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Abstract
The ketogenic diet (KD) is a type of diet in which the intake of fats significantly increases at the cost of carbohydrates while 
maintaining an adequate amount of proteins. This kind of diet has been successfully used in clinical therapies of drug-resistant 
epilepsy, but there is still insufficient evidence on its safety when used in pregnancy. To assess KD effects on the course 
of gestation and fetal development, pregnant females were fed with: (i) KD during pregnancy and lactation periods (KD 
group), (ii) KD during pregnancy replaced with ND from the day 2 postpartum (KDND group) and (iii) normal diet alone 
(ND group). The body mass, ketone and glucose blood levels, and food intake were monitored. In brains of KD-fed females, 
FTIR biochemical analyses revealed increased concentrations of lipids and ketone groups containing molecules. In offspring 
of these females, significant reduction of the body mass and delays in neurological development were detected. However, 
replacement of KD with ND in these females at the beginning of lactation period led to regainment of the body mass in their 
pups as early as on the postnatal day 14. Moreover, the vast majority of our neurological tests detected functional recovery 
up to the normal level. It could be concluded that the ketogenic diet undoubtedly affects the brain of pregnant females and 
impairs the somatic and neurological development of their offspring. However, early postnatal withdrawal of this diet may 
initiate compensatory processes and considerable functional restitution of the nervous system based on still unrecognized 
mechanisms.
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Introduction

A ketogenic diet is a type of low-carbohydrate diet with 
moderate protein restriction and no restriction on fats as a 
result of which leading the body into a state of ketosis (Kirk-
patrick et al. 2019; Gzieło et al. 2020). During a ketogenic 
diet, fat intake should be around 80% of total caloric con-
sumption, however, there are many other variations with dif-
ferent nutrient distribution.

Under normal circumstances, energy required to maintain 
a proper functional status in the adult brain derives from 
glucose generated in carbohydrate metabolism. When car-
bohydrates are eliminated from the diet, the energy comes 
from fatty acid oxidation generating the amount of acetyl-Co 
molecules sufficient for the synthesis of acetylacetic acid in 
the liver. It can be spontaneously transformed into acetone 
or enzymatically transformed into beta-hydroxybutyric acid 
(ketone bodies, BHB). This reaction can run both directions 
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in the presence of beta-hydroxybutyric acid dehydrogenase 
(Bailey et al. 2005). Ketone bodies generated in this way 
become an alternative energy source. The condition in which 
the synthesis of ketone bodies is accelerated is called ketosis. 
Ketone bodies are transported to the circulation and then to 
extrahepatic tissues where they are used as ATP precursors. 
They can also reach the brain easily crossing the blood–brain 
barrier (acetone via simple diffusion, beta-hydroxybutyric 
acid and acetylacetic acid through appropriate transporters), 
the expression of which is connected with the ketosis level 
(Bailey et al. 2005). Upon crossing the blood brain barrier, 
ketones are transported across cell plasma membranes via 
MCTs 1 and 2 in astrocytes and neurons, respectively (Vijay 
and Morris 2014).

Currently, due to the increase in popularity of the diet, it 
is used by bodybuilders during downsizing or as a general 
nutritional model among adults although it was originally 
developed to treat epilepsy, nervous system disorders, and 
obesity (Lee and Lee 2021a, b; Zhang et al. 2018). The 
increased interest in dieting especially among women during 
their childbearing period raises legitimate concerns because 
this dietary style may affect the developing fetus, its nerv-
ous system and can influence the maternal nervous system 
as well.

Maternal nutrition during pregnancy is an important part 
of maternal and child health care and determines what and 
how much of what passes through the placenta to the fetus 
(Jansson and Powell 2007). Changes in diet can have detri-
mental effects on the metabolism of both mother and child 
(King 2000). A key aspect is caloric intake, which directly 
affects fetal growth and, more specifically, body mass gain 
during pregnancy. During the whole pregnancy period, 
energy requirements gradually increase but within the first 
trimester they still remain at the normal level (Williamson 
2006; Mousa et al. 2019). In mice on a ketogenic diet, due 
to the fetus access to the high-energy fuel ketone bodies, 
there is a rapid volume gain at the early stage of pregnancy 
with, however, a subsequent decrease (Sussman et al. 2013). 
Proteins are important nutrients due to their structural and 
functional role. To maintain homeostasis during pregnancy, 
maternal adaptation is necessary to the increased demands 
for these macronutrients resulting from fetal requirements 
and preparation for lactation (Elango and Ball 2016). How-
ever, it should be noted that both low-protein and high-pro-
tein diets are associated with detrimental effects on the off-
spring and may lead to the development of various diseases 
at a later stage (Langley-Evans 2009). In mouse embryos 
on a high-protein diet, an increased amount of reactive oxy-
gen species can be seen while on a low-protein diet there is 
a reduced mitochondrial count. This indicates that, in the 
case of protein, it affects the intensity of metabolic processes 
(Mitchell et al. 2009). Although all nutrients have influence 
on brain maturation, proteins appear to be the most critical 

components for the development of neurological functions. 
Experimental studies in rodents have shown that perinatal 
protein malnutrition could alter neurogenesis, cell matura-
tion, synaptic plasticity and physical and neuromuscular 
development (Ferroni et al. 2020).

In the case of carbohydrates, their main influence comes 
from being the main energy substrate and their intake should 
correlate with the increase in demand during pregnancy. 
However, attention should be paid to the glycemic index 
of the food consumed, as its high value leads to placental 
hypertrophy and excessive maternal body mass gain (Clapp 
2002). Fats are important nutrients in the later stages of 
pregnancy, during the development of the nervous system. 
It has been noted that fat intake can affect the later behavior 
of children (Gustafsson et al. 2016). Preclinical models show 
that DHA (Docosahexaenoic acid) is necessary for neuro-
genesis and neuronal migration, membrane fatty acid com-
position and fluidity, and synaptogenesis. The LC-PUFAs 
have a profound effect on monoaminergic, cholinergic, and 
GABA-ergic neurotransmitter systems (Cusick and Geor-
gieff 2016).

Due to the numerous reports related to fetal develop-
ment and neurogenesis during ketogenic diet therapy, we 
examined how the ketogenic diet, applied during pregnancy 
and lactation periods, affects the biochemical composition 
of maternal brain and neurological development of pups 
originating from the affected females. If this diet were to 
have negative consequences, it would be very important to 
establish whether they are irreversible, or if discontinuation 
of this diet would allow for a general somatic and functional 
recovery.

Materials and methods

Animal treatment in pregnancy and postpartum

In the experiment, we used 30 2-month-old female Wistar 
rats obtained from the animal colony in the Laboratory of 
Experimental Neuropathology (Institute of Zoology and 
Biomedical Research, Jagiellonian University, Krakow). 
All procedures were carried out in accordance with the per-
mission no. 122/2015 of the First Local Ethical Committee. 
Before the experiment, all the animals were fed with a nor-
mal diet (ND) for rodents (Morawski Labofeed H Standard).

To control fertilization, female rats were placed in one 
cage with males for 8 h during the night. In the morning, 
every sperm-positive female was placed in a separate cage 
for the period of pregnancy.

On the day of sperm positivity (gestational day 0, G0), the 
pregnant females were randomly divided into two groups. 
The first group (NDs, n = 13) remained on the normal diet 
while the ketogenic diet (KD, ssnif® EF R/M with 80% Fat, 
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www.​ssniff.​com) was introduced in the second group (KDs, 
n = 17, Fig. 1). Table 1 shows the content of ketogenic and 
normal diets.

The food consumed was weighed 3 times a week to moni-
tor the food intake and the females were weighed on G0 
and 4, 15 and 20 days after conception (G4, G15 and G20, 
respectively). In six females from each ND- and KD-fed 
group, glucose and ketone bodies (BHB—betahydroxybu-
tyrate) blood levels were measured using an Optium Xido 
glucometer (Abbott Diabetes Care Ltd. Oxon, UK).

According to the Reduction Principle of 3R Rule, 2 days 
postpartum (PP2), 12 females, previously examined for glu-
cose and BHB blood levels, assigned for Fourier transform 
infrared microspectroscopy (FTIR) measurements, were 
weighed and perfused with physiological saline of high ana-
lytical purity. Their brains were immediately excised from 
the skulls, weighed and snap-frozen in liquid nitrogen. Pups 
of the perfused females were included in recordings of the 
litter size, sexual proportion and body mass on P2.

Remaining females were kept with their pups up till they 
were weaned on day 21 after delivery (P21). Among them, 
seven females from NDs and five from KDs were continu-
ously fed with the same, respective diets. However, on PP2, 
in six initially KD-fed females, the diet was replaced with 
the normal one and continued up till the weaning time. This 
dietary treatment is indicated here as KDND and the animal 
group fed in this way as KDNDs. Figure 1 shows the scheme 
of dietary treatments.

FTIR microscopy, biochemical and PCA analysis

For the topographic biochemical analysis of the whole brain 
slices and the hippocampal formation areas, Fourier trans-
form infrared microspectroscopy (FTIR) was applied. The 
measurements were carried out in the Department of Medi-
cal Physics and Biophysics (Faculty of Physics and Applied 
Computer Science, AGH University of Science and Tech-
nology, Krakow) using FTIR microscope Nicolet iN10 MX 
(Thermo Fisher Scientific). The tissue samples placed on 
the glasses made of CaF2 were examined in the transmission 
mode. The absorption spectra were recorded using the linear 
array of 16 MCT-A detectors. They were measured for the 
wavenumber range of 900–4000 cm−1 with the resolution of 
8 cm−1 accumulating 32 scans per each single spectrum. The 
spatial resolution of the measurements was around 25 μm in 
both directions.

The data acquisition and the topographic analysis were 
performed using OMNIC Picta software (version 1.5.141). 
To determine the distributions of compounds containing 
carbonyl groups (including ketone bodies), chemical maps 
for the band at the wavenumber of 1740 cm−1 were used. 
In turn, spectral region 1360–1480 cm−1, characteristic for 
bending vibrations of methyl and methylene groups was 
applied for imaging the distribution of lipids, cholesterol 
and/or its esters (Chwiej et al. 2015; Drozdz et al. 2020). 
The chemical mapping was carried out on the unprocessed 
spectra by displaying in two dimension the area of particular 
absorption band or massive. For calculations of the inte-
grated band areas, the trapezoidal baseline correction was 
used and the background was taken at the two extreme fre-
quency values of the peak/massif.

To quantitatively compare the intensity of the examined 
absorption bands (1740 cm−1 and 1360–1480 cm−1) between 
the ketogenic- and normal diet-fed rats, for each animal 
their average intensities were calculated within the cortex, 
white matter and four main cellular layers of the hippocam-
pal formation, namely granular, pyramidal, multiform and 
molecular layers (Fig. 2). To extract the pixels belonging 
to the particular brain areas or cellular layers, the chemical 
maps were imposed on the microscopic pictures obtained 
for each examined sample (Fig. 2c). The pixels belonging 
to the examined brain areas were chosen with avoiding the 

Fig. 1   The scheme of dietary treatments of females during pregnancy 
and lactation periods with their numbers (n) in successively selected 
groups. Maternal blood parameters, body mass and food intake were 
measured on the day of fertilization (G0), on gestational days 4, 15, 
20 and on the second day postpartum (PP2). On PP2, in six previ-
ously KD-fed females, the normal diet was introduced. In addition, on 
PP2, six ND- and six KD-fed females were subjected to perfusion-fix-
ation and their brain processed for FTIR analysis. Neurodevelopmen-
tal reflex tests on pups were performed during the lactation period, 
i.e., up till day 21 postpartum (PP21). Abbreviations: ND, KD, 
females on normal and ketogenic diet, respectively, KDND, females 
initially fed with KD, which on PP2 was replaced with ND. Periods 
of ND and KD application are indicated in green or yellow, respec-
tively

Table 1   The content of main nutrients (% of the dry mass) of normal 
and ketogenic diet

Nutrient Ketogenic diet (KD) Ketogenic 
diet (KD)

Lipids 10 79
Carbohydrates 60 1
Proteins 30 8
Others 0 12

http://www.ssniff.com
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points localized in the border of the layers (Fig. 2d). The 
mean values of the biochemical parameters were calculated 
for 100 randomly chosen points from the examined areas/
cellular layers.

Afterwards, the Mann–Whitney U test was applied for 
evaluation of statistical significance of the differences 
observed between the two groups. The obtained results were 
shown in the box-and-whiskers plots comparing the median, 
minimal and maximal values of the mentioned biochemical 
parameters in each group.

In addition, principal component analysis (PCA) was used 
in the study to verify if the examined brain areas/cellular 
layers of ketogenic- and normal diet-fed female rats can be 
distinguished based on their infrared absorption spectra. In 

other words, it was used to check if possible spectral differ-
ences between the two examined animal groups are statisti-
cally relevant and allow to categorize animals to independent 
clusters. The PCA was done with the use of the Origin Pro 
software (version 2020b) on the second derivative spectra 
which were previously subjected to the atmospheric and the 
baseline correction as well as vector normalization.

Neurodevelopment reflex tests (Table 2)

The earliest neurodevelopmental examinations begun on P3 
from the following three tests:

Forelimb grasping—by applying a blunt rod to the fore-
limbs, the grasping reflex should be observed. A rat received 
a point for each forelimb. The test was scored positively 
when 2 points were received in two consecutive days.

Hindlimb grasping—was scored as in the previous test 
but concerning the hind paws.

Righting—a rotation test in which the rat was placed on 
its back and the time after it regained the normal position 
was measured. For the complete rotation occurring within 
15 s, the rat was given 2 points but 1 point when the rotation 
was incomplete. The test was repeated until 2 points were 
received in two consecutive days.

From P4, more neurodevelopmental tests were applied, 
such as:

Hind limb placing—the rat was held upright and the 
upper side of the paw was rubbed against the edge of a cliff. 
The correct result was when the paw bended in response 
and a point was received for each hind paw. The test was 
considered passed when 2 points were received in two con-
secutive days.

Cliff avoidance—a pup was placed on the cliff edge and 
observed during 15 s. If it moved away but its paws remained 
on the edge, 1 point was given. If the pup moved away com-
pletely, 2 points were given. The result was negative when 

Fig. 2   a Example of the examined area from an unstained brain sec-
tion containing the hippocampal formation, b the chemical map 
for the area shown in part a obtained for the absorption band at 
1740 cm−1, c 2D blend of pictures (a) and (b), d localization of pixels 
belonging to brain areas/cellular layers subjected to quantitative com-
parisons

Table 2   Neurodevelopmental tests, postnatal days of their introduction with positive and negative criteria

Reflex test Postnatal day of 
introduction

Positive results Examples of negatively assessed responses

Forelimb grasping 3 Two forepaws grasp rod One forepaw grasp rod
Hindlimb grasping 3 Two hind paws grasp rod One hind paws grasp rod
Righting 3 Full righting in 15 s No perfect righting
Hindlimb placing 4 Bending of both stimulated hind paws Bending of one of stimulated paws
Cliff avoidance 4 Movement away from the cliff edge One forepaw on the cliff edge
Gait 6 At least both forepaws beyond the circle rim in 30 s One forepaw beyond the circle rim
Auditory startle 10 Flexing body after stimulus No response
Eye opening 12 Both fully open eyes None or one open eye
Posture 13 Abdomen above the ground and vertically oriented 

limbs during movement
No rising the abdomen above the ground 

and paws spread wide apart
Accelerated righting 14 Full body rotation and successful fall on four legs No successful fall on four legs
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the pup did not move or fall from the cliff edge. The test was 
scored when two points were obtained within two subse-
quent days. A necessary assistance prevented the pups from 
injurious falls.

On P6, the gait test was added in which a rat placed in 
the center of a 15 cm diameter paper disc was expected to 
leave it within 30 s. The test was successfully completed 
when, in two consecutive days, the rat was able to cross the 
disc rim with, at least, both forepaws. Each rat was protected 
from cooling with a thick layer of polystyrene placed under 
the disc.

On P10, the auditory startle reflex test was introduced, 
where a rat, isolated from other animals, was exposed to a 
sharp auditory stimulus from above its head to evoke flexing 
its body in response. The test was passed positively when the 
response was repeated on two consecutive days.

From P12, eye opening was monitored to record the day 
when both eyes were fully open.

From P13, the rat posture during movement was observed. 
The rat ability to keep its abdomen above the ground with 
vertically oriented limbs during movements was scored 
positively.

Finally, the accelerated righting test was introduced on 
P14. Rats were tested for the ability to body rotation after 
they were kept upside down then dropped 30 cm above the 
ground. When the juvenile rats made a half turn and fell on 
its side, 1 point was given. The rats received 2 points when 
they fell on their four paws. No point was given after falling 
on the dorsal side. A soft floor was used in the test to protect 
animals from damages. A heating lamp helped to reduce the 
risk of hypothermia of the pups.

Statistical analyses

The normality of data was evaluated with the Shapiro–Wilk 
and Levene tests. Because of the normal data distribution, 
diet intake and blood parameters were compared between 
groups using Student’s t tests for independent samples. 
Because of non-Gaussian distribution, the data for neurode-
velopmental reflexes and offspring number or body mass 
were tested using the Mann–Whitney U test. The level of 
statistical significance was set at 0.05. Statistical analyses 
were performed with Statistica 10 (Statsoft).

Results

Diet intake in pregnant females

In the group of KD-fed females, the daily food intake was 
significantly lower than in those fed with ND (p < 0.00002, 
Fig. 3a), but this relation was quite opposite in terms of 
the caloric intake, which was significantly higher in KD-fed 

females (p < 0.000001, Fig. 3b). Interestingly, the average 
body masses in these two female groups recorded at four 
stages of pregnancy and on the second day postpartum 
(PP2) did not reveal any significant difference (Fig. 4a). On 
PP2, however, when six brains were collected from each 
of the two female groups for biochemical analysis, a sig-
nificant decrease in the brain mass was revealed in KD-fed 
females (Fig. 4b; p < 0.02). This difference, however, was not 
reflected by a corresponding significant difference between 
the brain-to-body mass ratios (Fig. 4c). The problem of the 
long-term effects of KD and of their possible reversibility in 
pregnant females could be a reasonable subject for further 
research.

Blood parameters in pregnant females

The blood level of BHB was significantly higher in KD-fed 
pregnant rats on G0, G4, G15 and G20 (p < 0.008, p < 0.004, 
p < 0.004, respectively) than that in those fed with ND 
(Fig. 5a). The glucose blood level was similar on G0, G4 
and G15 in both groups, however, on G20 it was higher in 
ND. (p < 0.00002, Fig. 5b).

Brain biochemical composition

In Fig. 6, the microscopic images of female rat brains were 
compared with the two-dimensional chemical maps pre-
senting the distribution of 1360–1480 cm−1 and 1740 cm−1 
bands intensities. As one can see, in case of KD-fed female 
rats, the surface of white matter characterized by higher 
accumulation of both absorption bands appears larger. Such 
relationship is not visible for the hippocampal formation 
what one can see in the Fig. 7.

Mann–Whitney’s U test used to verify statistical sig-
nificance of differences in the level of 1740  cm−1 and 
1360–1480 cm−1 absorption bands intensities between KD 

Fig. 3   Food (a) and caloric intake (b) per day during the course of 
gestation in groups on the normal (ND, white boxes) or ketogenic 
diets (KD, black boxes), respectively. The results are presented as 
means (± SEM and SD) together with decimal indexes of statistical 
significance (Student’s t test)
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and ND groups did not confirm the existence of statistically 
relevant anomalies for any of the examined areas and the 
cellular layers (Fig. 8). However, the intensity of 1740 cm−1 
absorption band tended to be higher in matter of females fed 
the ketogenic diet.

The carried out PCA showed that the infrared absorption 
spectra recorded for ketogenic and normal diet-fed animals 
did not differ significantly (Fig. 9). As the analysis took into 
account all the components of the recorded infrared spec-
tra, its results suggest that there are no global biochemical 
differences between brain tissue taken from female rats fed 
with the normal and ketogenic diet. Such a result is also 

in agreement with the quantitative results obtained for the 
examined absorption bands which did not show statistically 
relevant differences in intensities.

Numbers, body mass and general appearance 
of offsprings of females fed with different diets

The numbers of newborn rats in particular litters and their 
sexual proportions did not differ between the examined 
groups (data not shown), however, very strong effects of 
different dietary treatments were detected.

Offsprings of females that were fed KD during their preg-
nancy and up till the 2nd day postpartum showed highly sig-
nificant reductions of the body mass compared to their coun-
terparts from ND-fed females. When a group of females, 
originally fed with KD, began to receive ND on PP2 (from 
that day this group was indicated as KDNDs), their offspring 
began to restore the body mass very quickly. It fact, on P6, it 
was still significantly lower than that in the group fed with 
ND alone but already significantly higher than in the group 
which was continuously fed with KD. From P14, the off-
springs of KDND-fed females showed complete restoration 
of their body mass in relation to pups continuously depend-
ing on ND and disappearance of previous difference between 
them. Consequently, the average body mass of pups from 
these groups were significantly higher than that observed 
in pups depending on KD alone. These relations remained 
up till P21. Intergroup differences showed statistical signifi-
cance, at least at the level of p = 10–6, except for p < 0.002 
for the difference detected on P21 between female pups from 
KDND- and KD-fed females, a drastic decrease in the body 
size of the KD-fed pups could also be observed (Fig. 10).

Neurodevelopment reflex tests (Table 2, Fig. 11)

(a) Forelimb grasping
A delay in acquisition of the forelimb grasping (p < 0.02) 

was detected in KDNDs in relation to NDs without any other 
significant difference (Fig. 11a).

(b) Hindlimb grasping

Fig. 4   Changes in the body 
mass (a) brain mass (b) and 
in the brain–body ratio (c) in 
females on the normal (ND, 
white boxes) or ketogenic 
diets (KD, black boxes), 
respectively. The results are 
presented as means (± SEM and 
SD) together with a decimal 
index of statistical significance 
(Student’s t test). Abbreviations: 
G0, G4, G15, G20—gestational 
days; PP2—day 2 postpartum

Fig. 5   Blood levels of ketone bodies (a) and of glucose (b) measured 
on gestational days 0, 4, 15 and 20 (G0, G4, G15 and G20, respec-
tively) in ND- and KD-fed females (white and black boxes, respec-
tively). The results are shown as medians with Q25, Q75, minima and 
maxima (small squares, boxes and whiskers, respectively). Decimal 
indexes show statistical significance of differences between adjacent 
graphs (nonparametric Mann–Whitney U test)
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In males, a positive completion of this test was signifi-
cantly delayed in all KDs compared to NDs (p < 0.002) and 
KDNDs (p < 0.006, Fig. 11b). In females, the delay was 
significant only in KDs (p < 0.0007). In addition, results of 
KDND-fed males were better than of their female counter-
parts (p < 0.02).

(c) Righting
The righting test detected significant decreases ability in 

all KDs, in relation to NDs (p < 0.00003 and p < 0.00005, 
for males and females, respectively, Fig. 11c) and in rela-
tion do KDNDs (p < 0.00004 and p < 0.000007, for males 
and females). KDND females showed a slight improvement 
in relation to corresponding NDs (p < 0.03). In ND-fed rats, 
the test performance was earlier in males than in females 
(p < 0.0002).

(d) Cliff avoidance
Similar delays, versus NDs, in the development of cliff 

avoidance reflex was displayed by males (p < 0.0003 and 
p < 0.00002, for KDs and NDKDs, respectively, Fig. 11d) 

and by females (p < 0.00008 and p < 0.000001, for KDs and 
NDKDs, respectively).

(e) Hindlimb placing
This test showed no significant difference in male groups. 

However, the acquisition of hindlimb placing ability in KD 
female pups was significantly slower than in NDs (p < 0.002) 
or in KDNDs (p < 0.006, Fig. 11e).

(f) Gait
According to the gait test, scores of KDs and KDNDs 

were similar but, when compared to NDs, both groups 
showed functional retardation in males (p < 0.000006 
and p < 0.000001, respectively, Fig.  11f) and females 
(p < 0.00003 and p < 0.000005).

(g) Auditory startle
A developmental slowdown in KDs was detected. In 

males, it was statistically significant only when compared 
to KDNDs (p < 0.03, Fig. 11g) but in females, it occurred 
also in relation to NDs (p < 0.02) and NDKDs (p < 0.02).

(h) Eye opening

Fig. 6   Anatomical images and chemical maps of brains taken from 
female rats fed with ketogenic (KD) and normal diet (ND): amicro-
scopic views of unstained brains sections corresponding to chemical 
maps showing results of FTIR analysis and presented in parts  b and 

c of the figure; b and c the chemical maps showing the distribution of 
intensity of the 1360–1480 cm −1 massif and 1740 cm−1 band, respec-
tively. Color scales on the right represent the range of changes in the 
particular band/massif intensity. The bar shows 2.5 mm
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Both male and female KDs opened their eyes later 
than NDs (p < 0.02 and p < 0.002, respectively, Fig. 11h) 
or KDNDs (males: p < 0.0002 and p < 0.00003, respec-
tively). Interestingly, in relation to NDs, eye opening in 
male KDNDs was significantly accelerated, both in males 
(p < 0.005) and females (p < 0.03).

(i) Posture
The acquisition of the correct posture showed a similar 

patterns of intergroup differences as that characterizing the 
development of eye opening. When compared with NDs, 
significant delays were recorded in KDs, male (p < 0.05) 
and female (p < 0.0005, Fig. 11i). In KDNDs, the pos-
ture development was quicker than in NDs, also in males 
(p < 0.03) and females (p < 0.005). Consequently, respec-
tive differences between KDNDs and KDs became greater 
in male (p < 0.0004 and female (p < 0.0007) pups).

(j) Accelerated righting

The accelerated righting test showed a significant delay 
in KDs, in comparison with KDNDs (p < 0.002 in males and 
p < 0.003 in females, Fig. 11j) and with KDs (p < 0.0002 and 
p < 0.0002 for males and females, respectively).

Discussion

Drug-resistant epilepsies constitute almost 30% of all epi-
leptic cases. However, even when pharmacotherapy can be 
used effectively, its harmful side effects frequently exclude 
its application in pregnant women (Tomson 2019) and the 
only alternative can to be the use of a ketogenic diet. Most 
of the clinical research on this topic focuses on monitoring 
women’s health and the course of the disease. Our experi-
ment was the first published attempt at a long-term assess-
ment of the physiological condition of offsprings to female 

Fig. 7   Anatomical images and chemical maps of the hippocampal 
formation taken from female rats fed with ketogenic (KD) and nor-
mal diet (ND): a-microscopic views of hippocampal formations cor-
responding to chemical maps presented in parts b and c of the figure; 
b and c-the chemical maps showing, at higher magnification, the dis-

tribution of intensity of the 1360–1480  cm−1 massif and 1740  cm−1 
band, respectively. Color scales on the right represent the range 
of changes in the particular band/massif intensity. The bar shows 
1.0 mm
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who were on a ketogenic diet during pregnancy. In experi-
mental conditions, we could study the effect of the diet used, 
without taking into account accompanying changes caused 
by the development of the disease or previously used thera-
pies. Such conditions also allowed, to a greater extent, to 
focus on the assessment of developmental parameters.

For the first time, our research presents a detailed descrip-
tion of the course of pregnancy in KD-fed rat females from 
the very beginning of pregnancy to the end of lactation 
period. It became clear that, despite the intake of high-cal-
orie food, in which as much as 80% of energy comes from 
fat, their average body mass at any of the four time points of 
pregnancy (up till G20) was not greater than that of the ND-
fed females. However, the level of BHB in their peripheral 
blood was significantly higher from G4 and increased up 
till postnatal day 21, when it reached the level of 7 mmol/l. 
According to the literature data (Herrera et al. 1987), ketone 

bodies circulating in the maternal blood easily cross the 
placenta. Under the conditions of a normal diet, the fetal 
development depends on a continuous supply of glucose 
and appropriate amino acids. Any insufficiency in this sup-
ply affects the metabolism in both the mother and the fetus 
(Barry 2018).

Our research showed that the glucose level in KD-fed 
females was lowered only at the last measurement point 
(G20), i.e., about two days before delivery, so there should 
rather not lead to any important disturbances. As it is known, 
long-term ketonemia during pregnancy can evoke metabolic 
encephalopathies (Al-Mudallal et al. 1995). Sussman (2013) 
showed that in the early stages of pregnancy, KD intensifies 
the heart growth (at E13.5) and reduces the growth of the 
pharynx, cervical spine, pons, midbrain and hypothalamus. 
On E17.5, she observed a reduction of the heart and thymus, 
and an enlargement of the cervical spine, pons, midbrain and 
thalamus. This discrepancies in organ growth may be due to 
variations in the availability of metabolic “fuel”. As revealed 
by Lust et al. (2003), on the 18th day of gestation in ND-fed 
females, a significant increase in BHB content was found in 
the fetal brains.

Our observations showed that KD does not affect the 
duration of pregnancy, and all the females, regardless of the 
type of diet applied, gave birth 21–22 days after conception. 
The number of pups in the litter also did not differ between 
the animal groups, and there were no changes in proportions 
of male and female pups. This is likely due to the fact that 
all pregnant females were still on ND at the time of concep-
tion. However, on P2, a significantly reduced body mass was 
observed in animals born by females treated with KD during 
their pregnancy. This difference persisted on postnatal days 
6. Similar results were obtained by Mark et al. (2011) and 
Mendes-da-Silva et al. (2014) using a high-fat diet in preg-
nant females, and Soares et al. (2009) using two KD types 
with different fat contents. Despite the considerably lowered 
body mass, we did not observe any morphological anomalies 
in the pups born by females kept on KD during pregnancy. 
This early reduction in the body mass was compensated rela-
tively quickly following, as evidenced on P14 by disappear-
ance of differences between offsprings of KDND- and ND-
fed females which is the effect of KD replacement with ND. 
On the contrary, a continuous application of KD resulted in a 
constant reduction of the body mass during the whole exam-
ined period, i.e., up to the weaning time (P21). However, 
this is only an indicator of compensation in terms of general 
somatic development, which does not have to correspond 
with an improvement in the functional neurological state 
which depends on disorders of the much more restrictive 
calendar of brain development.

In the present investigation, FTIR microspectroscopy was 
used to verify if ketogenic diet feeding of pregnant females 
leads to biochemical changes within their brains. Before, we 

Fig. 8   The spread of the absolute intensity of 1360–1480  cm−1 (a) 
and 1740  cm−1 (b) absorption bands recorded within the granu-
lar, pyramidal, multiform and molecular layers of the hippocampal 
formation and the cerebral cortex a underlying white matter. The 
regions are indicated under the abscissa. Medians, interquartile spans 
and minimal–maximal values are marked as little square, boxes and 
whiskers, respectively. No statistically significant differences were 
detected (nonparametric Mann–Whitney U test). White and black 
boxes represent groups of ND- and KD-fed females, respectively
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have already performed a similar study (Chwiej et al. 2015), 
but only on 30-day-old males who were treated with KD for 
next 30 days. So far, such studies have not been performed 
on females. The topographic analysis of chemical maps pre-
senting the distribution of 1740 cm−1 and 1360–1480 cm−1 
bands specific for compounds containing carbonyl groups, 
lipids, cholesterol and/or its esters showed significantly 
increased surface of the white matter characterized by the 
elevated intensities of these bands. Further quantitative and 

statistical analysis of the obtained results did not point, 
however, that the accumulations of the mentioned com-
pounds was changed within the examined brain areas and 
cellular layers in KD-fed females. Thus, the changes such 
as increased levels of lipids and carbonyl groups containing 
compounds observed previously in males where not con-
firmed in this study in females. This result is quite surprising 
considering that there are studies, which proved that ketone 
bodies easily passed through the BBB and could accumulate 

Fig. 9   Average spectra, 
subjected to atmospheric and 
baseline corrections (column a) 
and second derivative spectra 
(column b) obtained from the 
cerebral cortex (1) and granular 
(2), pyramidal (3), multiform 
(4) and molecular (5) layers of 
the hippocampal formation of 
ND- and KD-fed females (red 
and black traces, respectively). 
The results of PCA performed 
on the second derivative of 
vector-normalized spectra, sepa-
rately for each examined region 
or cellular layer are shown in 
the column (c)
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within the brain parenchyma and their increased availability 
implied a subsequent increase of the lipid synthesis (Barry 
2018). In addition, the results of PCA did not show any gen-
eral differences between the spectra recorded for females fed 
with ketogenic and normal diet in particular layers of the 
hippocampal formation, neocortex and white matter.

To assess how KD, low in proteins and sugars, applied in 
pregnant females, would affect the postnatal development 
of their offsprings, a series of neurodevelopmental reflexes 
was performed in three groups of animals whose mothers 
(i) were fed KD during pregnancy and lactation (KDs), (ii) 
were fed KD only during pregnancy and ND from the sec-
ond postpartum day (KDNDs), and (iii) were fed exclusively 
with ND (NDs). The tests assessed some general parameters 
of physiological development (like eye opening and posture), 
reflexes (forelimb and hindlimb grasping, hindlimb placing), 
body rotation and auditory startle. The tests were succes-
sively introduced from P3, when it was not yet possible to 
observe more complex behavioral parameters. These tests, 
just like in human newborns, could predict developmental 
disorders of various origins, such as, for example, cerebral 
palsy (Nguyen et al. 2017).

All the neurological tests were performed separately on 
males and females, but the hindlimb grasping and right-
ing tests were the only two of them which detected inter-
sexual differences. The righting test in male pups born by 
ND-treated females was performed significantly earlier 
than in their female counterparts originating from KD-
treated females. Similarly, the male pups of KDND-fed 
females were better in the hindlimb grasping tests. No 

gender-dependent differences were observed in any other 
test, regardless of the type of food consumed during preg-
nancy. It appears, therefore, reasonable that until puberty 
(at about P21), differences between behaviors of males and 
females may not be expected. Similar conclusions were pre-
sented by Sussman et al. (2015).

Interestingly, two important physiological symptoms of 
maturity, i.e., opening the eyes and maintaining a proper 
posture, were first observed in the offspring of KDND-fed 
females, compared to those from females which were always 
on ND. Similar results were observed by Nguyen (2017), in 
pups whose mothers received broccoli extract during preg-
nancy and had induced inflammation. Studies on rodents 
show that eye opening is correlated with changes in the 
GABAA receptor subunit in the visual cortex (Heinen et al. 
2004). Thus, earlier eyes opening may indicate an intensifi-
cation of plastic processes in the cortex supposedly evoked 
by the dietary changes.

In most of the performed tests (except for hindlimb plac-
ing), the maintenance of KD throughout pregnancy, as well 
as during the period including both pregnancy and lacta-
tion, delayed the performance of the tests in respective off-
springs as compared to the progeny ND-nourished females. 
The most developmentally delayed was the performance of 
the neurological tests in animals whose mothers were fed 
KD not only during pregnancy, but also during lactation. 
In ND-fed animals, the energy from the lactate metabolism 
transformation is obtained only shortly after birth. Then, 
until the end of lactation period, the ketone bodies are the 
source of energy for the pups (Prins 2012), because during 

Fig. 10   Developmental increases in the body mass of rat pups. An 
inserted photograph shows representative examples of 2-day-old pups 
born by KD- (left) and ND-fed (right) females. Details of intergroup 
relations on P2, P6, P14 and P21 are shown in diagrams with respec-
tive labels. The pups from females fed exclusively with the normal 
(ND) and ketogenic (KD) diets, and pups originating from females 
initially receiving KD, which on day 2 postpartum was replaced with 

ND (KDND), are indicated according to the inserted legend. The 
results are shown as medians with Q25, Q75, minima and maxima 
(small squares, boxes and whiskers, respectively). Asterisks and 
double-headed arrows indicate intergroup differences statistically 
significant at levels not lower than 10–6, except for that significant at 
p < 0.002 (nonparametric Mann–Whitney U test)
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the neonatal period their brains are not able to efficiently 
use glucose as a metabolic substrate (Nehlig 1999). During 
this time, not only does the amount of ketones in the body 
increase, but also the number and activity of their transport-
ers in the blood–brain barrier (Vannucci and Simpson 2003).

This is why the immature rat brain is able to take up and 
accumulate ketone bodies faster and more efficiently than the 
mature one (Nehlig 1999). During the period of peak ketone 
utilization, the brain ability to uptake ß-hydroxybutyrate 
(ßOHB) is sixfold greater than that in adulthood (Cremer 
et al. 1976). Therefore, if the lactating females are addi-
tionally fed with KD, these changes may be intensified and 
lead to metabolic acidosis (Sussman 2013), which reduces 
lactation and thus inhibits the developmental progress of 
the pups. This results, apart from body mass reduction, in 
definitely delayed muscle development and developmental 
brain disorders leading to worse performance of neurode-
velopmental reflexes.

The prenatal period is critical to the development of the 
nervous system (Rice and Barone 2000) and, apart from 
stress or inflammation, it can be affected by malnutrition 
(Cusik and Georfieff 2016). The continuity of prenatal and 
postnatal development should also be taken into account. 
Thus, effects of prenatal malnutrition would occur also in 
brain structures that develop postnatally (Morgane et al. 
2002). Following KD consumption during pregnancy, as 
much as 80% of energy derives from metabolized fats and 

as much as 70% less protein is provided than in the case of 
ND. Protein deficiency in the diet of pregnant females, as 
described by Abey (2019), delayed neurological and pos-
tural reflexes. The results of our tests confirm this observa-
tion in the offsprings of females receiving KD only during 
pregnancy or during both pregnancy and lactation. We also 
observed depleted hair in the offspring of females who were 
fed with KD while being pregnant and lactating. This could 
be due to inadequate development of the hair follicles (Guo 
and Katta 2017) resulting from protein deficiency. Another 
reason for the delays in the tests of neurodevelopmental 
reflexes shown by the offspring of KD-fed females might 
be a reduction of forebrain vascularization in animals on a 
protein-deficient diet (Bennis-Taleb et al. 1999) which can 
be preserved up till adulthood.

During pregnancy, the protein-poor diet may also 
decrease expression of brain neurotrophins in the rat off-
spring including that of BDNF which, in turn, affects neuro- 
or synaptogenesis (Marwarha et al. 2017) resulting in worse 
performance of neurodevelopmental tests.

The results of seven from of the ten neurological tests 
applied in the present study clearly indicate that the 
ketogenic diet withdrawal may lead not only to a general, 
unspecific restitution of somatic condition, represented 
here by the compensatory regain of reduced body mass, but 
may also result in functional restitution of the nervous sys-
tem, although not to the full extent. However, our study has 

Fig. 11   Results of neurodevelopmental tests related to days of post-
natal development shown separately for male and female pups. It is 
noteworthy that in these graphs higher values indicate greater devel-
opmental delays in obtaining positive results. Abbreviations: off-
springs of females fed continuously with normal (ND, grey boxes) 
or ketogenic (KD, black boxes) diets during their pregnancy and lac-
tation periods. Offspring of females fed with KD during pregnancy 
and up till the 2nd postnatal day and, thereafter, with ND (symbol-
ized as KDND) are represented by grey boxes. The results are shown 

as medians (small squares) with Q25 and Q75 (boxes), and minima 
and maxima (whiskers). Vertically oriented decimal indexes show 
levels of statistical significance (Mann–Whitney U test) between two 
animal groups represented by adjacent graphs. Horizontally oriented 
indexes characterize differences between offsprings of ND- and KD-
fed females. Vertical indexes in blue, located over whiskers in (b) and 
(c), refer to statistical significance of differences between correspond-
ing male and female groups
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considered developmental period up to the weaning time, 
so a further progress in the functional amelioration up till 
the complete adulthood cannot be excluded. Thus, the first 
and most important task for further research in this field is 
to detect, if not the specific mechanisms underlying these 
changes, then at least their structural correlates.

Conclusions

Taking into account the presented results, one should con-
sider the rationale of KD application in pregnant women 
suffering from epilepsy. All over the world, antiepileptic 
drug therapies include as many as 15 million women in their 
reproductive age and bring the risk of serious birth defects 
and adverse effects on the neurocognitive and behavioral 
development of newborn babies. However, uncontrolled sei-
zures can also be harmful not only to the pregnant woman 
but also to the fetus (Tomson 2019). Therefore, other meas-
ures to prevent seizures during pregnancy, including KD, are 
often considered. However, case reports are related rather 
to the efficacy of dietary regimen in suppressing seizures in 
pregnant women but not on its effects on their babies. Sei-
zure amelioration occurs and is accompanied by increases 
in blood lipids, which, however, return to the norm after 
delivery. Children of these mothers are born at term with 
a reduced body mass (van der Louw et al. 2016), but their 
further fate has not been studied. Rizzo et al. (1995) moni-
tored infants whose pregnant mothers suffering from dia-
betes had highly increased levels of ketones. The results of 
motor skills tests of these children were inversely related to 
the maternal β-hydroxybutyric acid content in blood during 
pregnancy, and their IQ was inversely correlated with the 
maternal blood ketone content.

Considering the above-mentioned results, we intend to 
continue our research on older, 30- and 60-day-old rats born 
to females fed KD during pregnancy. We are going to assess 
whether the neonatal changes observed in the present study 
will be worsen or compensated during further development. 
In addition to behavioral and histological studies, we would 
also like to focus on changes in the molecular composition of 
the nervous tissue. Such an interdisciplinary approach will 
improve understanding of the mechanisms underlying the 
already documented action of the ketogenic diet.

Acknowledgements  This work was partially financed by the Polish 
Ministry of Education subvention nb. N18/DBS/000018. The WiTec 
Alpha 300 R microscope, which was used for microscopic evaluation 
of tissues, was financed from the funds granted to AGH UST in frame 
of the “Excellence Initiative-Research University” programme.

Author contributions  Conception and design: ZS. Material prepara-
tion, data collection and analysis were performed by ZR, WK, ZS, KJ, 
KJC, MR, PS, and AC. The figures were made by KJ, MR, and ZR. 

The first draft of the manuscript was written by ZS, WK, ZR, and KJ, 
and all the authors commented on previous versions of the manuscript.

Data availability  My manuscript has no associated data.

Declarations 

Conflict of interest  The authors have no conflict of interest to declare.

Human and animal participants right statement  This article does not 
contain any studies involving human participants that were performed 
by any of the authors.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abey NO, Ebuehi OAT, Imaga NOA (2019) Neurodevelopment and 
cognitive impairment in parents and progeny of perinatal dietary 
protein deficiency models. Front Neurosci 13:826. https://​doi.​org/​
10.​3389/​fnins.​2019.​00826

Al-Mudallal AS, Levin BE, Lust WD, Harik SI (1995) Effects of 
unbalanced diets on cerebral glucose metabolism in the adult rat. 
Neurology 45:2261–2265. https://​doi.​org/​10.​1212/​wnl.​45.​12.​2261

Bailey E, Pfeifer H, Thiele E (2005) The use of diet in the treatment of 
epilepsy. Epilepsy Behav 6:1–4. https://​doi.​org/​10.​1016/j.​yebeh.​
2004.​10.​006

Barry D, Ellul S, Watters L, Lee D, Haluska R Jr, White R (2018) The 
ketogenic diet in disease and development. Int J Dev Neurosci 
68:53–58. https://​doi.​org/​10.​1016/j.​ijdev​neu.​2018.​04.​005

Bennis-Taleb N, Remacle C, Hoet JJ, Reusens B (1999) A low-protein 
isocaloric diet during gestation affects brain development and 
alters permanently cerebral cortex blood vessels in rat offspring. 
J Nutr 129:1613–1619. https://​doi.​org/​10.​1093/​jn/​129.8.​1613

Chwiej J, Skoczen A, Janeczko K, Kutorasinska J, Matusiak K, 
Figiel H, Dumas P, Sandt C, Setkowicz Z (2015) The biochemi-
cal changes in hippocampal formation occurring in normal and 
seizure experiencing rats as a result of a ketogenic diet. Analyst 
140:2190–2204. https://​doi.​org/​10.​1039/​c4an0​1857e

Clapp JF 3rd (2002) Maternal carbohydrate intake and pregnancy 
outcome. Proc Nutr Soc 61:45–50. https://​doi.​org/​10.​1079/​pns20​
01129

Cremer JE, Braun LD, Oldendorf WH (1976) Changes during develop-
ment in transport processes of the blood-brain barrier. Biochim Et 
Biophy Acta 448:633–637. https://​doi.​org/​10.​1016/​0005-​2736(76)​
90120-6

Cusick SE, Georgieff MK (2016) The role of nutrition in brain develop-
ment: the golden opportunity of the “first 1000 days.” J Pediatr 
175:16–21. https://​doi.​org/​10.​1016/j.​jpeds.​2016.​05.​013

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2019.00826
https://doi.org/10.3389/fnins.2019.00826
https://doi.org/10.1212/wnl.45.12.2261
https://doi.org/10.1016/j.yebeh.2004.10.006
https://doi.org/10.1016/j.yebeh.2004.10.006
https://doi.org/10.1016/j.ijdevneu.2018.04.005
https://doi.org/10.1093/jn/129.8.1613
https://doi.org/10.1039/c4an01857e
https://doi.org/10.1079/pns2001129
https://doi.org/10.1079/pns2001129
https://doi.org/10.1016/0005-2736(76)90120-6
https://doi.org/10.1016/0005-2736(76)90120-6
https://doi.org/10.1016/j.jpeds.2016.05.013


1112	 Brain Structure and Function (2022) 227:1099–1113

1 3

Drozdz A, Matusiak K, Setkowicz Z, Ciarach M, Janeczko K, Sandt 
C, Borondics F, Horak D, Babic M, Chwiej J (2020) FTIR micro-
spectroscopy revealed biochemical changes in liver and kidneys 
as a result of exposure to low dose of iron oxide nanoparticles. 
Spectrochim Acta A Mol Biomol Spectrosc 236:118355. https://​
doi.​org/​10.​1016/j.​saa.​2020.​118355

Elango R, Ball RO (2016) Protein and amino acid requirements dur-
ing pregnancy. Adv Nutr 7:839–844. https://​doi.​org/​10.​3945/​an.​
115.​011817

Ferroni N, Berardino B, Belluscio L, Fernández M, Fesser E, Sonzogni 
S, Cánepa E (2020) Perinatal protein malnutrition induces the 
emergence of enduring effects and age-related impairment behav-
iors, increasing the death risk in a mouse model. Nutr Neurosci 
9:1–14. https://​doi.​org/​10.​1080/​10284​15X.​2020.​18293​43

Guo EL, Katta R (2017) Diet and hair loss: effects of nutrient defi-
ciency and supplement use. Dermatol Pract Concept 7:1–10. 
https://​doi.​org/​10.​5826/​dpc.​0701a​01

Gustafsson HC, Kuzava SE, Werner EA, Monk C (2016) Maternal 
dietary fat intake during pregnancy is associated with infant tem-
perament. Dev Psychobiol 58:528–535. https://​doi.​org/​10.​1002/​
dev.​21391

Gzieło K, Janeczko K, Węglarz W, Jasiński K, Kłodowski K, Setko-
wicz Z (2020) MRI spectroscopic and tractography studies indi-
cate consequences of long-term ketogenic diet. Brain Struct Funct 
225:2077–2089. https://​doi.​org/​10.​1007/​s00429-​020-​02111-9

Heinen K, Bosman LWJ, Spijker S, van Pelt J, Smit AB, Voorn P, 
Baker RE, Brussaard AB (2004) GABAA receptor maturation 
in relation to eye opening in the rat visual cortex. Neuroscience 
124:161–171. https://​doi.​org/​10.​1016/j.​neuro​scien​ce.​2003.​11.​004

Herrera E, Gomez-Coronado D, Lasunción MA (1987) Lipid metabo-
lism in pregnancy. Biol Neonate 51:70–77. https://​doi.​org/​10.​
1159/​00024​2635

Jansson T, Powell T (2007) Role of the placenta in fetal programming: 
underlying mechanisms and potential interventional approaches. 
Clin Sci Lond 13:1–13. https://​doi.​org/​10.​1042/​CS200​60339

King JC (2000) Physiology of pregnancy and nutrient metabolism. 
Am J Clin Nutr 71:1218–1225. https://​doi.​org/​10.​1093/​ajcn/​71.5.​
1218s

Kirkpatrick CF, Bolick JP, Kris-Etherton PM, Sikand G, Aspry KE, 
Soffer DE, Willard KE, Maki KC (2019) Review of current evi-
dence and clinical recommendations on the effects of low-car-
bohydrate and very-low-carbohydrate (including ketogenic) diets 
for the management of body weight and other cardiometabolic 
risk factors: a scientific statement from the National lipid associa-
tion nutrition and lifestyle task force. J Clin Lipidol 13:689–711. 
https://​doi.​org/​10.​1016/j.​jacl.​2019.​08.​003

Langley-Evans SC (2009) Nutritional programming of disease: unrav-
elling the mechanism. J Anat 215:36–51. https://​doi.​org/​10.​1111/j.​
1469-​7580.​2008.​00977.x

Lee HS, Lee J (2021a) Influences of ketogenic diet on body fat percent-
age, respiratory exchange rate, and total cholesterol in athletes: 
a systematic review and meta-analysis. Int J Environ Res Public 
Health 18:2912. https://​doi.​org/​10.​3390/​ijerp​h1806​2912

Lee HS, Lee J (2021b) Effects of combined exercise and low carbo-
hydrate ketogenic diet interventions on waist circumference and 
triglycerides in overweight and obese individuals: a systematic 
review and meta-analysis. Int J Environ Res Public Health 18:828. 
https://​doi.​org/​10.​3390/​ijerp​h1802​0828

Lust WD, Pundik S, Zechel J, Zhou Y, Buczek M, Selman WR (2003) 
Changing metabolic and energy profiles in fetal, neonatal, and 
adult rat brain. Metab Brain Dis 18:195–206. https://​doi.​org/​10.​
1023/a:​10255​03115​837

Mark PJ, Sisala C, Connor K, Patel R, Lewis JL, Vickers MH, Waddell 
BJ, Sloboda DM (2011) A maternal high-fat diet in rat pregnancy 
reduces growth of the fetus and the placental junctional zone, 

but not placental labyrinth zone growth. J Dev Orig Health Dis 
2:63–70. https://​doi.​org/​10.​1017/​S2040​17441​00006​81

Marwarha G, Claycombe-Larson K, Schommer J, Ghribi O (2017) 
Maternal low protein diet decreases brain-derived neurotrophic 
factor expression in the brains of the neonatal rat offspring. Nutr 
Biochem 45:54–66. https://​doi.​org/​10.​1016/j.​jnutb​io.​2017.​03.​005

Mendes-da-Silva C, Giriko CÁ, Mennitti LV, Hosoume LF, Souto Tdos 
S, Silva AV (2014) Maternal high-fat diet during pregnancy or 
lactation changes the somatic and neurological development of 
the offspring. Arq Neuropsiquiatr 72:136–144. https://​doi.​org/​10.​
1590/​0004-​282X2​01302​20

Mitchell M, Schulz SL, Armstrong DT, Lane M (2009) Metabolic and 
mitochondrial dysfunction in early mouse embryos following 
maternal dietary protein intervention. Biol Reprod 80:622–630. 
https://​doi.​org/​10.​1095/​biolr​eprod.​108.​072595

Morgane PJ, Mokler DJ, Galler JR (2002) Effects of prenatal protein 
malnutrition on the hippocampal formation. Neurosci Biobehav 
Rev 26:471–483. https://​doi.​org/​10.​1016/​s0149-​7634(02)​00012-x

Mousa A, Naqash A, Lim S (2019) Macronutrient and micronutrient 
intake during pregnancy: an overview of recent evidence. Nutri-
ents 11:443. https://​doi.​org/​10.​3390/​nu110​20443

Nehlig A (1999) Age-dependent pathways of brain energy metabolism: 
the suckling rat, a natural model of the ketogenic diet. Epilepsy 
Res 37:211–221. https://​doi.​org/​10.​1016/​s0920-​1211(99)​00073-x

Nguyen AT, Armstrong EA, Yager JY (2017) Neurodevelopmental 
reflex testing in neonatal rat pups. J vis Exp 122:55261. https://​
doi.​org/​10.​3791/​55261

Prins ML (2012) Cerebral ketone metabolism during development and 
injury. Epilepsy Res 100:218–223. https://​doi.​org/​10.​1016/j.​eplep​
syres.​2011.​09.​027

Rice D, Barone S Jr (2000) Critical periods of vulnerability for the 
developing nervous system: evidence from humans and animal 
models. Environ Health Perspect Suppl 108:511–533. https://​doi.​
org/​10.​1289/​ehp.​00108​s3511

Rizzo TA, Dooley SL, Metzger BE, Cho NH, Ogata ES, Silverman BL 
(1995) Prenatal and perinatal influences on long-term psychomo-
tor development in offspring of diabetic mothers. Am J Obstet 
Gynecol 6:1753–1758. https://​doi.​org/​10.​1016/​0002-​9378(95)​
90422-0

Soares AK, Guerra RG, de Castro ML, Amancio-dos-Santos A, Guedes 
RC, Cabral-Filho JE, Costa JA, Medeiros Mdo C (2009) Somatic 
and reflex development in suckling rats: effects of mother treat-
ment with ketogenic diet associated with lack of protein. Nutr 
Neurosci 188:260–266. https://​doi.​org/​10.​1179/​14768​3009X​
423427

Sussman D, van Eede M, Wong MD, Adamson SL, Henkelman M 
(2013) Effects of a ketogenic diet during pregnancy on embryonic 
growth in the mouse. BMC Pregnancy Childbirth 13:109. https://​
doi.​org/​10.​1186/​1471-​2393-​13-​109

Sussman D, Germann J, Henkelman M (2015) Gestational ketogenic 
diet programs brain structure and susceptibility to depression 
and anxiety in the adult mouse offspring. Brain Behav 5:e00300. 
https://​doi.​org/​10.​1002/​brb3.​300

Tomson T, Battino D, Bromley R, Kochen S, Meador K, Pennell P, 
Sanjeev T (2019) Management of epilepsy in pregnancy: a report 
from the International league against epilepsy task force on 
women and pregnancy. Epileptic Disord 21:497–517. https://​doi.​
org/​10.​1684/​epd.​2019.​1105

van der Louw EJ, Williams TJ, Henry-Barron BJ, Olieman JF, Duvekot 
JJ, Vermeulen MJ, Bannink N, Williams M, Neuteboom RF, Kos-
soff EH, Catsman-Berrevoets CE, Cervenka MC (2017) Ketogenic 
diet therapy for epilepsy during pregnancy: a case series. Seizure 
45:198–201. https://​doi.​org/​10.​1016/j.​seizu​re.​2016.​12.​019

Vannucci SJ, Simpson IA (2003) Developmental switch in brain nutri-
ent transporter expression in the rat. Am J Physiol Endocrinol 

https://doi.org/10.1016/j.saa.2020.118355
https://doi.org/10.1016/j.saa.2020.118355
https://doi.org/10.3945/an.115.011817
https://doi.org/10.3945/an.115.011817
https://doi.org/10.1080/1028415X.2020.1829343
https://doi.org/10.5826/dpc.0701a01
https://doi.org/10.1002/dev.21391
https://doi.org/10.1002/dev.21391
https://doi.org/10.1007/s00429-020-02111-9
https://doi.org/10.1016/j.neuroscience.2003.11.004
https://doi.org/10.1159/000242635
https://doi.org/10.1159/000242635
https://doi.org/10.1042/CS20060339
https://doi.org/10.1093/ajcn/71.5.1218s
https://doi.org/10.1093/ajcn/71.5.1218s
https://doi.org/10.1016/j.jacl.2019.08.003
https://doi.org/10.1111/j.1469-7580.2008.00977.x
https://doi.org/10.1111/j.1469-7580.2008.00977.x
https://doi.org/10.3390/ijerph18062912
https://doi.org/10.3390/ijerph18020828
https://doi.org/10.1023/a:1025503115837
https://doi.org/10.1023/a:1025503115837
https://doi.org/10.1017/S2040174410000681
https://doi.org/10.1016/j.jnutbio.2017.03.005
https://doi.org/10.1590/0004-282X20130220
https://doi.org/10.1590/0004-282X20130220
https://doi.org/10.1095/biolreprod.108.072595
https://doi.org/10.1016/s0149-7634(02)00012-x
https://doi.org/10.3390/nu11020443
https://doi.org/10.1016/s0920-1211(99)00073-x
https://doi.org/10.3791/55261
https://doi.org/10.3791/55261
https://doi.org/10.1016/j.eplepsyres.2011.09.027
https://doi.org/10.1016/j.eplepsyres.2011.09.027
https://doi.org/10.1289/ehp.00108s3511
https://doi.org/10.1289/ehp.00108s3511
https://doi.org/10.1016/0002-9378(95)90422-0
https://doi.org/10.1016/0002-9378(95)90422-0
https://doi.org/10.1179/147683009X423427
https://doi.org/10.1179/147683009X423427
https://doi.org/10.1186/1471-2393-13-109
https://doi.org/10.1186/1471-2393-13-109
https://doi.org/10.1002/brb3.300
https://doi.org/10.1684/epd.2019.1105
https://doi.org/10.1684/epd.2019.1105
https://doi.org/10.1016/j.seizure.2016.12.019


1113Brain Structure and Function (2022) 227:1099–1113	

1 3

Metab 285:1127–1134. https://​doi.​org/​10.​1152/​ajpen​do.​00187.​
2003

Vijay N, Morris M (2014) Role of monocarboxylate transporters in 
drug delivery to the brain. Curr Pharm Des 20:1487–1498. https://​
doi.​org/​10.​2174/​13816​12811​31999​90462

Williamson CS (2006) Nutrition in pregnancy. Nutr Bull 31:28–59. 
https://​doi.​org/​10.​1111/j.​1467-​3010.​2006.​00541.x

Zhang Q, Xu L, Xia J, Wang D, Qian M, Ding S (2018) Treatment of 
diabetic mice with a combination of ketogenic diet and aerobic 

exercise via modulations of PPARs gene programs. PPAR Res 
2018:4827643. https://​doi.​org/​10.​1155/​2018/​48276​43

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/ajpendo.00187.2003
https://doi.org/10.1152/ajpendo.00187.2003
https://doi.org/10.2174/13816128113199990462
https://doi.org/10.2174/13816128113199990462
https://doi.org/10.1111/j.1467-3010.2006.00541.x
https://doi.org/10.1155/2018/4827643

	Ketogenic diet impairs neurological development of neonatal rats and affects biochemical composition of maternal brains: evidence of functional recovery in pups
	Abstract
	Introduction
	Materials and methods
	Animal treatment in pregnancy and postpartum
	FTIR microscopy, biochemical and PCA analysis
	Neurodevelopment reflex tests (Table 2)
	Statistical analyses

	Results
	Diet intake in pregnant females
	Blood parameters in pregnant females
	Brain biochemical composition
	Numbers, body mass and general appearance of offsprings of females fed with different diets
	Neurodevelopment reflex tests (Table 2, Fig. 11)

	Discussion
	Conclusions
	Acknowledgements 
	References




