% of calories from milk butter and a control diet (n=11)
receiving standard chow (18.8 MJ/kg with 23.4% as pro-
tein, 4.5% as fat, and 72.1% as carbohydrate, Ralston-
Purina and other necessary nutrients for the growth of
rats) for 17 weeks. A subsample from HFD was housed in
metabolic cages to measure the rat food intake for the sec-
ond phase of the study and to evaluate calorie restrictions.
The experimental diets were freshly prepared every 3 days
and were kept at 0-4 °C to avoid any rancidity. After sig-
nificantly increasing the HFD weight (12.5% higher body
weight compared with the control group), the first phase
of the study was completed. The behavioral tasks were
performed by the animals, which still were on their re-
spective diets at the time of testing. To minimize the stress
induced by the behavioral test on biochemical analyses,
one week after the behavioral test and 12h fasting, the rats
were anesthetized by ketamine and xylazine, and blood
samples were collected from the aortic vein. Blood sam-
ples were centrifuged (1500 g, 15 min at 4°C), the serum
was collected and stored at -80°C. hsCRP and 8-
Isoprostane were assessed by ELISA method using (Zell-
Bio, Germany). In the second phase of the study, the HFD
group was divided into four groups (n=9): 1) 30% Calorie
restriction (CR), 2) Night Intermittent Fasting (IFN), 3)
Day Intermittent Fasting (IFD), and 4) Ad-Libitum (AL),
in such a way that the average weight in all groups was
the same. The second phase of the study continued with
the four derivative groups from a high-fat diet and control
group for ten weeks (13, 14). Under the time-restricted
feeding, rats were allowed to access the food between ZT
13 (one hour after light off) and ZT1 (1 hr after light on)
(Fig. 1).

At the end of this stage, cognitive function was re-
examined and blood samples were taken. Similar to the
first phase, a veterinarian regularly monitored the health

30% CR

0 light 12 Dark 24

1zt 12zt 24zt

Fig. 1. Schematic figure of dietary patterns in the second phase of
the study
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status of the rats throughout the experiment.

Morris Water Maze

Morris water maze (MWM) is a broad test used to as-
sess spatial learning and memory. It consists of a round
black pool (94-cm diameter and 31-cm depth) filled with
25 £ 0.5°C water. The escape platform was submerged
2cm beneath the water surface and placed in the center of
one of the pool quadrants. External cues, including color-
ful posters and light, were placed around the pool and
remained in the same position until the end of the study.
The test was conducted on four consecutive training days,
which evaluated learning a performance based on escape
latency and travel distance, with a probe trial on day five,
which assessed spatial accuracy without the platform.
During the training periods, rats were gently released into
water from different quadrants. Each rat was allowed to
find the hidden platform within 1 minute; if it did not find
the platform, it was gently placed on the platform and
allowed to rest there for 15 s. A probe trial was adminis-
tered 24 h after the training days, with the platform re-
moved. Rats were released into the water for 1 minute and
their spatial learning memory was calculated based on the
time which they spent in the target quadrant. After finish-
ing the test, each day, rats were manually dried with a
towel and a warm breeze. All data were recorded by
means of Nodules software (EthoVision XT 6.1, Nether-
land). The groups were controlled for the time of the day
in which the tests were performed concerning their feed-
ing protocols.

Cue Test

Thirty minutes after the probe test, a visual cue test was
conducted to ensure that poor performance was not due to
visual defects. For this purpose, the platform was located
one centimeter above the water surface, marked with a
white tap to be visible, and rats without visual problems
could find them through local visual cues, not with spatial
memory (data not shown).

Statistical Analysis

Investigators were blinded to the group assignment
while performing behavioral and biochemical analyses
and became unblinded with the statistical analyses. The
data are reported as mean+SD. The statistical analyses
were performed using SPSS software (2013 - IBM SPSS
Statistics for Windows, Version 22.0. Armonk NY: IBM
Corp). Levene's test was used to assume the equal vari-

Table 1. Isoprostane and hsCRP in the first and second phase

ance of each group and the normality of the data distribu-
tion was checked through Kolmogorov—Smirnov test. In
the first phase of the study, data was analyzed through an
independent T-test or its non-parametric alternative, the
Mann—Whitney test. In the second phase of the study, one-
way analysis of variance (ANOVA), followed by Tukey
post-hoc tests, were used to compare the results when the
distribution of data was normal. Otherwise, the Kruskal—
Wallis and post-hoc Bonferroni test were used. P-values
of <0.05 were considered significant.

Results

Oxidative stress and inflammation

There were no significant changes in serum concentra-
tion of hs-CRP and isoprostane in the first and second
phases. Since there was no notable increment in the first
phase, changes in the restricted group were not expected
(Table 1).

The Effect of Juvenile High Fat Diet on Spatial Learning
and Memory

As indicated in Figure 2, escape latency reduced during
the four days of training in the first phase, while the re-
duction was significantly lower in the HFD group on days
three and four (p: 0.027,0.009). The changes in distance
traveled were similar, while there was not a significant
change in swimming speed, indicating the negative role of
post-weaning HFD on adulthood learning, which did not
affect motor function. Moreover, data obtained from the
probe trial revealed a memory function impairment. In
other words, the percentage of time in the target quadrant
was significantly lower in HFD than CON (p= 0.041).

It was then evaluated whether 10 weeks of CR or time-
restricted feeding regimens could affect impaired learning
and memory function. Generally, escape latency and dis-
tance traveled significantly decreased in all groups, com-
pared to the first phase (p<0.001) (Fig. 3). A Bonferroni
post-hoc test indicated that from day 2-4, escape latency
was significantly shorter in NIF and CR, which was not
seen in other groups (p=0.045). During 4 days of acquisi-
tion, DIF took longer to find the hidden platform while
CR and NIF spent a shorter time, which was not signifi-
cant (p>0.05). These data indicated a protective role of
NIF in learning ability, equivalent to CR. The distance
traveled was longer in DIF (98.48+40.15) and shorter in
NIF (150.40+81.80), which was not statistically signifi-
cant. Similar to the first phase of the study, no difference
in swimming speed was found between groups. The time

First phase Isoprostane (ng/L) hsCRP (ng/L)
HFD 22.88+4.86 293.6+4.53
CONI1 28.98+10.75 261.3+20.43
p-value 0.28 0.15
Second phase

CR 27.37+5.78 380.57+122.66
DIF 29.56+11.25 329.38+57.74
NIF 28.04+8.9 316.15+77.14
AL 25.3743.30 285.82+72.32
CON2 31.75+6.38 344.05£99.09
P-value 0.35 0.44
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Fig. 2. A: Escape latency during the first phase, B: Traveled distance during the first phase,C: Percentage of time in the target quadrant during the
first phase. Data presented as mean+ SE. Independent T-test or its non-parametric alternative, the Mann—Whitney test were used to assess data.
HFD: high fat diet, CON1: first phase control. P<0.05 was considered as statistically significant. The same letters indicate a significant change
between groups.

spent in the target quadrant increased in the second phase Discussion

of the study in all HFD derivatives groups and was not Lifestyle interventions and dietary patterns play a vital

statically significant (p= 0.552). role in mental function and health span enhancement. The
The cue test revealed that the rats did not have visual  primary goal of this study was to elucidate the effects of a

defects. juvenile HFD on adulthood learning and subsequently to
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Fig. 3. A: Escape latency during the second phase, B: Traveled distance during the second phase, C: Time spent in target quadrant. Data presented as
mean+ SE. statistical differences between groups were assessed by, one-way (ANOVA), followed by Tukey post-hoc tests or Kruskal-Wallis and
post-hoc Bonferroni. AL: adlibitum, IFD: intermittent fasting during the day, IFN: intermittent fasting during night, CON2: second phase control .
P<0.05. The same letters indicate a significant change between groups. P-values of <0.05 were considered significant.

compare the effects of CR, NIF, and DIF with AL feeding
on learning and oxidative stress.

The findings show that while juvenile HFD is responsi-
ble for adulthood cognitive impairment (as assessed in
MWM), firstly, CR and then NIF significantly improved
learning and memory in comparison to other dietary inter-

ventions. Since 1949, ad libitum feeding of a high-fat diet
has been used for inducing obesity in animals, which was
later called dietary obesity. The combination of fat and
sugar (cafeteria diet) or adding a particular fat (30-78% of
total energy) are the common protocols that are used to
induce obesity (7). Previously, Paul J. et al. reported that a
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Western diet (41% fat) and a high-fat diet (60%) in rats
causes cognitive impairment due to brain inflammation
and brain-dried neurotropic factor reduction (15). Data
suggested that a high-fat diet can influence neuronal plas-
ticity and CNS function independently from cerebrovascu-
lar function. It has been shown that 22 weeks of HFD re-
duced the SIRTUINI content in the hippocampus, which
prevents neuronal regeneration (16).

Interestingly, it was reported that neuroinflammation
caused by HFD could happen independently from periph-
eral inflammation (6); the 8-isoprostane and hsCRP mark-
ers of serum concentration did not change following 17
weeks of HFD, while cognitive impairment was reported
as assessed by MWM. Engel et al. reported that dietary fat
manipulation might not change the hsCRP level in healthy
subjects and it is suggested that this factor is not sensitive
to diet fat content (17). Two to threefold increment in in-
flammatory cytokines in the bloodstream is a low-grade,
systemic inflammation indicator (18, 19) and while we
didn't observe a significant alteration of inflammatory
markers in the first phase the desired reduction at the end
of the study is not expected. Collectively, the results of
this study reinforce the idea of juvenile cognitive function
vulnerability to HFD. Subsequently, in the second phase
of the study, CR and NIF had positive impacts on learn-
ing, while CR could also improve the time spent in the
target quadrant in comparison to DIF on the probe test,
which indicates memory function's improvement. This
suggests a positive effect of NIF on learning while not
leading to significant memory improvement in compari-
son to the DIF. Several pathways have been hypothesized
as playing a role in CR's mediated effect on cognitive
function, including increasing hippocampus SIRT1 con-
tent, mitochondrial biogenesis and neuroprotective factors
that decrease neuronal apoptosis (20-22).

The other hypothesis around CR's effects focuses on its
hermetic function, which refers to mild stressor effects
that are followed by increased expression of resistance
molecules and decreased inflammation (23), which is
what causes learning improvement in the NIF group. In
other words, nutrient metabolism in all organisms has
evolved to be cyclical, which means that the metabolism
rate is controlled by the circadian rhythm, which is mainly
regulated by the Suprachiasmatic nucleus in the hypothal-
amus. The Suprachiasmatic nucleus transmits signals to
neuronal structures in all organs and controls their physio-
logical responses. Hence, perturbation of the circadian
oscillator can lead to obesity, metabolic disorders, and
cognitive dysfunction.

It is hypothesized that intermittent fasting increases
protein chaperones and neurotrophic factors by inducing a
mild cellular stress response (24, 25). On the contrary,
recently, it has been reported that mistimed feeding results
in changes of clock molecules in the hippocampus (corti-
colimbic) while SCN remains unchanged. This misalign-
ment results in hippocampal-dependent learning impair-
ment (26). The most provocative finding is that despite the
positive effect of NIF on learning, CR is still a more effi-
cient intervention on learning and memory, while
inappropriate food intake time inversely affects learning
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and memory.

Conclusion

In summary, an early life high-fat diet can predispose an
organism to adulthood cognitive dysfunction, which may
be inverted by CR or NIF. While TRF has garnered much
attention recently, the present study points out that CR is
still more efficient in learning and memory tasks. It is
possible that longer fasting times can have a positive and
significant effect on either learning or memory, and study
designs with different fasting periods are recommended.
Future experiments need to be conducted in order to elu-
cidate SIRTUIN and BDNF levels in the hippocampus
alongside the memory task's results for a better conclu-
sion.
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