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Background: Precocious puberty is frequently associated with obesity, which will lead to long-term effects, espe-
cially on growth and reproduction. However, the effect of precocious puberty on children’s neurodevelopment is still

Objectives: Here we evaluated the effect of High fat diet (HFD)-induced precocious puberty on neurodevelopment

Methods: Ovaries sections were stained with hematoxylin—eosin (H&E) using standard techniques. Behavioral tests
included elevated plus maze (EPM), open field exploration, Y-Maze, marble burying test, and novelty- suppressed
feeding. The expression of genes related to puberty and neural development was detected by immunohistochemis-

Results: Our results showed HFD-induced precocious puberty increased the risk-taking behavior and decreased
memory of mice. The content of Tyrosine hydroxylase (TH) and Arginine vasopressin (AVP) in hypothalamus were
higher in HFD group than control group. Although the recovery of normal diet will gradually restore the body fat and
other physiological index of mice, the anxiety increases in adult mice, and the memory is also damaged.

Conclusions: These findings describe the sensitivity of mice brain to HFD-induced precocious puberty and the
irrecoverability of neural damage caused by precocious puberty. Therefore, avoiding HFD in childhood is important to
prevent precocious puberty and neurodevelopmental impairment in mice.
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Background

Puberty is a period in which mammals develop second
sex characteristics, accelerate linear growth and gain
reproductive capacity [1]. Puberty is mainly regulated
by the central nervous system, which was called hypo-
thalamus-pituitary—gonadal axis (HPG axis) [2]. With
the improvement of living standards, the age of human
puberty is also gradually advanced, many children suffer
from precocious puberty. Precocious puberty can lead
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to rapid bone development, obesity, short stature and
increase risk of diabetes and cancer, as well as some psy-
chological problems, including anxiety, depression and
social disorder [3, 4]. In addition, early puberty is also
associated with higher disease risk in adulthood [4], such
as cardiovascular and metabolic diseases, higher suscep-
tibility to cognitive and behavioral disorders, and even
reduced life expectancy [5].

Studies have shown that obesity and precocious
puberty are inseparable [6], and the increase of fat accu-
mulation will promote precocious puberty in children
[7]. Recent evidence suggests that there is a link between
an increase in childhood obesity and an earlier age of
puberty, especially in girls [7, 8]. In recent years, there
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have been a lot of studies on the activation and metab-
olism of neurohormones in puberty [6, 9]. The increase
of GnRH neurosecretory activity means the beginning
of puberty [10]. Previous studies have found kisspeptin
(kiss1) expressed in anteroventral periventricular nucleus
and arcuate nucleus neurons acts as a key upstream reg-
ulator of the HPG axis in rodents and human [11, 12].
In addition, some studies have shown that kisspeptin
and its receptor GPR54 (kisslr) are expressed in differ-
ent types of tissues and regulate reproduction directly or
indirectly [13]. Kisspeptin is also a key factor in promot-
ing precocious puberty, because the level of kisspeptin in
obese precocious puberty children is high [14]; and kiss-
lreceptor gene over-expression can lead to precocious
puberty [15].

Age has a great influence on the behavior of mice, in
adolescence, the level of pursuit of novelty increased,
more risk-taking behavior [16]. Additionally, the effect
of age on behavior is related to sex hormone, for exam-
ple progesterone [17]. However, the effect of preco-
cious puberty on behavior and neurodevelopment were
still unclear, and the impact on adulthood is also rarely
studied. High fat diet (HFD) can affect both obesity and
neurogenesis [18], like one day after feeding HFD, the
episodic memory and spatial memory of mice will be
damaged [19]. Ullah et al. [20] established HFD-induced
precocious puberty model by feeding HFD (lactation
and weaning) for a long time in mice, and found that
HFD can cause premature puberty in pups and cause
kisspeptin changed in the hypothalamus. Our aim is to
establish a HFD-induced precocious puberty model to
further explore the effect on neurodevelopment and their
behavior. We measured the behavior from many aspects,
including memory, anxiety and risk-taking, to fully show
the impact of precocious puberty on behavior. At the
same time, measure the AVP, TH, Brain-derived neuro-
trophic factor(BDNF) and Neuronal Nuclei (NeuN) in
hypothalamus to explain the brain basis of behavior [21].
Whether the HFD- induced precocious puberty affect
the behavior and neurodevelopment in adulthood, and
whether the change of diet can make up for the harm of
excessive nutrition in childhood were also the direction
we explored.

Materials and methods

Animals and experimental design

All animals were licensed under the Animal Care and Use
Committee of the Institute of Zoology, the Chinese Acad-
emy of Sciences. BALC/c mice (21 days old) was bought
from SPF (Beijing) Biotechnology Co., Ltd. Mice were
housed individually in plastic cages (29 x 18 x 16 cm?),
and were maintained at the room temperature of
23+£1 °C, under a photoperiod of 16L:8D. During the
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test, food and water were provided ad libitum. The ani-
mal experiments approved by a regulatory institution and
performed according to established guidelines. In this
study, we used the following two kinds of food:

Chow food: Fat was 6.2%, carbohydrate was 35.6%,
protein was 20.8% and the calorific value was
17.6 kJ/g (Beijing Keao Xieli Feed Co.)

High-fat food: Fat was 60%, carbohydrate was 20%,
protein was 20% and the calorific value was 22.0 kJ/g
(Research Diets Inc., D12492, USA.)

Experimental design 1: To verify that high-fat
foods can cause precocious puberty and behavio-
ral changes, 18 female 21 days-old mice were fed
by chow food, 18 female 21 days-old mice were fed
by high-fat food. When all the mice were puberty
(about 36 days-old), 6 mice in each group were ran-
domly sacrificed (n=6, named HFD and CED). The
rest of the animals were used to measure behavior.
Experimental design 2: To verify that the change of
behavior is not caused by high-fat food, but by pre-
cocious puberty, 24 female 21 days-old mice were
fed by chow food. 12 of them were injected estra-
diol (0.5ug/g.day) for 7 days, we called E2 group and
another 12 were injected with the placebo (solvents
for estradiol) called CON group. 6 mice in each
group were randomly sacrificed (n=6), and the
other 6 were for behavior test.

Experimental design 3: To explore whether the
behavioral and neural changes caused by precocious
puberty can be reversed. 12 female 21 days-old mice
were fed by chow food, 12 female mice were fed by
high-fat food, after puberty, two groups were fed with
chow food for 60 days, until mice reached full matu-
rity then test behaviors. 6 mice in each group were
randomly sacrificed (n=6, named HF-C, and CF-C),
and the other 6 were for behavior test.

Observation on the state of vulva

Fix the female mice and lift their tails to expose the vulva.
Observe the opening of vulva, the color of mucous mem-
brane and the swelling of vulva. Before estrus: vaginal
orifice not open, slightly moist, mucous membrane light
red, pudendal fold wall slightly swollen. Estrus: vaginal
opening, moist, mucus secretion, mucous membrane
crinkle wall swelling.

Vaginal exfoliated cell smear

When the symptoms of estrus appeared, combined with
vaginal exfoliated cell smear, we determined that the
animal was puberty. Fixed the mice, exposed the vaginal
orifice, put a 20ul saline into the vaginal, gently rinse and
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repeatedly suck for three times. Drop the absorbed lig-
uid on the slide, spread it out and dry naturally. Metha-
nol was fixed for 3 min, dried naturally and stained by
Papanicolaou. The nucleus is blue purple, the cytoplasm
of non-keratinocytes is light blue, and the cytoplasm of
keratinocytes is pink. During the estrus, there are more
keratinocytes, nuclear deep into dense.

Elevated plus maze (EPM)

The EPM raised 90 cm above the ground was formed by
a plastic structure in the shape of a cross with four arms
(50 cm x 10 cm). The north and south arms were opened,
while the east and west arms were enclosed by 36-cm-
high walls. The mouse placed on the central platform
was allowed to explore the maze for 5 min. The total time
spent and the distance traveled in the open and close
arms was measured [22].

Open field exploration

The open field test is widely used to measure anxiety-like
in rodents [23, 24]. Mice were placed in the unfamiliar
arena (60 x 60 x 45 cm®) for 5 min to adapt the environ-
ment. After that the activity of the mice were recorded by
an overhead video camera for 10 min. We calculated the
moving distance in center and the number of times they
entered the center. The apparatus for this behavioral test
was cleaned thoroughly with 75% ethanol between uses
to remove odor cues from previous individuals.

Y-Maze

Y-Mazes widely used to measure memory ability in
rodents [21]. The apparatus consisted of a white plastic
maze with three arms (40 cm long, 30 cm high, and 8 cm
wide) that intersect at 120°. The three arms are “begin-
ning arm” “food arm” and “novel arm’, and back wall of
each arm was marked with different colored shapes. The
mice began the test after a 12-h fasting period. First, we
only opened “beginning arm” and “food arm” Mice were
placed in for 5 min to adapt and learn the location of the
food and association with a colored shape marker. Mice
were then removed from the Y-maze for 1 h. Next, in
the formal test, we removed the food from “food arm”
and opened the “novel arm” Mice were allowed to move
freely for 10 min, and we calculated the distance traveled
and amount of time spent in the “food arm” This test can
tell us whether the animal could find the original location
of the food using only the markings on the wall.

Marble burying test

Marble burying test measures the propensity of mice to
engage in a digging behavior and is increased in mod-
els of anxiety [25]. Cages (42 x 27 x 20 cm?®) were filled
with 5 cm of bedding material and on top of the bedding
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material, 20 blue glass marbles were arranged in an
equidistant 5 x 4 grid and the animals were given access
to the marbles for 30 min. After the test, the mice were
gently removed from the cage. Marbles covered for more
than 50% by bedding were scored as buried, what need to
measured is the number of buried marbles.

Novelty- suppressed feeding

The novelty-suppressed feeding test has also been vali-
dated as a test that is sensitive to anxiety-related behavior
[26]. The novelty-suppressed feeding test apparatus con-
sisted of a plastic arena (60 x 60 x 40 cm?). A single food
pellet was placed on a piece of white plate (9 ¢cm in diam-
eter) positioned in the center of the arena. Mice were
deprived of food in their home cages for 24 h before test.
We recorded the amount of time spent before the mouse
approached the pellet and began feeding [27].

Hormone determination

Serum estradiol concentrations were quantified using an
17 beta Estradiol ELISA kit (ab 108664, abcam) according
to the instructions. The minimum detected concentra-
tion of the kit was 8.68 pg/ml for EST.

Serum leptin concentrations were quantified using an
Leptin mouse Elisa kit (ab 100718, Abcam) according to
the instructions. The minimum detected concentration
of the kit was 4 pg/mL for leptin.

Serum luteinizing hormone (LH) concentrations
and follicle stimulating hormone (FSH) concentrations
were quantified using LH mouse Elisa kit (AB-C4424B,
Abmart) and FSH mouse Elisa kit (AB-3291A, Abmart)
according to the instructions.

Western blot

Hypothalamus were homogenized in RIPA buffer and
cleared by centrifugation, according to the standard
techniques [28]. Western blots of whole tissue lysates
were probed with primary antibodies against Kisspep-
tinl (KISS1, Solarbio, K009431P), Kisspeptinl recep-
tor (KISSIR, Solarbio, K003544P), GnRH(PA5-97047,
Thermo Fisher), GnRH receptor (abcam, ab183079),
Tyrosine hydroxylase (TH, AB152; Merck Millipore),
Arginine vasopressin (AVP, AB1565, Merck Millipore),
Neuronal Nuclei (NeuN; MAB377, Merck Millipore),
brain-derived neurotrophic factor (BDNF; AB203573,
Abcam) and B-Tubulin (A01030HRP, Abbkine). The sec-
ondary antibody used was either peroxidase- conjugated
goat anti-rabbit IgG (111-035-003; Jackson), or peroxi-
dase-conjugated goat anti-mice IgG (115-035-003; Jack-
son). Protein markers (20351ES76; Shanghai Yisheng,
China) were added on both sides of each gel to verify
bands. The PVDF membranes were detected by enhanced
che- moluminescence (Beyotime, China). Bands were
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analyzed using Image Lab" Software (Bio-Rab Labora-
tories), were normalized to f-Tubulin and expressed as
relative units (RU).

Histopathology

Ovaries were fixed in PFA overnight with paraffin
embedded, cut in 7-um-thick sections, and stained with
hematoxylin—eosin (H&E) using standard techniques.

Immunohistochemistry

After deparaffinization in xylene and rehydrated through
descending concentrations of ethanol, the slides were
placed into sodium citrate buffer to recover antigen in a
microwave oven. After incubating in 1% H202 for 10 min
to inhibit endogenous peroxidases and blocking by using
5% bovine serum albumin for 30 min at 37 °C, the sec-
tions were incubated in a rabbit anti-Kissl polyclonal
primary antibody(Solarbio, K009431P) and anti-Kiss1R
polyclonal primary antibody (Solarbio, K003544P) at 4 °C
overnight. Then, the sections identified using biotinylated
goat anti-mice immune globulin G (1:3000; Jackson
ImmunoResearch, USA). Sections were then incubated
with ABC reagents (PK-6100; Vector Labs, USA) for
60 min. Immunoreactive sites were subsequently identi-
fied by 3,3 diaminobenzidine (DAB substrate kit; Vector
Labs, USA), and tissue sections were photographed using
a Nikon optical microscope (Nikon H600L). Semi-quan-
titative evaluation of the immunostaining intensity was
carried out using Image-ProPlus 6.0 (IPP 6.0) system and
mean optical density was used to represent the levels of
protein expression [29, 30].

Statistical analysis

Data were analyzed using GraphPad Prism 8 software
(GraphPad Prism, Inc., San Diego, CA, USA). All physi-
ological data were analyzed with unpaired t-test and par-
ametric test, while all behavioral data were analyzed with
t- test and nonparametric test. Results are presented as
means =+ SE, and the level of statistical significance was
set at p<0.05.

Results

Obesity and precocious puberty

To investigate the involvement of high fat diet in the pre-
cocious puberty linked to obesity, we fed weaned female
mice with a high-fat diet. At baseline, all the 21 days
old female mice exhibited similar body mass, and body
mass over time was higher in the HFD mice than in
the CHD mice (Fig. 1a). From the 32th day, there was
significant difference in body mass between the two
groups(t=2.80, p=0.0188, Fig. 1a). We used the vaginal
opening as an indicator of puberty. In HFD group, vagi-
nal opening appeared from 27 day-old, all mice reached
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puberty before 30 day-old. However, the puberty in
CHD mice was late, and all of them reached puberty on
the 35th day (Fig. 1b). At the same time, vaginal smear
was used to determine the estrus period. There were
obvious openings in the vagina of HFD mice, and CHD
group were closed (Fig. 1c). The average age of puberty
in the HFED group was 4 days earlier than CHD mice.
The dry carcass and wet carcass in HFD group was
higher than CHD (dry carcass: t=>5.049, p=0.0005,
wet carcass: t=3.740, p=0.0038, Fig. 1d, e). The sub-
cutaneous fat, gonadal fat and visceral fat in HFD mice
were 287.8%(t=3.265, p=0.0085), 181.8% (t=5.316,
p=0.0003)and 58.3% (t=3.114, p=0.011)higher than
CHD mice, respectively(Fig. 1f-h). There was no differ-
ence in the weight of ovaries between the two groups
(Fig. 1i), but the weight of uterus was significantly higher
in the HFD group (t=3.095, p=0.0114, Fig. 1j). The
uterine index of HFD group was also significantly higher
than CHD group (Fig. 1k), while the ovaries index was
no difference(t=2.945, p=0.0147, Fig. 1l). Fat-derived
adipokine leptin, an essential regulator of puberty was
measured by serum. The results showed leptin in HFD
mice was higher than CHD mice (t=2.404, p =0.0429,
Fig. 1m).

Hypothalamic- pituitary—gonadal axis

To analyze follicular development during the prepubertal
stage, we studied the ovaries of CHD and HFD mice by
morphometry and related it with some mRNA expres-
sion levels. Figure 2a showed the representative photomi-
crographs of ovaries from CHD and HFD (100x). In HED
group, follicles were larger and corpus luteum appeared
(red arrow), which was the characteristic of ovarian mat-
uration. The ovary of the HFD mice had a higher mRNA
expression level of Kisspeptinl(t=2.384, p=0.0383) and
Kisspeptinl-receptor (t=5.915, p=0.0001) than the
ovary of CHD mice (Fig. 2d, e). The protein expression of
hypothalamus Kisspeptinl and Kisspeptinl-receptor was
analyzed. The results showed distinctly increased expres-
sion of Kisspeptinl of the HFD mice compared with the
CHD mice (t=2.982, p=0.0138), while there was no sig-
nificant difference in the Kisspeptinl-receptor expres-
sion between two groups (Fig. 2f, g). Also, the expression
of GnRH (t=3.084, p=0.015) and GnRH receptor
(t=2.426, p=0.0357) increased in the HFD mice com-
pared with the CHD mice (Fig. 2h, i). The serum LH and
FSH concentration were measured by ELISA, and LH
level was higher in HFD mice than CHD mice, while FSH
was no difference (LH: t=2.845, p=0.017, FSH: t=1992,
p=0.074, Fig. 2j). Finally, we measured estradiol content
of serum, HFD mice had a higher level than CHD mice
(t=2.622, p=0.0255, Fig. 2k).
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Results of behaviors and neuroproteins

Risk-taking behavior assessed using the elevated plus
maze. Mice with strong exploratory and risk-taking are
more inclined to the open arm. Results showed the dis-
tance in the open arms of HFD mice was higher than
CHD mice (t=2.398, p=0.0375, Fig. 3b), which means
HFD mice were more risk-taking. In the open field exper-
iment, the mice with strong exploratory preferred the
central area, while there was no difference of the time and
distance spent in the center area both in HFD mice and
CHD mice (Fig. 3¢, d). In the Y-maze test, the mice with
strong memory preferred the food arm, however, the
time in food arm and entries to food arm were no differ-
ence between two groups (Fig. 3e, f). Marble burying test
measures the anxiety of mice by digging behavior [25],
because anxious mice bury more marbles. HFD mice dis-
played a 1.5-fold increase in marble burying compared
to CHD mice (t=2.216, p=0.05, Fig. 3g). Finally, to

further assess anxiety, mice were subjected to a novelty-
suppressed feeding test, in which fasted mice are placed
in an open-field, and a white plate containing food pel-
lets in its center, which creates anxiety to enter the center
and get food. As a result, there was no difference between
two groups in the latency to food (Fig. 3h). In order to
explain anxiety and risk-taking behavior, we measured
the expression of various neuroproteins in hypothalamus.
The content of NeuN and BDNF in hypothalamus were
no different between two groups (Fig. 3i, j), while the TH
(t=2.834, p=0.0177) and AVP (t=2.50, p =0.0315) were
higher in HFD group than CHD group (Fig. 3k, 1).

Results of estradiol treatment experiment

To verify the relationship between precocious puberty
and adolescent behavior, we used estradiol treatment to
create a model of precocious puberty. We found that,
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unlike high-fat diet, estradiol had no effect on body
weight (Fig. 4a). The weight of uterus increased signifi-
cantly in E2 group (t=3.448, p=0.0062), but the ova-
ries did not change (Fig. 4b, c). The protein expression
of Kisspeptinl (t=2.819, p=0.0182) and Kisspeptinl-
receptor (t=2.938, p=0.0148) in hypothalamus showed
distinctly increased of the E2 mice compared with the
control mice (Fig. 4d, e). In the behavioral test, the risk-
taking behavior of group E2 was significantly increased,
and they spent more time in the open arm (t=4.717,
p=0.0008, Fig. 4f). In the Y-maze, entries to food arm
were no significantly difference, indicating that hormone
induced-precocious puberty did not damage the memory
of mice (Fig. 4g). Finally, from the results of neurotrans-
mitter, AVP (t=3.141, p=0.0105) and TH (t=2.609,
p=0.0261)were significantly increased in E2 group than
CON group(Fig. 4h).

Results of behaviors and neuroproteins in adults

High fat diet made mice reach puberty earlier (t =5.562,
p=0.0002, Fig. 5a), but after changed to normal diet,
its obesity would disappear in adult (Fig. 5b). During
adulthood, subcutaneous fat, gonadal fat and visceral
fat were no difference between two groups (Fig. 5c).
We also found there was no difference in the weight of

ovaries and uterus between the two groups (Fig. 5d).
The estradiol content of serum were no difference
(Fig. 5e). The protein content of hypothalamus Kisspep-
tinl and Kisspeptinl-receptor were no difference, also
the protein content of GnRH and GnRH receptor in the
two groups were no difference (Fig. 5f, i).

From the elevated plus maze, we found that HF-C
mice spent significantly less time (t=3.810, p =0.0042)
and less distance (t=2.685, p =0.025) in the open arms
of the maze in adulthood (Fig. 6a, b). For open field
test, the total distance in open field was no difference
between two groups, though there was a downward
trend in the time in center zone of HF-C mice (Fig. 6c,
d). However, in Y-maze test, the entries to food arm
in HF-C mice was significantly lower than CF-C mice
(t=3.154, p=0.0103, Fig. 6e, f), while the time in food
arm was no different. There was no difference between
CF-C and HF-C mice in the results of the marble bury-
ing test (Fig. 6g). For the novelty-suppressed feeding,
there was no difference between two groups in the
latency to food (Fig. 6h). We investigated changes in
concentrations of neurotransmitters which have been
associated with social behavior and cognition. Mice
with HFD feeding in the childhood had a low level of
NeuN (t=2.782, p=0.0194, Fig. 6i-1) in adulthood.
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Discussion

This study found that high-fat diet after weaning can
cause precocious puberty in mice, and affect their behav-
ior and cognition of puberty, like increase their risk-
taking behavior and exploration ability. However, when
HFD-induced precocious puberty mice changed to nor-
mal diet, their body fat and other physiological indicators
would gradually recover, but it would increase anxiety
and memory decline in adulthood. The content of NeuN

in hypothalamus of HFD mice decreased in adulthood,
which indicated that HFD-precocious puberty has a neg-
ative effect on nerve development.

High fat diet in childhood leads to obesity and precocious
puberty

Obesity caused by changes in diet and lifestyle
is becoming an epidemic. Obesity is associated
with a variety of complications, such as diabetes,
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cardiovascular disease, metabolic disorders and repro-
ductive problems [31]. Obesity can affect reproductive
function [32-34], such as earlier puberty in women
[35]. Recent studies have shown that early-onset obe-
sity increases the content of ceramide in hypothalamus
and promotes puberty in rats [36]. Our results showed

that high-fat diet induced weight gain and white adi-
pose tissue disposition significantly increased (includ-
ing visceral fat, subcutaneous fat and gonadal fat) in
HED group. However, the changing of diet (CHD was
used after puberty) can make the weight and fat con-
tent of obese mice return to normal level in adulthood.
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In this study, we found that HFD mice reached puberty
earlier, and our results are consistent with previous stud-
ies [36]. It has been proved that the central kisspeptin
/ GPR54 system is the key player to regulate puberty
onset by stimulating HPG axis [37, 38]. Hypothalamic
KiSS1 neurons are involved in the regulation of positive
and negative feedback effects of estrogen [39]. Previ-
ous studies have shown that the expression of kisspep-
tin is preferentially increased in the hypothalamus in the
over nourished animal models that lead to precocious
puberty [40, 41]. At the same time, maternal HFD dur-
ing pregnancy impaired the early follicular development
of newborns, which may be related to kisspeptin / GPR54
system [29, 30]. We also found HFD in childhood can
increase the expression of kisspeptin in the ovaries of
mice, leading to the puberty. We detected the content of
kisspeptin/kisspeptin receptor and GnRH / GnRH recep-
tor in hypothalamus, and found that HFD group was
higher than CHD group. Also, the LH and E2 were higher
in HFD mice. Therefore, the precocious puberty induced
by high-fat food in childhood is mediated by kisspeptin
-GnRH-LH-E2 axis.

Precocious puberty increases risk-taking behavior

and adult anxiety behavior

Age has a great influence on the behavior of mice. For
example, young and adult mice strongly avoid entering

the open arm. In contrast, adolescents enter the open
arm faster and more frequently than other age groups
[16]. This shows that in this adolescence, the level of pur-
suit of novelty increased, more risk-taking behavior, and
the behavior and physiological response to stressful situ-
ations decreased. Additionally, the effect of age on behav-
ior is related to sex hormone, for example progesterone
was related to individual exploration and risk taking [17].
Here, we use the elevated maze to test animals’ risk-tak-
ing behavior and stress response. Consistent with previ-
ous evidence, we found that HFD mice had a higher rate
of open arm entry than CHD mice. Therefore, we suggest
that HFD-induced precocious puberty mice exhibit lower
anxiety related responses and higher risk-taking behav-
iors. At the same time, in Experiment 2, the risk-taking
behavior of precocious puberty mice induced by estrogen
was also increased. This also confirmed that high-fat diet
made mice enter puberty earlier, not only physiological
changes, but also behavioral changes. In the open field
and new food recognition experiments, high-fat feed-
ing did not increase the level of animal anxiety. Only in
the test of burying behavior, mice in HFD group showed
a higher degree of buried in bead embedding test. This
may be related to the increase of curiosity about new
things, but it is also the reason for anxiety. Although a
large number of studies have confirmed that high-fat diet
can increase animal anxiety [42], for precocious mice, the
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distance in the open arms of the elevated plus maze was significantly decreased in HF-C as compared with CH-C mice. ¢, d Time spent and total
distance traveled in the inner zone of the open field were no significantly difference in two groups. e, f Time in food arm was no significantly
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pursuit of new things and risk-taking behavior are the
main factors to enter the open arm.

However, our experiments also found that high-fat
feeding experiences in infancy made adult mice more
anxious when they returned to normal diet. For example,

they visited the open arms less often or even not in the
elevated cross maze. At the same time, in the Y-maze
test, the number of visits to the food arm decreased, sug-
gesting that their memory was impaired. Overall, these
data are consistent with a large number of researches that
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describing the brain’s sensitivity to a high-fat diet [43, 44].
It can be seen that precocious puberty caused by high-fat
in adolescence may have a lifelong and irreversible nega-
tive impact on brain nerve development.

Precocious puberty and behavioral changes induced

by high-fat food are related to the neurodevelopment
Both humans and mice are more likely to take risks in
adolescence, which is related to the competition between
social emotional system and cognitive system in the
brain. In early adolescence, dopamine system in prefron-
tal cortex is active, which plays an important role in brain
reward cycle. Therefore, risk-taking behavior of adoles-
cent mice will increase [45]. High fat food, can affect the
development of the brain, but also affect the behavior of
animals. Some studies have shown that the effect of high-
fat diet during pregnancy on the brain development of
offspring may be reflected in the increase of dopamine
in nucleus accumbens, the decrease of endogenous can-
nabinoid in hippocampus structure and the length of
amygdala dendrite, which may lead to the increase of
aggressive behavior and depression behavior of off-
spring [46]. Similarly, when the adolescent male rats were
fed with high-fat food, their anxiety like behavior was
enhanced and the structure and neural circuits of related
brain regions were changed [42]. The effects of high-fat
diet during pregnancy and adolescence on animal behav-
ior and brain development were studied. Our experi-
ments focused on the effects of high-fat foods on mice
during childhood, from post weaning to pre puberty.
Recent studies have shown that diet induced obesity in
mice results in impaired hippocampal memory, but there
is no significant change in BDNF [47], which is consistent
with our results. There is no difference in BDNF between
HFD group and control group. However, in our results,
AVP of HFD-induced precocious mice and E2-induced
precocious mice were higher than those in the control
group, which could explain the risk-taking behavior and
exploratory increase [48]. Previous studies have shown
that long-term HFD during the critical period of neu-
ral development (puberty) may cause some irreversible
changes in brain and behavior [42]. For example, in young
animals, HFD can affect brain development through neu-
rogenesis and affect cognitive ability in adulthood [49].
As our results, HFD- induced precocious puberty mice
have memory impairment in adulthood, and TH, NeuN,
AVP in hypothalamus related to cognition and memory
are significantly reduced. Combined with the results of
several behavioral tests of the two groups of animals, we
believe that HFD induced precocious puberty can cause
irreparable damage to the brain of adult mice, such as
memory impairment and increase the anxiety of animals.
Therefore, HFD- induced precocious puberty will not
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only increase the risk-taking behavior in adolescence, but
also damage the development of brain nerve during the
growth of adolescents, and affect the cognitive pheno-
type of adults.

Conclusions

High fat diet after weaning can cause the precocious
puberty, increase the risk-taking behavior of mice,
and affect the neurodevelopment. During adulthood,
the body weight, body fat content and other metabolic
index of mice recovered to normal level by chow diet,
but the effect on neurodevelopment was not completely
recovered, anxiety and memory impairment were
increased in adult mice. Therefore, we can not ignore
the harm of HFD on precocious puberty. Our results
also have implications for human studies. We suggest
that reduce the excessive intake of high-fat food in
childhood, because obesity induced precocious puberty
may lead to lifelong damage.
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