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In the present work we analyzed the effects of postnatal exposure to two doses of genistein (10 pg/g or 50 pg/g)
from postnatal (P) day 6 to P13, on the morphology of the arcuate nucleus (Arc). The analyses of Arc coronal
brain sections at 90 days showed that the ArcMP had higher values in volume, Nissl-stained neurons and GPER-ir
neurons in males than in females and the treatment with genistein abolished these sex differences in most of the
parameters studied. Moreover, in males, but not in females, the GPER-ir neurons decreased in the ArcMP but

increased in the ArcL with both doses of genistein. In the ArcLP, GPER-ir population increased with the lowest
doses and decreased with the highest one in males. Our results confirm that the Arc subdivisions have differential
vulnerability to the effects of genistein during development, depending on which neuromorphological param-
eters, dose and sex are analyzed.

1. Introduction

The arcuate nucleus (Arc) is a hypothalamic structure located at the
base of the third ventricle with a privileged position, close to the median
eminence, to directly receive signals about the body’s metabolic status
from the gastrointestinal and adipose systems (Morton et al., 2014;
Vohra et al., 2022). It is widely demonstrated that the Arc has a core
involvement in the regulation of food intake mainly through proopio-
melanocortin (POMC) and neuropeptide Y/Agouti related protein
(NPY/AgRP) neurons (Sohn et al.,, 2013; Heisler and Lam, 2017;
Sternson and Eiselt, 2017). Furthermore, it has been recently reported
that the Kisspeptin/Neurokinin B/Dynorphin (KNDy) neurons in the Arc
regulate the negative feedback on GnRH secretion (Mittelman-Smith
et al., 2012; Constantin, 2022; Xie et al., 2022) therefore, the Arc is also
involved in the physiology of the reproductive system (Dudek et al.,
2018; Harter et al., 2018; Wang and Moenter, 2020).

The Arc is vulnerable to the effects of endocrine disrupting com-
pounds (EDCs), such as bisphenol A (BPA), Aroclor 1221, organophos-
phate flame retardants (OPFRs), diethylstilbestrol or tributyltin, most of
which produce alterations in different systems both in adulthood (Vail
and Roepke, 2020; Marraudino et al., 2021) and during development

(Walker et al., 2013; 2014; Roepke et al., 2016). These compounds have
estrogenic effects and are considered detrimental to health (Casals-Casas
and Desvergne, 2011). Phytoestrogens are also considered EDCs, but
unlike those previously mentioned, their effects have been observed to
be beneficial in preventing cardiovascular diseases (Fusi et al., 2020);
improving menopausal symptoms (Chen et al., 2019; Thangavel et al.,
2019) and preventing ischemic strokes (Castello-Ruiz et al., 2011).
However, currently there is no agreement on these potential beneficial
effects, because some other investigations have shown no clear
improvement in clinical studies (Lephart et al., 2004; Crain et al., 2008;
Patisaul and Jefferson, 2010), while others have reported a variety of
alterations such as cytotoxicity in primary cortical neurons increasing
cell death; disruption in the timing of ovarian development (Losa et al.,
2011); sex differential changes in the number of POMC neurons in the
Arc (Fernandez-Garcia et al., 2021) or an increase in neuritic arboriza-
tion in primary hypothalamic neurons (Marraudino et al., 2019).
Genistein is a phytoestrogen belonging to the group of isoflavones
present in high levels in soybeans, which are highly consumed by the
Asian population and constitute a basic nutrient in their diet. In Western
countries its consumption has increased significantly in recent decades,
and it is used as a substitute for breast milk when newborns develop
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some type of allergy to milk (Patisaul and Jefferson, 2010; Verduci et al.,
2020). The estrogenic effects of genistein occur through the nuclear
estradiol receptors (ER) o and ERp, although a higher affinity of this
compound for the ERf has been described (Kuiper et al., 1998; Casanova
etal., 1999; Patisaul et al., 2002). Apart from the effects through nuclear
receptors, actions of genistein via G-coupled membrane receptor (GPER)
have also been shown and some authors reported a similar binding af-
finity to both ERa and ERB (Thomas and Dong, 2006). Specifically,
genistein through GPER activation produces anti-inflammatory effects
in microglial cells (Du et al., 2018) or an increase in glial cell migration
(Ariyani et al., 2020). Since, of the three receptors, the GPER is the most
recently discovered receptor, less data is available to link this receptor
with the effects of genistein. Therefore, studying the neuronal popula-
tion expressing GPER, as well as the effects that early administration of
genistein has on this population in the long term, is of utmost interest.

The early stages of development are highly vulnerable to exposure to
potentially harmful external agents, mainly because they interfere with
the processes of establishment and maturing of neural networks. Spe-
cifically, the Arc neurogenesis occurs during the prenatal stage, but
synaptogenesis takes place mainly during the early postnatal stage in
rodents (Bouret et al., 2004; Rice and Barone, 2000; Ishii and Bouret,
2012). The vulnerability of the Arc to exposure to genistein has been
demonstrated as the administration of genistein during the first three
days of life decreased the number of kisspeptin immunoreactive fibers in
Arc in female rats (Losa et al., 2011). Moreover, in a previous study we
showed that genistein administration from P6 to P13 modified the
number of POMC neurons in the Arc differentially in adult male and
female rats (Fernandez-Garcia et al., 2021).

Considering the effects that genistein has when administered during
the early stages of development, and our previous results in which we
have also shown that during the treatment period, from P6 to P13, the
arcuate melanocortin system is sensitive to the effects of estradiol, in the
present work we will address four main objectives, 1) to analyze what
effects genistein have on the neuronal population of all subdivisions of
the Arc in a sensitive period of development, from P6 to P13, in the long
term, when the animals are adult; 2) to examine whether the population
of neurons expressing the membrane receptor GPER is altered by gen-
istein during this same period, as it is increasingly being shown that this
membrane receptor could be a relevant pathway in the action of phy-
toestrogens on the brain; 3) stemming from the two previous objectives,
but no less important, our results will allow us to show a neuroana-
tomical study of the neuronal population and of the population
expressing GPER receptors in male and female control animals in all
subdivisions of the Arc; 4) finally, we will study males and females, since
previous reports on the Arc have shown the existence of sex differences
in several morphological parameters of this nucleus and also in the
response to exposure to different EDCs.

2. Materials and methods
2.1. Animals

Wistar rats were maintained under controlled conditions of tem-
perature, humidity, and light (22 + 2 °C; 55 + 10% humidity; 12 h
light/12 h dark cycle, lights on from 08:00 to 20:00). Throughout the
whole experiment, special attention was paid to minimize animal
suffering and reduce the number of animals used to the minimum
necessary, according to the guidelines published in the “NIH Guide for
the Care and Use of Laboratory Animals”, the principles presented in the
“Guidelines for the Use of Animals in Neuroscience Research” by the
Society for Neuroscience, the European Union legislation (Council Di-
rectives 86/609/EEC and 2010/63/UE) and the Spanish Government
Directive (R.D. 1201/2005). Experimental procedures were approved by
our Institutional Bioethical Committee (UNED, Madrid).

For mating, a male was placed in a cage with two females for one
week. Pregnant females were housed individually in maternity cages
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with wood shavings as the nesting material. After delivery, on postnatal
day 1 (P1), pups born on the same day were weighed, sexed, and
randomly distributed (five females and five males/dam). Pups were
treated with a daily subcutaneous injection of synthetic genistein
(Genistein Synthetic, >98%, Sigma-Aldrich St. Luois, MO, USA) with
one of two doses, 10 pg/g (low dose, G10) or 50 pg/g (high dose, G50),
or vehicle (corn oil). The doses were selected after reviewing our pre-
vious results and those of other authors (Faber and Hughes, 1991; 1993;
Bateman and Patisaul, 2008; Ponti et al., 2017; 2019; Fernandez-Garcia
et al., 2021). The injections were administered between 8:00 and 10:00
a.m. All pups received eight injections between days P6 and P13,
resulting in the following groups: control male (n = 10, CM), control
female (n = 9, CF), G10 male (n = 10, G10M), G10 female (n = 9, G10F),
G50 male (n = 10, G50M) and G50 female (n = 8, G50F) as can be seen
in Fig. 1A.

2.2. Tissue preparation

On P90, animals were anaesthetized with an intraperitoneal injec-
tion of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body
weight). Then, the animals were transcardially perfused with saline,
followed by 4% paraformaldehyde (PAF) between 9:00 and 11:00 a.m.
The speed of the perfusion pump was set at 45 revolutions per minute.
All females were in the diestrous phase. The brains were removed, stored
in a freshly prepared PAF solution for 2 h at 4 °C and then washed
several times in phosphate-buffered saline (PBS). Next, the brains were
stored in a 30% sucrose solution in PBS at 4 °C until they were examined.
The brains were then frozen with Tissue-Tek O.C.T. Compound (Sakura
Finetek, Torrance, CA, USA) and serially sectioned along the coronal
plane at a thickness of 40 pm. Serial sections were collected in four se-
ries, of which two were used in this study for the histological analysis
processed via the Nissl staining method for labelling neurons (Fig. 1B)
and GPER immunostaining (Fig. 1C).

2.3. Nissl staining and morphometrical analysis

Sections were stained with a 0.1% solution of cresyl violet (C5042,
Merck Chemicals, Darmstadt, Germany). Once the Nissl stain was per-
formed, all sections were photographed with a magnification of X10
with a NIKON Digital Sight DS-Fil camera connected to a NIKON Eclipse
80i microscope with the Olympus CellA v1.1.6 program. All measure-
ments of volume and number of Nissl-stained neurons from these images
were manually taken by one of the authors and verified by another. The
persons conducting the morphometrical analysis were blinded about the
condition of the animals.

The limits of the Arc were established, according to the Atlas of the
Rat Nervous System (Paxinos and Watson, 2014). The Bregma co-
ordinates of each subdivision are shown in Table 1. The regions
considered in this study were the medial (ArcM), the medial lateral
(ArcL), the dorsal (ArcD), the medial posterior (ArcMP) and the lateral
posterior (ArcLP) subdivisions of the nucleus following a rostro-caudal
axis.

2.3.1. Volume

The volume of the Arc was estimated by applying the classic Cav-
alieri principle (Gundersen and Jensen, 1987). The right and left
hemispheres were measured independently. In each section, the area of
the coronal section of the Arc was estimated by superimposing a grid of
crosses with an area per point of 3300 pm?, using the ImageJ program
version 2.0.0.0-rc-69/1,52n, as can be seen in Fig. 1D. All the crosses of
the grid located entirely within the previously set delimitations in all
sections of all subdivisions of the Arc were counted to make an estimate
of the volume following the formula of the Cavalieri principle. Cav-
alieri’s principle, a well-established stereological technique, uses inter-
polation between samples to estimate the volume of three-dimensional
(3D) objects using the following formula:
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Fig. 1. Schematic representation of material and methods. A) From postnatal day 6 (P6) to P13 Pups were treated with a daily subcutaneous injection of synthetic
genistein with 10 pug/g (low dose, G10) or 50 pg/g (high dose, G50), or vehicle (corn oil). The groups obtained were control male (CM), control female (CF), G10 male
(G10M), G10 female (G10F), G50 male (G50M) and G50 female (G50F). After the sacrifice on P90, tissue was serially sectioned on the coronal plane and used for
histological analysis processed via the Nissl staining method and GPER immunostaining. B) Photomicrograph (x40) showing a detail of Nissl-stained neurons. Nissl-
positive neurons were considered to be all those in which the nucleolus was marked by the Nissl stain. C) Photomicrograph (x40) showing the detail of typical GPER-
ir Arc neurons. All cells in which the morphology of the neuronal soma could be distinguished were considered. D) Photomicrograph (x10) showing the Cavallieri
method used for the estimation of Arc volume in Nissl-stained sections. Briefly, a grid of red crosses of 3300 pm2 was superimposed on the photo. All crosses that
were within the nucleus’ boundaries were counted (marked with red crosses). E) Method applied for counting Nissl stained and GPER-ir neurons in the Arc section. A
grid of blue lines (amplified in the photo for ease of identification) with an area of 1497.69 pm2 was superimposed over the section. As can be seen in the photo, all
neurons (marked as red circles) included in each square’s limits were taken into account. F) And G) Photomicrograph (x10) showing negative control and immu-
nostaining of GPER in the Arc, marked with red arrows. In image F, the incubation with the first antibody was omitted. H) Photomicrograph (x40) showing a detail of
negative control section without signal. ArcD = Arcuate dorsal; ArcL = Arcuate lateral; ArcM = Arcuate medial (Paxinos and Watson, 2014). Scale bars = B = 25 pm;
E =300 pm; G = 150 pm; H = 50 pm.

which corresponded to the anterior region and 6 of them to the posterior
region. These numbers could vary depending on the animal, but by no
more than one or two sections. For the estimation of the number of
neurons, a grid with quadrants with an area of 1497.69 pm? was placed

Table 1
Bregma coordinates of Arcuate nucleus regions studied according to Paxinos and
Watson (2014).

Arcuate Nucleus (Bregma —1.92 mm to —4.36 mm) on each section in which the Arc appeared, as represented in Fig. 1E.
Anterior subdivision (Bregma —1.92 Posterior subdivision (Bregma —3.48 Two selection patterns were used due to the different size of the Arc

mm to —3.36 mm) mm to —4.36 mm) subdivisions. In the ArcM, ArcD and ArcMP subdivisions, one in ten
Dorsal (ArcD) Medial Posterior (ArcMP) quadrants were randomly selected and in the more lateral subdivisions,
Medial (ArcM) ArcL and ArcLP, one in five quadrants were randomly selected. Only
Lateral (ArcL) Lateral Posterior (ArcLP) those quadrants whose total area was within the boundaries of the

subdivisions of the nucleus were included. All neurons in which
neuronal bodies were distinguished within the quadrant were consid-
V (mm®) = f x (SP x a(p) x 1) ered, excluding those in which the grid lines overlapped with neuronal
morphology.
Where f is the fraction used, P is the number of points counted in each of
the sections, a(p) is the area associated with each point and t is the

thickness of the sections used. 2.4. GPER immunostaining and morphometrical analysis

First, the cryoprotectant was washed with 0.1% PBS, then the sec-
tions were incubated with a PBS solution containing 0.2% bovine serum
albumin (BSA) and 0.2% Triton X-100 for 30 min and treated to block
endogenous peroxidase activity (buffer containing 1:1 methanol and
0.3% hydrogen peroxide; stirring for 10 min, at room temperature).
Next, 3 washes were performed on PBS for 5 min. Then, the sections
were incubated for 48 h at 4 °C with a rabbit polyclonal antibody against

2.3.2. Number of neurons

Nissl-positive neurons were considered to be all those in which the
nucleolus was marked by the Nissl stain (Fig. 1 B). The right and left
hemispheres were measured independently in each animal. The Arc was
analyzed from —1.92 mm to —4.36 mm bregma, following Paxinos and
Watson (2014). The Arc was observed in an average of 14 sections, 8 of
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GPER diluted 1:250 in PBS and 0.2% de BSA, (Anti-G-protein coupled
receptor 30 antibody ab39742, Abcam, Cambridge, UK). This step was
omitted in the negative control sections (Fig. 1 F,H). Our group tested
the positive control in a previous study in which the same antibody was
used (Marraudino et al., 2021). After several brief washes in PBS, the
sections were incubated with biotinylated goat anti-rabbit IgG serum
(Invitrogen by Thermo Fisher, 1:200, USA) for 90 min and then in
avidin-peroxidase complex (ABC Peroxidade Staining Kit Thermo Sci-
entific, USA) for 60 min at room temperature. Finally, the presence of
peroxidase activity was revealed with a solution containing 0.02 g/mL
diaminobenzidine (DAB, Aldrich, Madrid, Spain) and 0.025% hydrogen
peroxidase in Tris-HCl, pH 7.6. The sections were mounted on
gelatin-coated slides, dehydrated in ethanol, washed in xylene, coated
with DPX and covered (Surgipath Europe Ltd., Peterborough, UK).

The counting of the GPER-ir neurons in the Arc was carried out by
means of black and white photographs 20X taken with the NIKON
Digital Sight DS-Fil camera connected to the NIKON Eclipse 80i mi-
croscope with the Olympus CellA v1.1.6 program. These photographs
were manually analyzed using the ImageJ program version 2.0.0.0-rc-
69/1,52n by the same authors whose were blinded about the condi-
tion of the animals.

All sections of the brains were sorted according to Paxinos and
Watson (2014) and all sections with positive marking in GPER in the Arc
were selected.

Immunohistochemical marking of GPER has been characterized as
predominantly cytoplasmic, with a wide distribution throughout the
Arc. All cells in which the morphology of the neuronal soma could be
distinguished were considered, excluding those showing a dendritic
morphology characteristic of glial cells (Llorente et al., 2020). The right
and left hemispheres were counted independently. To do this, a grid
with quadrants with an area of 1497.69 ym2 were first put in place, as
previously described for counting Nissl-stained neurons. The delim-
itations of all the subdivisions of the Arc were then established and the
count was carried out, as mentioned above, with the exception of the
ArcD and ArcM. The limits between these two subdivisions were difficult
to establish in these GPER-ir stained sections, so they were considered as
a continuum (ArcD-M).

Like in the Nissl-stained sections, in the ArcD-M and ArcMP sub-
divisions one in ten quadrants were randomly selected and in the more
lateral subdivisions, ArcL and ArcLP, one in five quadrants were
randomly selected. Only those quadrants entirely within the boundaries
of the subdivisions of the nucleus were included. All cells within the
quadrant were counted, excluding those in which the grid lines over-
lapped with the cells.

2.5. Plasma estradiol levels

Plasma estradiol levels were measured in duplicate by ELISA
(CEA461Ge, Cloud-Clone Corp.) following the manufacturer’s in-
structions. Absorbance in each well was measured with a Tecan Infinite
M2000 (Grodig, Austria). The detection range of the method was
12.35-1000 pg/ml.

2.6. Statistical analysis

The data obtained were submitted to one-way ANOVA, with the
hemisphere as a factor to determine the potential differences between
the right and left hemispheres. Once the effect of the hemisphere was
discarded, the mean value of the two hemispheres and that of each
subdivision was used for the posterior statistical analyses performed. In
order to know the possible differences between the anterior and poste-
rior region of Arc, the sum of ArcM, ArcL, ArcD was considered to be the
total anterior Arcuate and the sum of ArcMP and ArcLP was considered
to be the total posterior Arcuate. Similarly, the sum of all subdivisions
constituted the Total Arcuate. To determine sexual dimorphism,
ANOVAs between males and females with treatment as a factor, were
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developed. The significance level was set at p < 0.05. To determine
intra-sex differences, male and female groups were analyzed indepen-
dently using a one-way ANOVA followed by S-N-K post hoc tests with a
significance level at p < 0.05.

3. Results
3.1. Volume

In Table 2, the mean and SD volumes obtained in this study can be
seen. With respect to sex differences in control groups, a significant
difference was found between males and females in the total posterior
Arcuate volume (F1,10 = 7.864; p = 0.019).

When each subdivision was examined, we also found a significant
difference in the ArcMP (F1,10 = 12.635; p = 0.005). In both cases,
males have a greater volume than females (see Fig. 2 A, B and * in
Table 2).

In genistein treated groups this dimorphism is absent. When each sex
was examined separately, no differences were detected between female
or male groups.

3.2. Number of neurons

In the posterior division of the Arc (Fig. 3M) a significant difference
in neurons was found in the ArcMP subdivision in the control groups
(F1,10 = 9.061; p = 0.013) with males having a higher number of
neurons than females, as can be seen in Fig. 3 (A,B,C). The same results
were found between G10 males and females in the ArcMP (F1,10 =
11.678; p = 0.008) and, in the total posterior Arcuate, (F1,10 = 5.962; p
= 0.037) males were seen to have a higher number of neurons than
females in all cases (Fig. 3D and E,F,N).

In the anterior division of the Arc, significant differences between
G10 groups can be observed in the ArcL (F1,10 = 7.406; p = 0.024) with
females having a higher number of neurons than males (Fig. 3G and H,I).
In the G50 group, a difference was found in the ArcD with females
having a higher number of neurons than males (F1,10 = 6.260; p =
0.034) (Fig. 3J and K,L).

When each sex was analyzed separately, no differences were detec-
ted between the male groups. Between the female groups, a main effect
in the ArcM was found (F2,13 = 4.203; p = 0.039). The post hoc analysis
revealed a significant difference between the CF and G10F groups due to
an increment in the number of neurons in the latter (CF < G10F; p <
0.05) as can be seen in Fig. 4.

3.3. GPER-ir

GPER-ir cells were widely distributed across the Arc and their dis-
tribution was similar to Nissl-stained cells in this nucleus. With respect
to sex differences in the control groups, a significant difference was
found between males and females in the total posterior Arcuate (F1,10
=17.802; p = 0.002) (Fig. 5 D). When each subdivision was examined,
we found a significant difference in the ArcMP between the control
groups (F1,10 = 14.072; p = 0.004) (Fig. 5A and B,C). In both cases,
males had more GPER-ir cells than females. In genistein treated groups
this dimorphism was absent.

When each sex was analyzed separately, no differences were detec-
ted between female groups. In males, a main effect of treatment was seen
in the ArcL (F2,14 = 4.830; p = 0.025), in the ArcMP subdivision (F2,14
= 5.319; p = 0.019), in the ArcLP subdivision (F2,14 = 9.692; p =
0.002) and in the total posterior Arcuate (F2,14 = 7.590; p = 0.006). A
post hoc analysis showed significant differences between the CM and
G50M groups in different subdivisions. As can be seen in Fig. 6, G50M
have greater number of neurons than CM in the ArcL (CM < G50M; p <
0.05) but not in the ArcMP, the ArcLP and in the total posterior Arcuate
(CM > G50M; p < 0.05 in all cases) (Fig. 6A and B,C,D). The comparison
between CM and G10M showed significant differences between these



J.M. Fernandez-Garcia et al.

Molecular and Cellular Endocrinology 570 (2023) 111933

Table 2
Mean and SD values of volume (mm?) in each subdivision, region and in the Total Arcuate nucleus.
CM CF G10M G10F G50M G50F

ArcM 0.132 + 0.016 0.131 + 0.024 0.136 + 0.022 0.132 + 0.020 0.129 + 0.027 0.136 + 0.026
ArcL 0.045 + 0.006 0.049 + 0.003 0.046 + 0.006 0.045 + 0.007 0.044 + 0.008 0.044 + 0.009
ArcD 0.012 + 0.001 0.013 + 0.002 0.013 + 0.002 0.012 + 0.002 0.012 + 0.001 0.012 + 0.002
ArcMP 0.040 + 0.006 0.030* + 0.004 0.034 + 0.008 0.030 + 0.005 0.034 + 0.008 0.035 + 0.007
ArcLP 0.020 + 0.004 0.018 + 0.003 0.020 + 0.003 0.019 + 0.002 0.020 + 0.003 0.020 + 0.003
Arc (Anterior) 0.189 + 0.018 0.192 + 0.025 0.195 + 0.025 0.189 + 0.026 0.185 + 0.025 0.192 + 0.036
Arc (Posterior) 0.060 + 0.009 0.048* + 0.006 0.054 + 0.010 0.049 + 0.006 0.054 + 0.011 0.055 + 0.009
Arc Total 0.250 + 0.026 0.240 + 0.029 0.249 + 0.022 0.237 + 0.031 0.238 + 0.034 0.247 + 0.042

A) Total posterior Arcuate

T 0.06
£ 005
0.04

0.03
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0.01

0

*
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Volume

CM
ArcMP

CF
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Volume (mm3)
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CM CF

Fig. 2. Histogram shows sex differences in volume in A) Total posterior arcuate
nucleus. B) Medial posterior arcuate subdivision ArcMP. CM = control male;
CF = control female. *: significant differences between groups (p < 0.05 in all
cases). All values are expressed as means + S.D.

two groups in the ArcL and ArcLP, with G10M showing a greater number
of neurons than CM in both subdivisions (p < 0.05 in both comparisons)
(Fig. 6 A,C). Moreover, differences between G10M and G50M groups
were seen in the ArcLP and in the total posterior Arcuate with the G10M
groups showing more neurons than the G50M groups (p < 0.05 in both
cases) as can be seen in Fig. 6 C,D.

3.4. Plasma estradiol levels

Estradiol showed a main effect of sex (F1,33 = 5.77; p = 0.02),
treatment (F2,13 = 15.125; p = 0.001) and the interaction between the
factors (F2,13 = 7.825; p = 0.002). The post hoc analysis showed sexual
dimorphism between the G50M and G50F groups due to the increase in
the values in males (p < 0.05) (Fig. 7A).

When the male groups were analyzed, we found a main effect of
treatment (F2,13 = 10.871; p = 0.001). The post hoc analysis showed a
difference between the G50M groups and the other two male groups,
due to the increase in the levels of estradiol in the G50M group (p < 0.05
for all comparisons) (Fig. 7B). In females, a main effect for treatment was
found (F2,13 = 12.346; p = 0.001). The post hoc test showed a signifi-
cant difference between the CF group and the genistein treated females,
with the CF group having the lowest values (p < 0.05 for all compari-
sons) (Fig. 7C).

With respect to testosterone values, no main effect of treatment was
detected. When each sex was examined separately, no differences were
detected between the female or male groups.

4. Discussion

The Arc is a crucial nucleus in the regulation of energy metabolism
and its participation in the control of reproductive behaviors has also
been demonstrated. The heterogeneity of the neural populations which
make up this structure support the importance of distinguishing between
subdivisions when studying it. In the present work we have shown that
the Arc is a structure vulnerable to the action of genistein during the
early postnatal stage because, depending on the subdivision analyzed
and on the neuronal population considered, males and females respon-
ded differently to the two doses of genistein used in this study, admin-
istered from P6 to P13. The principal result of our study is that, of all the
subdivisions of the Arc, the posterior region, and specifically its GPER-ir
population, is the most vulnerable to the effects of genistein.

Neuroanatomical study of the Arc has shown that the ArcMP showed
sexual dimorphism in volume and in the two populations studied, the
Nissl-stained neurons and the GPER-ir neurons. The Arc is involved in
the regulation of sexual dimorphic behaviors (Asarian and Geary, 2013)
and sex differences in various morphological parameters of this struc-
ture have been reported, with most following a male greater than female
pattern (Matsumoto and Arai, 1980; Leal et al., 1998). Although analysis
of the volume, number of neurons and density of the Arc has been car-
ried out in males or females (Peng and Hsu, 1982; Yang et al., 1993; Hsu
and Peng, 1978), only one article has reported sex differences in these
parameters (Leal et al., 1998). Given the heterogeneity of the neurons
that make up the Arc and the diversity of functions in which they
participate (Sohn et al., 2013; van den Pol et al., 2019; Campbell et al.,
2017; Quarta et al., 2021), our findings provide added value by pointing
out which specific subdivision of the Arc presents differences between
males and females in the two neuronal populations analyzed. This might
explain the differences in the physiology of the behaviors that this nu-
cleus regulates, such as feeding (Asarian and Geary, 2013) and repro-
ductive behaviors (Schafer et al., 2018; Wang and Moenter, 2020) and
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Fig. 3. Photomicrographs (x10) and graphs showing the
sexual dimorphism found in different subdivisions be-
tween males and females in each treatment. Limits of
c) ArcMP the Arc are signalled by red arrows in each photomi-
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Fig. 4. Histogram shows differences in Nissl-stained neurons among female
groups in the ArcM subdivision CF = control female; G10F = G10 female; G50F
= G50 female. ArcM = Arcuate medial (Paxinos and Watson, 2014). *: signif-
icant differences between groups (p < 0.05 in all cases). All values are
expressed as means + S.D.

highlights the importance of analyzing the Arc considering all
subdivisions.

Treatment with genistein from P6 to P13 altered the normal devel-
opment of several subdivisions of the Arc depending on the dose. The
posterior region of the Arc was the most affected by the administration
of genistein. On the one hand, the sex differences found in the Nissl
population remain unchanged with the low dose of genistein, but with
the high dose the dimorphism disappeared in this region. While for the
GPER-ir population, the sex differences found in the control groups were
abolished with both of the genistein doses used in the study. On the
other hand, the GPER-ir neurons in the posterior subdivisions were also
affected in males although not in females. It is also important to note
that except for the low dose of genistein in the ArcLP, which increased
the GPER-ir neurons, the high and/or low dose of genistein in the ArcMP
subdivision resulted in a significant decrease of the GPER-ir population.
It might be surprising that the population of GPER neurons was affected
by genistein treatment in males but the total number of Nissl-stained
neurons including the former was not. This could be explained by the
fact that the population of GPER neurons constitutes only a proportion
of the total number of neurons in this subdivision and, therefore, dif-
ferences found in a specific population are not reflected in the total
number of neurons.

Although the most consistent results of our study were shown in the
posterior region of the Arc, other effects of genistein were detected in the
anterior region of the nucleus. The only effect on the ArcM was an in-
crease in the population of Nissl-stained neurons with the low dose of
genistein in females. In addition, both doses increased the number of
GPER-ir neurons in males in the ArcL. It has been shown that in the
posterior region of the Arc, but not in the anterior one, excitatory
glutamate neurons abound and participate in the control of satiety
projecting axonal connections to local neurons containing POMC (van
den Pol et al., 2019). Moreover, higher concentrations of GH-RH-ir were
reported in the caudal with respect to anterior Arc (King et al., 1975).
Considering the reported differences in the neurophysiology of the
different subdivisions of the Arc, it could be suggested that genistein
during the early postnatal stage differentially affects the various
neuronal populations that comprise the Arc depending on the sex of the
animals and the dose of genistein administered.

It is worth highlighting the differential effect that dose had in some
subdivisions, both on Nissl population and on GPER-ir neurons. It could
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be surprising that the lower dose had greater effect than the higher one,
as in the case of the number of Nissl neurons in the ArcM or the GPER-ir
population in the ArcLP. However, considering the different sensitivity
of genistein to the E2 receptors and the diversity of neuronal populations
and their connection patterns throughout the Arc subdivisions (Sohn
etal., 2013; van den Pol et al., 2019; Campbell et al., 2017; Quarta et al.,
2021), together with the capability of genistein to exert estrogenic
and/or antiestrogenic effects (Mueller, 2002), a combination of these
factors could be an explanation for the greater effect on these two
populations with the lowest dose.

Few studies have researched the differential effect of genistein in
males and females and even fewer its influence during development.
Some data has shown that in neonates, genistein produces a decrease in
the size of oxytocin neurons in the supraoptic nucleus in males but not in
females (Yoshimura et al., 2011). When the effects of exposure to gen-
istein during development were analyzed in adulthood, results showed
that genistein abolished sexual dimorphism in a specific region of the
hypothalamus (Ponti et al., 2019) and that the number of nitric oxide
synthase (NOS) cells decreased in the amygdala in males but not in fe-
males (Ponti et al., 2017). Specifically in the Arc, exposure to genistein
in the first three days of life was found to decrease kisspeptin fiber
density on postnatal day 21 (Losa et al., 2011). Furthermore, our group
has previously found a differential response in the Arc in males and
females via the same genistein protocol used in the present study,
showing that the population of proopiomelanocortin (POMC) neurons in
the ArcM subdivision was significantly decreased by genistein treatment
in females but not in males (Fernandez-Garcia et al., 2021). All these
results support the importance of including males and females in all
studies dealing with the effects of genistein on the different neural
systems.

It must be taken into account that exposure to genistein occurred
during a specific period of the early postnatal stage and that the effects
were detected when the animals were adults. During that specific stage
of development, the hypothalamic circuits are being programmed
(Bouret et al., 2004; Rice and Barone, 2000; Ishii and Bouret, 2012). It
should come as no surprise that the administration of a phytoestrogen
during this period may alter the normal development of different aspects
of the Arc because this period has been demonstrated to be sensitive to
the effects of estradiol. Previous research from our group has shown that
estradiol treatment during this same period modulated the physiological
and brain alterations produced by a high-fat diet. We have also shown
that the inhibition of ERa, ERp and GPER had differential long-term
effects on body weight and mRNA POMC levels in both sexes (Carrillo
etal., 2016; 2019; Pinos et al., 2018). Furthermore, the specific action of
GPER in response to genistein in different functions and processes has
been demonstrated (Du et al., 2018; Ariyani et al., 2020). Our data
shows that the GPER expression in the Arc is susceptible to the effects of
genistein differentially in males and females during development,
depending on the doses and the subdivisions considered.

It could be thought that the alterations in the expression of GPER are
due to circulating levels of sex hormones, since estradiol activates this
receptor. It has been demonstrated that estradiol stimulates GPER pro-
files and glycogen content in female but not in male astrocytes (Ibrahim
et al., 2020). Moreover, GPER fluctuates along the estrous cycle in
different structures in a sexually dimorphic pattern (Marraudino et al.,
2021). Therefore, it appears that the population of neurons expressing
GPER responds differentially depending on estradiol levels. But, at this
point, it is necessary to emphasize that the changes found in adult ani-
mals in the present work do not seem to be due to an effect of plasma
gonadal hormone levels, since no significant changes in circulating
testosterone were observed between groups and those detected in
estradiol occurred in both males and females at the two doses studied.
What could be suggested is that early exposure to the phytoestrogen
could condition circulating levels of estradiol in adult animals.

The involvement of estradiol in energy metabolism (Lopez and
Tena-Sempere, 2015), its specific action on the activity of POMC
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Fig. 5. Photomicrographs (x10) and graphs showing
the sexual dimorphism found in GPER-ir cells in the
ArcMP (A,B,C) and total posterior Arcuate (D) be-
tween males and females in control groups. A) Con-
trol male; B) Control female. CM = control male; CF
= control female; red arrows show the limits of the
ArcMP. ArcMP = Arcuate medial posterior subdivi-
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neurons (Gao et al., 2007), and its programming during development
(Carrillo et al., 2020) has already been demonstrated. Our data show
that genistein, a phytoestrogen that acts via estrogen receptors, has a
considerable impact on Arc morphology during development. However,
our data cannot explain how genistein itself can alter the programming
of Arc morphology. This would require the inclusion of a new group in
which genistein was co-administered with an estradiol inhibitor (e.g. ICI
compound), which would allow us to accurately conclude the role of
genistein in Arc programming.

It is well-established that the Arc plays a relevant role in the regu-
lation of energy metabolism and feeding behavior and just over two
decades ago the presence of kisspeptin in this nucleus and its involve-
ment in the regulation of reproductive physiology was observed
(Gottsch et al., 2004; Harter et al., 2018). Both processes are influenced
by estrogens and the early stages of development are crucial for both to
ensure the correct establishment of the circuits that regulate these be-
haviors (Smith, 2006; Roepke, 2009; Frank et al., 2014; Santollo and
Daniels, 2015; Harter et al., 2018). Our results show that genistein
treatment during the second week of life can interfere with the correct
development of the population expressing GPER and, therefore, the
functions in which this receptor is involved may be altered. We have
highlighted the most susceptible region to the effects of genistein, the
ArcMP, but further research will be necessary to know the participation
of this receptor in the mechanisms underlying feeding, reproduction,

and the possible interaction between them.
5. Conclusions

Our results confirm that the Arc is a complex structure whose
different subdivisions have a differential vulnerability to the effects of
genistein during development depending on the neuromorphological
parameters studied, since different doses of genistein alter the popula-
tion of GPER neurons, specifically in the posterior medial subdivision of
the Arc, in male but not in female rats. Although the participation of the
Arc in the regulation of food intake has been well demonstrated, this
nucleus has also been involved in the regulation of reproductive phys-
iology due to its control over GnRH release. For this reason, studying the
effects that agents such as genistein may have during development are
crucial to furthering our understanding of the morphology and function
of this nucleus. The fact that certain specific populations, such as glu-
tamatergic, are located mainly in the posterior region of the Arc, whose
GPER neuronal population seems to be sensitive to the genistein action
during the developmental stages in males, opens the door to future
research that unravels the possible role of the population that express
GPER in the functions that the Arc controls.
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Fig. 6. Histogram shows differences in GPER-stained neurons among male groups in ArcL (A), ArcMP (B), ArcLP (C), total posterior Arcuate (D). CF = control female;
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subdivision (Paxinos and Watson, 2014). *: significant differences between groups (p < 0.05 in all cases). All values are expressed as means + S.D.
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