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A B S T R A C T   

In recent years, nutritional interventions for different psychiatric diseases have gained increasing attention, such 
as the ketogenic diet (KD). This has led to positive effects in neurological disorders such as Parkinson’s disease, 
addiction, autism or epilepsy. The neurobiological mechanisms through which these effects are induced and the 
effects in cognition still warrant investigation, and considering that other high-fat diets (HFD) can lead to 
cognitive disturbances that may affect the results achieved, the main aim of the present work was to evaluate the 
effects of a KD to determine whether it can induce such cognitive effects. A total of 30 OF1 male mice were 
employed to establish the behavioral profile of mice fed a KD by testing anxiety behavior (Elevated Plus Maze), 
locomotor activity (Open Field), learning (Hebb Williams Maze), and memory (Passive Avoidance Test). The 
results revealed that the KD did not affect locomotor activity, memory or hippocampal-dependent learning, as 
similar results were obtained with mice on a standard diet, albeit with increased anxiety behavior. We conclude 
that a KD is a promising nutritional approach to apply in research studies, given that it does not cause cognitive 
alterations.   

1. Introduction 

In recent years, it has been widely discussed whether dietary modi
fications may be an important factor in several diseases [1,2]. Many of 
these new interventions modify one or more macronutrients, such as 
high-fat diets, low-carbohydrate or low-sugar diets [3,4]. An example 
that has been recently explored as a therapeutic target is the ketogenic 
diet (KD), which leads to changes in the body’s own metabolism [5,6]. 
The KD has traditionally been used in epilepsy [7,8], but lately, it has 
also been used as a nutritional intervention to investigate its effects in 
other neurological disorders, such as Alzheimer’s disease [9], Parkin
son’s disease [10], autism [11] and, most recently, addiction [12,13]. 
However, more research with randomized control trials is required to 
provide conclusive results. 

The KD is a diet high in fat, low in carbohydrates and moderated in 
proteins. One of the main features of the KD is the reduction in carbo
hydrate intake, which reduces the production of glucose and induces the 
body to use fat stores, breaking down fatty acids and creating ketone 
bodies in the liver, like β-hydroxybutyrate (βOHB) [7,14]. This meta
bolic process is known as ketosis, which can be achieved by strict 

adherence to a KD [15], or by prolonged fasting [16,17]. βOHB is a 
non-volatile and stable compound released into the bloodstream [18] 
and constitutes up to 70% of the ketone bodies synthesized in liver 
mitochondria [19], being the main indicator of ketosis both in humans 
[13] and in animal models such as rats [20] and mice [12,21]. 

To date, numerous studies with high-fat diets have reported negative 
effects on behavior, such as locomotor activity [22,23], or cognition, 
such as learning deficits [24–27], impaired hippocampus-dependent 
memory [23,25,28,29] and even anxiety-like behavior [30]. These ef
fects are crucial in animal model research, as a subtle deficit in these 
capabilities could be interfering with the results obtained on many 
levels. Sometimes, certain behavioral procedures in preclinical research 
require the animal to learn a task or remember an object. If dietary 
treatments like HFDs affect behavior and cognition, we could be 
attributing benefits, harms, or no significant results to other causes and 
not to the diet itself, leading us to contaminated conclusions. 

Therefore, as the KD is increasing its popularity in research in several 
neurological diseases, such as anxiety, depression, bipolar disorder or 
attention deficit hyperactivity disorder [31], it is still necessary to 
establish a baseline of the behavioral and cognitive profile of the chronic 
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administration of this type of diet in order to confirm if it is safe or, on 
the contrary, if it has similar effects to those of traditional high-fat diets 
[21]. 

As mentioned above, the main difference between the KD and HFDs 
is that traditional high-fat diets not only contain an important percent
age of carbohydrates, with a significant proportion of sugar, but also 
contain fats obtained from lard and soybean oil.  In previous behavioral 
studies, it has been reported that some of the main factors contributing 
to cognitive alterations are the metabolic effects of HFD exposure, such 
as increased fat intake and body weight gain and the general metabolic 
dysfunction, with alterations in insulin, ghrelin and leptin levels [24, 
32–34]. 

Therefore, the aim of the present work was to evaluate the cognitive 
and behavioral differences observed in young and cognitively healthy 
mice exposed to a KD to explore the effects of this diet in standard an
imals. For this purpose, we provided the KD to OF1 mice and evaluated 
the differences in their anxiety behavior with the Elevated Plus Maze, 
their spontaneous locomotor activity using the Open Field test, their 
memory with the Passive Avoidance test and their hippocampal learning 
with the Hebb-Williams maze. 

2. Material and methods 

2.1. Subjects 

A total of 30 male mice of the OF1 outbred strain were acquired 
commercially from Charles River (France). Animals were 21 days old on 
arrival at the laboratory and were all housed under standard conditions 
in groups of 4 (cage size 28 × 28 × 1 4.5 cm) for three days prior to 
initiating the experimental feeding condition (PND 25), at a constant 
temperature (21±2 ◦C), lights on from 8:00 to 20:00, and food and water 
available ad libitum (except during the behavioral tests). All procedures 
involving mice and their care complied with national, regional and local 
laws and regulations, which are in accordance with Directive 2010/63/ 
EU of the European Parliament and the council of September 22, 2010 
on the protection of animals used for scientific purposes. The Committee 
for the Use and Care of Animals of the University of Valencia approved 
the study (2019/VSC/PEA/0065). The size of the sample was deter
mined with the G*Power program [35], estimating the need to include 
13 mice per experimental group. An expected effect size of d = 1.5 (α =
0.05 and statistical power = 0.95) was taken, based on the results of the 

previous study of Blanco-Gandía et al. [24], which employed a similar 
experimental design, strain of mice, age of the animals and behavioral 
tests. 

2.2. Apparatus and procedure 

2.2.1. Feeding conditions and experimental design 
Two different types of diet were used in this study: the standard diet 

(SD) (Teklad Global Diet 2014, 13 kcal% fat, 67 kcal% carbohydrates 
and 20% kcal protein; 2,9 kcal/g) and the ketogenic diet (KD) 
(TD.96355, 90.5% kcal from fat [vegetable shortening and corn oil], 
0.3% kcal from carbohydrates and 9.1% kcal from protein; 6.7 kcal/g). 
The different diets were supplied by Envigo Teklad Diets (Barcelona, 
Spain). In this experiment (Fig. 1a), OF1 male mice (n = 30) arrived in 
the laboratory on PND 21 and were randomly divided into 2 groups (n =
15/condition) with similar average body weights (25–26 g) and 
assigned either SD or KD feeding conditions. Tests were performed one 
week after the diet had been initiated in order to evaluate if it had 
induced alterations in anxiety behavior (Elevated Plus Maze on PND32), 
motor activity (Open Field on PND 33), memory (Passive Avoidance 
Test on PND 34) or learning (Hebb Williams Maze on PND 36). All an
imals were under their specific feeding conditions from one week before 
the behavioral tests began (PND 25) until the end of the experiment 
(PND 44). On PND 44, the KD group was switched back to the SD until 
the end of the experiment to reevaluate anxiety behavior with the 
standard diet (PND 51). Body weight and Beta-hydroxybutyrate (βOHB) 
plasma levels were measured every week throughout the study. 

2.2.2. Ketosis status: β-hydroxybutyrate plasma levels 
Plasma β-hydroxybutyrate was measured weekly from the tail vein 

with a On Call GK Dual monitor and ketone test strips (ACON Labora
tories, Inc., San Diego, CA). 

2.2.3. Elevated plus maze 
The EPM consisted of two open arms (30 × 5 × 0.25 cm) and two 

enclosed arms (30 × 5 × 15 cm). The junction of the four arms formed a 
central platform (5 × 5 cm). The floor of the maze was made of black 
Plexiglas, and the walls of the enclosed arms of clear Plexiglas. The open 
arms had a small edge (0.25 cm) to provide additional grip for the an
imals. The entire apparatus was elevated 45 cm above floor level. In 
order to facilitate adaptation, mice were transported to the dimly 

Fig. 1. (a) Experimental design. (b) Hebb-Williams Maze configuration and difficulty.  
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illuminated laboratory 1 h prior to testing. At the beginning of each trial, 
subjects were placed on the central platform facing an open arm, and 
were allowed to explore for 5 min. The maze was thoroughly cleaned 
with a damp cloth after each trial. The behavior displayed by the mice 
was recorded automatically by an automated tracking control software 
(EthoVision 3.1; Noldus Information Technology, Leesburg, VA). The 
measurements recorded during the test period were frequency of entries, 
time and percentage of time spent in each section of the apparatus (open 
arms, closed arms, central platform). An arm was considered to have 
been visited when the animal placed all four paws on it. Number of 
open-arm entries, time spent in open arms and percentage of open-arm 
entries are generally used to characterize the anxiolytic effects of drugs 
[36,37]. 

2.2.4. Open field 
The spontaneous locomotor behavior of the mice was quantified in 

an Open Field for a period of 1 hour. The Open Field test was performed 
in an opaque plastic box (30 × 30 × 15 cm) left open at the top. The 
animal was placed in the box and its activity was recorded automatically 
by tracking software (EthoVision 3.1; Noldus Information Technology, 
Leesburg, VA). The parameter studied was the total distance traveled 
(cm) and time near the wall and center (s). 

2.2.5. Passive avoidance test 
For the Passive Avoidance test, a step-through inhibitory avoidance 

apparatus for mice (Ugo Basile, Comerio-Varese, Italy) was employed. 
This cage is made of Perspex sheets and divided into two compartments 
(15 cm × 9.5 cm × 16.5 cm each one). The safe compartment is white 
and illuminated by a light fixture (10 W) fastened to the cage lid, 
whereas the “shock” compartment is dark and made of black Perspex 
panels. The two compartments are divided by an automatically operated 
sliding door at floor level. The floor is made of 48 stainless steel bars 
with a diameter of 0.7 mm and situated 8 mm apart. 

Passive Avoidance tests were carried out following the procedure 
described in Aguilar et al. [38]. On the day of training, each mouse was 
placed in the illuminated compartment facing away from the dark 
compartment. After a 60 s period of habituation, the door leading to the 
dark compartment was opened. When the animal had placed all four 
paws in the dark compartment, a footshock (0.5 mA, 3 s) was delivered 
and the animal was immediately removed from the apparatus and 
returned to its home cage. The time taken to enter the dark compartment 
(step-through latency) was recorded. Retention was tested 24 h later, 
following the same procedure but without the shock. The maximum 
step-through latency was 300 s. 

2.2.6. Hebb-Williams maze 
The maze used in our experiment is made of black plastic and mea

sures 60 cm wide x 60 cm long x 10 cm high. It contains a start box and a 
goal box (both 14 cm wide x 9 cm long), which are positioned at diag
onally opposite corners. The maze contains cold water at a wading depth 
(15 ◦C, 3,5 cm high), while the goal box is stocked with fresh dry tissue. 
Several maze designs are produced by fixing different arrangements of 
barriers to a clear plastic ceiling. This apparatus allows the cognitive 
process of routed learning and the motivation of water escape to be 
measured. 

The procedure followed was based on that employed by Galsworthy 
et al. [39], in which mice must navigate the maze and cross from the wet 
starting box to the dry goal box in order to escape the cold water. Ani
mals underwent a 5-min habituation period (dry sand, no barriers) on 
day 1, and undertook problem A on day 2 and problem D on day 3 (4 
trials/day) (practice mazes). Mice were subsequently placed in mazes 1, 
5, 3, 4 and 8 on separate days (Fig. 1b), on which 8 trials took place (see 
Rabinovitch & Rosvold [40] for all maze designs). The time limit for 
reaching the goal box was 5 min, after which the mouse was guided to 
the box if necessary. The total latency score (sum of the latencies in all 
the problem trials in each maze) was registered. 

2.3. Statistical analysis 

Data relating to βOHB and body weight were analyzed by a mixed 
ANOVA with one between-subjects variable – “Diet”, with 2 levels, (SD 
and KD) - and a within variable – “Days”, with 9 (Baseline, Days 1–4, 7, 
15, 19 and 25) or 4 levels (Baseline and weeks 1–3). 

Data relating to the Elevated Plus Maze and Open Field test were 
analyzed by a one-way ANOVA with a between variable - “Diet”, with 2 
levels for Open Field (SD and KD) and three levels for the Elevated Plus 
Maze test (SD, KD and 7 days post-KD). The Passive Avoidance test was 
analyzed by a two-way ANOVA, with the same between variable and one 
within variable - “Days”, with 2 levels (training day and test 24 h). The 
data of the Hebb-Williams maze were analyzed by a two-way ANOVA 
with one between subject variable – “Diet” - and one within subject 
variable – “Maze”, with five levels. The Bonferroni adjustment was 
employed for post hoc comparisons. All results are expressed as mean ±
S.E.M. Analyses were performed using SPSS v26. 

3. Results 

3.1. β-hydroxybutyrate (βOHB) and body weight 

The ANOVA of the βOHB plasma levels (Fig. 2a) revealed a signifi
cant effect of the interaction “Days x Diet” [F(8224) = 25,594; p <
0.001], as the KD group showed increased levels of βOHB in comparison 
with the SD group at 24 h, 48 h, 72 h, 96 h, 7, 15 and 19 days (p < 0.001 
in all cases), but showed no differences at 25 days (p = 0.195). There 
were also significant increases within the KD group on Days 1, 2, 3, 4, 7, 
15 and 19 with respect to baseline (p < 0.001 in all cases), but no dif
ferences with respect to 25 days. 

The ANOVA of body weight (Fig. 2b) revealed a significant effect of 
the interaction “Week x Diet” [F(3,84) = 14,364; p < 0.001] as mice on 
the KD displayed lower body weight at baseline and during week 1 
compared to weeks 2 and 3 (p < 0.001, in all cases). Mice fed a SD 
showed higher body weight in Week 3 compared to Baseline, and Weeks 
1 and 2 (p < 0.001, in all cases). In addition, the SD group exhibited 
higher body weight than the KD group at Baseline (p < 0.05) and in 
Week 1 (p < 0.01). 

3.2. Elevated plus maze 

The ANOVA (see Table 1) revealed an effect of the variable “Diet” for 
the time [F (2,42) =4.838; p = 0.013] and percentage of time [F (2,42) 
=4.944; p = 0.012] spent in the open arms of the maze. Animals 
belonging to the KD group spent less time and percentage of time in the 
open arms than the SD group (p < 0.01 in both cases). 

There was also a significant effect of the variable “Diet” for the 
percentage of open entries [F (2,42) = 3.317 p = 0.046]. The KD group 
showed a lower percentage of open entries than the SD group (p < 0.05). 
There was no effect of the variable Diet on the total number of entries [F 
(2,42)= 0.428; p = 0.655]. There were no significant differences be
tween the SD group and 7 days post-KD. 

3.3. Open field 

The ANOVA of the Open Field (Fig. 3 and Table 2) revealed no sig
nificant differences in the variable “Diet” for the distance traveled [F 
(1,18)= 0.175; p = 0.681], time near the wall [F(1,18)= 0.731; p =
0.404] and time in the center [F(1,18)= 0.038; p = 0.848]. 

3.4. Passive avoidance test 

The results of the Passive Avoidance test are presented in Fig. 4. The 
ANOVA revealed an effect of the variable “Days” [F(1,28)=146.006; p <
0.001], with all the groups presenting longer step-through latencies in 
the 24 h test with respect to the training session (p < 0.001). The ANOVA 
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did not show significant differences for the variable “Diet” [F(1,28)=
0.335; p = 0.567] or the interaction “Days x Diet” [F(1,28)=0.017; p =
0.896]. All animals remembered the footshock of the training session. 

3.5. Hebb-Williams maze 

The ANOVA for the total latency score (Fig. 5) revealed an effect of 

the variable “Maze” [F(4,96)=10.456 ; p < 0.001]. Maze 1 was signifi
cantly easier for all the groups than mazes 3, 4 and 5 (p < 0.001 in all 
cases) and 8 (p < 0.01), as the animals took less time to reach the goal. 
There were no significant differences in the variable “Diet” [F(1,24)=
0.040; p = 0.843] or the interaction “Maze x Diet” [F(4,96)=0.406; p =
0.804]. 

Fig. 2. β-hydroxybutyrate plasma levels and weekly body weight. (a) Ketosis status. Data are represented as the mean (±SEM) amount of βOHB. (b) Weekly 
body weight. Data are represented as the mean (±SEM) body weight measured weekly. ***p < 0.001, **p < 0.01, *p < 0.05 significant difference with respect to the 
SD group. +++p < 0.001 significant difference with respect to baseline. ### p < 0.001 significant difference with respect to week 2 and 3 of KD. @@@p < 0.001 
significant difference with respect to the rest of the weeks of SD. 

Table 1 
Effects of a KD on male mice in the Elevated Plus Maze (n = 15/group). Data are 
presented as mean values ± S.E.M. *p < 0.05; **p < 0.01 significant difference 
with respect to SD.   

Standard Diet Ketogenic Diet 7 days post-Ketosis 

Time OA 67 ± 15 20 ± 3 ** 50 ± 11 
% Time OA 33 ± 6 12 ± 2** 24 ± 5 
% Open Entries 50 ± 4 31 ± 6* 43 ± 5 
Total Entries 37 ± 4 37 ± 3 33 ± 4  

Fig. 3. Effects of a KD on the total distance covered in 1 h in the Open Field by mice (n = 10/group). Data are presented as mean values ± S.E.M.  

Table 2 
Effects of a KD in the time (s) near the wall, center, rest of the field and total time 
in the Open Field by mice (n = 10/group).  Data are presented as mean values ±
S.E.M.   

Near the Wall Center Rest of the field Total time 

Standard Diet 1283 ± 42 519 ± 41 1798 ± 11 3600 
Ketogenic Diet 1334 ± 47 510 ± 29 1756 ± 28 3600  
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4. Discussion 

The ketogenic diet has been assessed to determine if it can be used as 
a nutritional treatment for numerous pathologies, such as epilepsy, 
Parkinson’s disease, Alzheimer’s disease, cancer, and more recently, 
drug addiction [7,9,13]. Although it has been observed that the KD 
could be an effective treatment option in certain pathologies, such as in 
children with drug-resistant epilepsy [41], further research is needed to 
achieve conclusive results in neurological disorders. Preclinical research 

in these fields studies the possible effects of nutritional interventions, 
and to draw conclusions, it is necessary to combine physiological results 
with behavioral outcomes. Experimental treatments, context or re
searchers can interfere with animal behavior, sometimes leading to 
inaccurate research conclusions. 

As stated in the introduction, the main aim of the present work was to 
address whether the KD per se had any effects on anxiety, locomotor 
activity, memory, and learning. Our results confirmed that, even when 
the KD altered the animal’s metabolism, with the increase in ketones, 

Fig. 4. Effects of a KD on the time taken for male mice to enter the dark compartment in the Passive Avoidance test during training and 24 h after training (n = 15/ 
group). Data are presented as mean values ± S.E.M. *** p < 0.001 significant differences with respect to training. 

Fig. 5. Effects of a KD on the total latency score to reach the goal in the 8 trials of male mice in the Hebb-Williams maze. The mazes were classified as easy 
(1, 3 and 4) or difficult (5 and 8). (n = 15/group) ***p < 0.001 significant difference with respect to Maze 3, 4 and 5; ++ p < 0.01 significant difference with respect 
to Maze 8. Data are presented as mean values ± S.E.M. 
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this diet did not affect the cognitive profile of mice, as no significant 
changes were observed in locomotor activity, memory, or hippocampal- 
dependent learning with respect the group fed a standard diet. Inter
estingly, animals on a KD showed an increase in anxiety behavior 7 days 
after beginning the KD regimen. 

Results related to metabolism confirmed that animals exposed to a 
KD rapidly displayed a ketotic state, as ketone body levels of βOHB 
significantly increased from the first 24 h onwards. When the individual 
is in a ketotic state, the reduction of carbohydrates in the diet leads to a 
drastic reduction in the levels of glucose, which ceases to be available as 
the main source of energy, inducing the body to generate ketone bodies 
in the liver [42,43]. This rise in blood ketone bodies induces a different 
metabolism [15] in which ketones, rather than sugar, become the main 
source of energy. In our study, these values remained stable while the 
animals were fed with the KD, but returned to normal 24 h after they 
were switched back to the SD. βOHB levels are widely used as a 
biomarker of ketosis in mice and humans [15], and our results are 
consistent with other studies that indicate that KD increases βOHB levels 
in both mice [21] and rats [20]. With respect to body weight and the KD, 
preclinical studies have revealed some disagreement, as different studies 
suggest that a KD can increase or decrease body weight in rats [12, 
44–46]. This may be due to methodological issues, as it is necessary to 
match eucaloric diets. In our study, even when animals rapidly entered a 
ketotic state, their body weight did not differ from that of animals 
exposed to the SD, which also corresponds with previous results [21,47]. 

Our results showed that animals fed with the KD spent less time and 
percentage of time in the open arms of the EPM and made a lower 
percentage of open entries than those fed with the SD. This result is in 
contrast with the only other study that evaluated anxiety in animals fed 
on a KD, which reported no changes with respect to animals fed with a 
SD [21]. Another study reported that 8 weeks of ketone supplementation 
also did not induce any changes in anxiety [48]. A plausible explanation 
for the result obtained in our study is that, in every previous study, 
anxiety was evaluated 3 months after being on the KD and 8 weeks after 
supplementation, while we measured anxiety only 7 days after the 
beginning of KD administration. Adenosine receptors in GABAergic 
neurons play an essential role in anxiety regulation [49,50] and KD 
induces modifications in the adenosinergic systems [51], which could 
explain these initial alterations. The increase in anxiety observed in our 
study could be due to the short time of habituation to this type of diet. 
We confirmed that this increase in anxiety was due to the KD, as anxiety 
levels returned to normal when animals were switched back to the SD. 
To confirm the results obtained in the EPM, we assessed the time spent 
near the wall in the Open Field test and found no significant differences 
between both groups. This may be due to the fact that the EPM is much 
more sensitive [52], and that the EPM and the Open Field tests can 
measure different aspects of anxiety [53]. Indeed, several studies have 
reported symptoms of anxiety in mice using the EPM, but not with the 
Open field test [54]. Combining our results with those of previous 
studies, we could hypothesize that anxiety symptoms produced by the 
KD would be reduced over time. This result is an important issue to 
consider in future studies, as it indicates that it is prudent to lengthen the 
diet adaptation phase before the beginning of any behavioral test. For 
example, anxiety levels may be interfering if the animal is unable to 
complete the task of exiting a maze, and the researcher may misattribute 
this behavior to a lack of learning ability. 

Focusing on the cognitive profile and the possible effects of a KD, no 
changes were observed in locomotion, learning or memory, with the 
exception of anxiety. In this line, the results of the present work showed 
that mice on the KD displayed similar locomotion abilities to animals fed 
the SD when evaluated in the Open Field test, which suggests that the KD 
does not alter locomotion behavior. The Open Field is a commonly used 
test, and several studies have confirmed that a KD does not affect general 
locomotor activity in rats [55,56] and mice [57]. Similar results have 
been reported by studies evaluating locomotor activity in mice receiving 
a ketone supplementation [48]. This result could be novel and 

promising, as studies employing common HFDs have reported alter
ations in locomotion, such as hyperlocomotion [24,58], or a decrease in 
activity [59,60]. This outcome would be crucial in studies on pathol
ogies like epilepsy or Parkinson’s disease, where a locomotor alteration 
may mask the real effects of nutritional interventions [10,61]. 

Regarding implicit memory, independently of the dietary treatment, 
all animals presented longer step-through latencies in the 24 h test with 
respect to the training session, confirming that they remembered the 
footshock received earlier. These results confirm those of a previous 
study in which a KD did not affect a contextual fear-conditioning task in 
rats [62]. 

In the same line are the results obtained in hippocampal-dependent 
learning, which showed that the KD group required the same time as the 
SD group to reach the goal in all the mazes, confirming that a KD does 
not alter acquisition of learning. Mice fed with the SD and the KD spent a 
similar amount of time in the easy or difficult (5) mazes. In general, 
difficult mazes can discriminate between groups when there is a 
cognitive deficit in any of them. In the present study, after 8 trials, 
regardless of diet, all mice always learned the task. A possible expla
nation for the reduction of time needed to complete Maze 8 despite 
being considered a difficult maze is the experience that had been pre
viously acquired. The day before performing Maze 8, all mice completed 
Maze 4, which presents a comparable configuration (Fig 1b) and thus 
were familiarized with the spatial configuration and learned the task 
comparatively faster. The Hebb-Williams maze is a very sensitive test 
which is employed to detect spatial learning deficiencies, but there are 
no studies to date employing this maze to test KD effects. However, 
results from other studies have shown no deficits in the Y-maze or Water 
Maze in male mice kept on a KD for 3 months [21], or in the Novel 
Object Recognition test [63]. This result is in contrast with previous 
studies on common HFDs, where it has been shown that continuous 
exposure to a HFD induces marked memory and spatial learning deficits 
[24,29,64–67]. This affection might be triggered by leptin levels, which 
are significantly increased with HFDs [24,68]. It has been shown that 
when leptin levels increase, memory and learning can be affected [29, 
69]. In fact, recent studies have suggested that not only does the KD not 
produce learning and memory impairments but it rescues hippocampal 
memory deficiencies in mice presenting impairments caused by age [70] 
or rats exposed to chronic stress environments [71]. Although the KD 
has different characteristics and metabolic properties from the common 
HFDs employed to date, it is still a high-fat diet. Thus, it is necessary to 
confirm the lack of detrimental effects induced by it. Conventional an
imal HFDs contain approximately 30–40% of carbohydrates, of which 
approximately 20% are sugars; while in the KD, the main component is 
fat (90%), followed by protein and less than 5% carbohydrates. These 
differences in sugar and carbohydrate composition are the main expla
nation for the physiological effects of KDs on several diseases. Although 
both diets are high in fat, the changes that they produce in metabolic 
status are significantly different. 

In preclinical studies, anxiety and locomotor behavior are both 
commonly used as behavioral complements in several areas of knowl
edge. In addition, learning and memory are most employed in areas of 
neurodegenerative disorders and drug addiction, areas in which the KD 
is increasingly becoming a focus of interest [9,13]. A pharmacological or 
nutritional treatment can have a significant physiological effect (cells, 
metabolism), but this effect might not be reflected in a behavioral 
improvement. For example, a specific treatment could clear amyloid 
beta protein without an improvement in the learning or memory per
formance of the animals. Another example could be found in models of 
addiction, where animals have to learn an operant task to obtain the 
drug (models of self-administration) [72] or make a contextual associ
ation with the drug (models of conditioned place preference), which 
requires memory and learning abilities for the acquisition process [73]. 
If the diet per se is affecting learning and memory, the researcher might 
draw wrong conclusions about the drug, as food, rather than the drug 
itself, could be influencing the animals’ cognitive ability. Therefore, 
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preclinical models of behavior help us to confirm whether the different 
pharmacological or nutritional treatments are effective. To achieve this 
end, we must ensure that the treatment per se does not affect behavior or 
cognition. 

5. Conclusion 

The present study shows that the KD is a nutritional intervention that 
does not affect behavior or cognitive performance in male mice. How
ever, one important limitation of this study has been not exploring the 
effects of this diet in female mice. It should be noted that understanding 
sex differences in the clinical application of a KD is a very relevant factor 
to take into account, especially given that the cognitive and behavioral 
consequences of some psychiatric disorders differ between males and 
females, as in anxiety and depressive disorders [74]. Therefore, further 
research is needed to know the effects of a KD in females. In addition, in 
this study we have evaluated the short-term cognitive effects of a KD, but 
a longer exposure to this diet before the behavioral testing would verify 
the lack of cognitive alterations. 

Future studies in the addiction and neurodegenerative disease fields 
that are exploring nutritional interventions with the KD can safely 
employ different tests of memory, learning and locomotor activity, as 
well as anxiety, always providing a prudent habituation time to the diet, 
as anxiety could otherwise alter the results of other tests. 
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editing. 

References 

[1] A.M. Johnstone, G.W. Horgan, S.D. Murison, D.M. Bremner, G.E. Lobley, Effects of 
a high-protein ketogenic diet on hunger, appetite, and weight loss in obese men 
feeding ad libitum, Am. J. Clin. Nutr. 87 (2008) 44–55, https://doi.org/10.1093/ 
ajcn/87.1.44. 

[2] A. Paoli, G. Bosco, E.M. Camporesi, D. Mangar, Ketosis, ketogenic diet and food 
intake control: a complex relationship, Front. Psychol. 6 (2015), https://doi.org/ 
10.3389/fpsyg.2015.00027. 

[3] J. Roth, A.L. Szulc, A. Danoff, Energy, evolution, and human diseases: an overview, 
Am. J. Clin. Nutr. 93 (2011) 875–883, https://doi.org/10.3945/ajcn.110.001909. 

[4] M. Schiff, P. Bénit, A. Coulibaly, S. Loublier, R. El-Khoury, P. Rustin, Mitochondrial 
response to controlled nutrition in health and disease: nutrition Reviews, Vol. 69, 
No. 2, Nutr. Rev. 69 (2011) 65–75, https://doi.org/10.1111/j.1753- 
4887.2010.00363.x. 

[5] S.A. Masino, M. Kawamura, D.N. Ruskin, J.D. Geiger, D. Boison, Purines and 
neuronal excitability: links to the ketogenic diet, Epilepsy Res. 100 (2012) 
229–238, https://doi.org/10.1016/j.eplepsyres.2011.07.014. 

[6] T.A. Lusardi, K.K. Akula, S.Q. Coffman, D.N. Ruskin, S.A. Masino, D. Boison, 
Ketogenic diet prevents epileptogenesis and disease progression in adult mice and 
rats, Neuropharmacology 99 (2015) 500–509, https://doi.org/10.1016/j. 
neuropharm.2015.08.007. 

[7] S.A. Masino, J.M. Rho, Mechanisms of ketogenic diet action, Epilepsia 51 (2010), 
https://doi.org/10.1111/j.1528-1167.2010.02871.x, 85–85. 

[8] S.K. Kessler, E.G. Neal, C.S. Camfield, E.H. Kossoff, Dietary therapies for epilepsy: 
future research, Epilepsy Behav. 22 (2011) 17–22, https://doi.org/10.1016/j. 
yebeh.2011.02.018. 

[9] M.T. Newport, T.B. VanItallie, Y. Kashiwaya, M.T. King, R.L. Veech, A new way to 
produce hyperketonemia: use of ketone ester in a case of Alzheimer’s disease, 
Alzheimer’s &, Dementia 11 (2015) 99–103, https://doi.org/10.1016/j. 
jalz.2014.01.006. 

[10] T.B. VanItallie, C. Nonas, A. Di Rocco, K. Boyar, K. Hyams, S.B. Heymsfield, 
Treatment of Parkinson disease with diet-induced hyperketonemia: a feasibility 
study, Neurology 64 (2005) 728–730, https://doi.org/10.1212/01. 
WNL.0000152046.11390.45. 

[11] A. Evangeliou, I. Vlachonikolis, H. Mihailidou, M. Spilioti, A. Skarpalezou, 
N. Makaronas, A. Prokopiou, P. Christodoulou, G. Liapi-Adamidou, E. Helidonis, 
S. Sbyrakis, J. Smeitink, Application of a Ketogenic diet in children with autistic 
behavior: pilot study, J. Child Neurol. 18 (2003) 113–118, https://doi.org/ 
10.1177/08830738030180020501. 
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J. Miñarro, M. Rodríguez-Arias, Ketogenic diet decreases alcohol intake in adult 
male mice, Nutrients 13 (2021) 2167, https://doi.org/10.3390/nu13072167. 

[13] C.E. Wiers, L.F. Vendruscolo, J.-.W. van der Veen, P. Manza, E. Shokri-Kojori, D. 
S. Kroll, D.E. Feldman, K.L. McPherson, C.L. Biesecker, R. Zhang, K. Herman, S. 
K. Elvig, J.C.M. Vendruscolo, S.A. Turner, S. Yang, M. Schwandt, D. Tomasi, M. 
C. Cervenka, A. Fink-Jensen, H. Benveniste, N. Diazgranados, G.-.J. Wang, G. 
F. Koob, N.D. Volkow, Ketogenic diet reduces alcohol withdrawal symptoms in 
humans and alcohol intake in rodents, Sci. Adv. 7 (2021) eabf6780, https://doi. 
org/10.1126/sciadv.abf6780. 

[14] A.L. Hartman, M. Gasior, E.P.G. Vining, M.A. Rogawski, The Neuropharmacology 
of the Ketogenic Diet, Pediatr. Neurol. 36 (2007) 281–292, https://doi.org/ 
10.1016/j.pediatrneurol.2007.02.008. 

[15] K. Politi, L. Shemer-Meiri, A. Shuper, S. Aharoni, The Ketogenic Diet 2011: how It 
Works, Epilepsy Res Treat 2011 (2011) 1–4, https://doi.org/10.1155/2011/ 
963637. 

[16] O.E. Owen, A.P. Morgan, H.G. Kemp, J.M. Sullivan, M.G. Herrera, G.F. Cahill, 
Brain Metabolism during Fasting*, J. Clin. Invest. 46 (1967) 1589–1595, https:// 
doi.org/10.1172/JCI105650. 

[17] J.C. Newman, E. Verdin, Ketone bodies as signaling metabolites, Trends 
Endocrinol. Metab. 25 (2014) 42–52, https://doi.org/10.1016/j.tem.2013.09.002. 

[18] L.B. Achanta, C.D. Rae, β-Hydroxybutyrate in the brain: one molecule, multiple 
mechanisms, Neurochem. Res. 42 (2017) 35–49, https://doi.org/10.1007/s11064- 
016-2099-2. 

[19] E.N. Dedkova, L.A. Blatter, Role of Î2-hydroxybutyrate, its polymer poly-̂I2- 
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