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SUMMARY: In testicular differentiation, somatic cells must adopt a specific destiny towards sustentacular, peritubular and
interstitial cells, being fundamental for the morphogenesis of seminiferous tubules, mediated by morphogens such as Desert Hedgehog
(DHH), insulin-like growth factor-1 (IGF-1) and fibroblastic growth factor 2 (FGF-2). Its alteration could be related to failures in the
development mechanisms, such as those caused by valproic acid (VPA), which can be reversed with vitamin E (VE). The objective of the
study was to evaluate the epithelial-mesenchymal transition (EMT) in the testicular development of mice exposed to VPA and VE. 12
groups of pregnant female mice were formed that were separated by days post-coital (dpc) at 12.5 dpc, 17.5 dpc and 6 weeks postnatal,
each one subdivided into 4 groups of 5 pregnant women each. Subgroups received different treatments from the beginning to the end of
gestation orally: 600 mg/kg of VPA, 600 mg/kg of VPA and 200 IU of VE, 200 IU of VE and the control group 0.3 mL of 0.9%
physiological solution. Immunohistochemistry was performed for the detection of DHH, IGF-1 and FGF-2. Immunolocalization of
DHH was observed in all stages, with more evident significant differences in integrated optical density (IOD) and percentage of
immunoreaction area at 6 weeks postnatal, being lower in the VPA group. In IGF-1, lower intensity and distribution of immunostaining
was observed in the fetal and pubertal stages in the VPA groups, a similar situation with FGF-2, but only evident at 17.5 dpc, with
significant differences. These results demonstrate that VPA can alter EMT between somatic cells in testicular development, with VE
being an agent capable of attenuating this process.

KEY WORDS: Epithelial-mesenchymal transition; Desert Hedgehog; Insulin-like Growth Factor-1;
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INTRODUCTION

Sexual differentiation in XY mammals is the result
of a sequential process based on the establishment of sex
chromosomes, formation of the gonadal crest, migration of
primordial germ cells (PGCs) and the morphological sexual
differentiation of the gonad, mediated by genetic factors
(O'Shaughnessy & Fowler, 2014). Among the first somatic
cells to adopt a specific destination are the sustentacular cells
(of Sertoli), being surrounded by peritubular cells (myoids)
that make up the wall of the testicular cord, and subsequently
triggering the differentiation of interstitial cells (of Leydig),
fulfilling steroidogenic functions (Lucas-Herald &

Bashamboo, 2014). In this morphogenesis of seminiferous
tubules, epithelial-mesenchymal transitions (EMTs) must
occur between populations of developing testicular cells
through morphogens. For example, the differentiation of the
interstitial cells is regulated by Desert Hedgehog (DHH),
secreted by sustentacular cells, producing a marriage of
events that intervene with the expansion of the testicular
cord (Pierucci-Alves ef al., 2001). Meanwhile, fibroblast
growth factor 2 (FGF-2) regulates the EMT of sustentacular
and peritubular cells during the formation of testicular cords,
affecting the remodeling of the basement membrane (El
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Ramy er al., 2005). Furthermore, sustentacular cells have a
paracrine effect on interstitial cells through insulin-like
growth factor 1 (IGF-1), which generates an increase in the
availability of cholesterol for steroidogenesis and the activity
of steroidogenic enzymes (Griffeth ez al., 2014).

Alterations in these processes cause reduction of
testicular somatic cell populations, decrease in androgen
production, and defects in testicular descent, genital atrophy
and development of ambiguous external genitalia (Bitgood ef
al., 1996; Wang et al., 2003), compromising the survival of
gonocytes throughout testicular development (Jiang et al.,
2013). An agent that could alter these interactions is oxidative
stress, leading to abnormalities that can have an impact on
PGCs and can have long-term consequences in the mature
organism, depending on the timing of these events (Dennery,
2004). In addition, PGCs and somatic cells have little capacity
to protect themselves against oxidative stress, making them
particularly sensitive to these changes (Aitken & Baker, 2006).
For its protection, the administration of non-enzymatic
antioxidants, such as vitamin E (VE), is recommended, since
it is capable of suppressing lipid peroxidation in testicular
microsomes and mitochondria and reverses the damaging
effects of oxidative stress on the testicular function (Senthil
kumar et al., 2004; Gavazza & Catala, 2006).

Some teratogens, such as valproic acid (VPA), a broad
spectrum antiepileptic drug, can cause alterations in oxidative
stress such as a decrease in glutathione peroxidase in the
germinal epithelium in rats treated with VPA and decrease
VE levels (Al Deeb et al.,2000; Khan et al.,2011). Various
studies have shown histopathological alterations in
seminiferous tubules, a greater number of morphologically
abnormal sperm, increased cell apoptosis, and less testicular
volume (Nishimura et al., 2000; Sveberg Rgste et al., 2001,
Isojérvi et al., 2004; Hamed et al., 2015). Therefore, the
objective of the study is to evaluate the EMT in testicular
development in embryos, fetuses and mice 6 weeks postnatal
exposed to VPA and VE.

MATERIAL AND METHOD

This study was approved by the Scientific Ethics
Committee of the Universidad de La Frontera, Temuco,
Chile, act n°122_18. 60 pregnant adult female mice strain
BALB/c were used, from the Bioterium of Doctorate
Program in Morphological Sciences of Universidad de La
Frontera, which remained in environmental conditions of
22+2 °C, 50-70 % humidity and a light/dark cycle of 12 h,
being fed with standard laboratory diet AIN-93M (Reeves
etal., 1993) and water on demand. Controlled crosses were
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made with healthy breeding males. To verify pregnancy, the
presence of the mucous plug in the vaginal introitus was
observed, considering day 0.5 post-coital (dpc).

Twelve groups, 5 mice each were randomly formed.
Of them, they were divided according to post-coital age at
12.5 dpc, 17.5 dpc and 6 weeks postnatal. At each stage,
one group received the following oral treatment from the
beginning to the end of gestation: 600 mg/kg of VPA
(Atemperator®, Recalcine® Laboratory); 600 mg/kg of VPA
and 200 IU of VE (Laboratorio Fasa®); 200 IU of VE and
0.3 mL of 0.9 % physiological solution. For the calculation
of the doses, the bodyweight of the animals was measured
daily with an IKA C-MAGHS?7 scale. At 12.5 dpc and 17.5
dpc, xylazine was euthanized at a dose of 10 mg/kg and
ketamine at a dose of 80 mg/kg intraperitoneally 3 times,
and cervical dislocation was performed to confirm euthanasia
(American Veterinary Medical Association, 2013). Uterine
dissection was performed and embryos and fetuses were
removed, respectively. At 6 weeks postnatal the same method
was performed, extracting testicles, in which the length of
the three axes of the testicular ellipsoid was estimated.

Subsequently, the samples were fixed in buffered
formalin (1.27 mol / L formaldehyde in 0.1 M phosphate
buffer saline pH 7.2) at 10 % for 48 hours, dehydrated and
included in Paraplast Plus (Sigma-Aldrich Co., St Louis,
MO, USA). Serial cross sections of 5 wm thickness were
made on a microtome (Microm HM 325), mounting on
xylanized positively charged slides (Citoglas ®).
Immunohistochemical technique was performed. To do this,
the sections were deparaffinized and rehydrated for 30
minutes. Endogenous peroxidase blocking was performed
with 0.3 % hydrogen peroxide in PBS pH 7.4. The primary
antibodies anti-DHH (polyclonal antibody DHH, N17, sc-
33940, Santa Cruz Biotechnology) anti-FGF-2 (monoclonal
antibody FGF-2, C-2,sc-74412, Santa Cruz Biotechnology),
anti-IGF-1 (monoclonal antibody IGF-1, PA5-27207,
invitrogen), at 1:100 dilution in PBS pH 7.4, 1 % bovine
serum albumin (BSA) and 0.1 % sodium azide, to evaluate
the EMTs between sustentacular, peritubular and interstitial
cells. Antigenic recovery was performed in citrate buffer
pH 6.0 in microwaves. The primary antibody was incubated
overnight at 4 °C. As secondary antibody, the polymer
conjugated in HRP (Super Picture HRP Polymer Conjugate
Broad Spectrum, Life Technologies, 878963) was used,
incubating at room temperature for 30 minutes. As a substrate
for HRP, diaminobenzidine (DAB, Vector Labs) was used
for 1-2 minutes. The negative control was given by the
development of the complete immunohistochemical
technique, but without considering the primary antibodies.
Serial cross sections were analyzed if they were positively
marked and were described morphologically.
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The slides were visualized with an Olympus
microscope with motorized stage controlled by Cast-Grid
stereological software (Stereology Software Package,
Silkeborg, Denmark). Images in JPEG format were obtained
with a 12.5 megapixel DP 70 digital camera (Olympus
Corporation of the Americas, PA, USA). Using the ImageJ
program (NIH, Bethesda, MD, USA), the images were
processed serially in 8-bit and with the threshold tool it was
adjusted to determine the areas of positive labeling for the
respective antibodies. After grayscale calibration, the
integrated optical density (IOD) was determined for each
positively labeled antibody. Subsequently, the images were
processed in the Adobe Photoshop 2020 program (Adobe
Systems, Inc., Mountain View, CA, USA) to readjust the
background and through the Amira 6.3.0 program (Visage
Imaging GmbH, Berlin, Germany) for the 3D reconstruction
according to previous models (Nakata et al., 2017; Nakata
et al., 2020). Serial images were automatically aligned
followed by manual adjustment, having as a reference point
the testicular cords or seminiferous tubules, as appropriate,
optimizing the visualization of the positive labeling of the
respective antibody. Once reconstructed, the percent positive
area (%) for immunostaining was determined with the
ImagelJ program (NIH, Bethesda, MD, USA).

For statistical analysis, variables are presented as
mean=standard deviation. The Kolmogorov-Smirnov

ity

normality test was used. Depending on the normality of the
data, the differences between the groups were analyzed
through one-way ANOVA, followed by Tukey's Post Hoc
HSD test, or the Kruskal Wallis test, as appropriate. A p value
<0.05 was considered statistically significant (GraphPad
Prism Software Inc., 9.0, USA).

RESULTS

DHH immunolocation was observed in all stages
studied. At 12.5 dpc, there was diffuse cytoplasmic marking
in all samples, both in germline and somatic cells in all
groups. In 17.5 dpc fetuses with different treatments, this
marking was concentrated in interstitial cells and was weak
in pre-spermatogonia. In the pubertal stage at 6 weeks
postnatal, a very weak marking is observed in the group
treated with VPA in the interstitial space. In the groups treated
with VE and control, there was a strong marking (Fig. 1).
Regarding the intensity of immunostaining, statistically
significant differences were observed in the embryos treated
with VPA and only VE compared to those treated with
VPA+VE, but not with the control. At the 17.5 dpc stage,
the IOD was lower in the VPA group, with statistical
significance compared to the rest of the groups. The same
situation was observed in the pubertal groups (Fig. 2A). In
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Fig. 1. Anti-DHH immunohistochemistry. Comparison between control groups, valproic acid (VPA), valproic acid and vitamin E (VPA+VE)
and vitamin E (VE). In A to D groups of 12.5 days post-coital (dpc). In E to H groups of 17.5 dpc. In I to L groups of 6 weeks postnatal

(w). Scale bar 20 wm.
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the 3D reconstruction, differences in the percentage of
immunoreactivity to DHH were determined at 17.5 dpc only
between VPA and VE groups, presenting a lower percentage.
At 6 weeks postnatal the percentage of DHH distribution
was lower in the VPA group compared to the rest of the
treatment, with p<0.05 (Fig. 3).

Fig. 2. Determination of integrated optical density immunoreactivity
(IOD) to DHH, IGF-1 and FGF-2. Comparison between control
groups, valproic acid (VPA), valproic acid and vitamin E (VPA+VE)
and vitamin E (VE) at 12.5 days post-coital (dpc), 17.5 dpc and 6
weeks post-natal (w). In A,IOD for DHH. In B, 10D for IGF-1.In C,
IOD for FGF-2. (a) and (b) comparison with the VPA + VE group.
Other statistical differences compared to the rest of the groups. (*)
p<0.05; (¥**) p<0.005; (****) p<0.0001. One-way ANOVA and
Tukey's test of multiple comparisons.

VPA+VE

Fig. 3. 3D reconstruction of anti-DHH immunohistochemical labeling. Comparison between control
groups, valproic acid (VPA), valproic acid and vitamin E (VPA+VE) and vitamin E (VE). In A to E
groups of 12.5 days post-coital (dpc). Scale bar 1 mm. In F to J groups of 17.5 dpc. Scale bar 1 mm. In
K to O groups of 6 weeks postnatal (w). Scale bar 5 mm. In E, J and O comparison of the percentage
(%) of immunoreaction area. (ns) not significant; (**) p<0.01; (****) p <0.0001. One-way ANOVA

and Tukey's test of multiple comparisons.
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For IGF-1, immunostaining was evident at 17.5 dpc
and 6 weeks postnatal. This was located in the interstitial
tissue, in the cytoplasm of the interstitial cells, being weaker
in the group treated with VPA (Fig. 4). IOD demonstrated a
lower intensity of the immunoreaction in the VPA groups in
both stages, with statistically significant differences (Fig.
2B). The distribution of IGF-1 marking in all testicular tissue
was also lower in the VPA group compared to the other
groups, with p<0.05 (Fig. 5).
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In the case of FGF-2, there was no marking in the
12.5 dpc and 6 weeks postnatal groups. At 17.5 dpc, there
was a strong nuclear pattern in sustentacular cells, medium
weak in peritubular cells and weaker in interstitial cells, in
all groups (Fig. 6). This marking was less intense in the VPA
group compared to the rest, p<0.05 (Fig. 2C) and widely
distributed in the testicular tissue. However, presenting a
lower percentage of area in the VPA group, with significant
differences compared to the other groups (Fig. 7).

Fig. 4. Anti-IGF-1 immunohistochemistry. Comparison between control groups, valproic acid (VPA), valproic acid and vitamin E
(VPA+VE) and vitamin E (VE). In A to D groups of 17.5 days post-coital (dpc). In E to H groups of 6 weeks postnatal (w). Scale bar

20 wm.
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Fig.5.3D reconstruction of anti-IGF-1 immunohistochemical labeling. Comparison between control groups, valproic acid (VPA), valproic
acid and vitamin E (VPA+VE) and vitamin E (VE). In A to E groups of 17.5 days post-coital (dpc). Scale bar 1 mm. In F to J groups of
6 weeks postnatal (w). Scale bar 5 mm. In E and J comparison of the percentage (%) of immunoreaction area. (ns) not significant; (**)
p<0.01; (¥*%) p<0.005 (****) p<0.0001. One-way ANOVA and Tukey's test of multiple comparisons.
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Fig. 6. Anti-FGF-2 immunohistochemistry. Comparison between control groups, valproic acid (VPA), valproic acid and vitamin E
(VPA+VE) and vitamin E (VE). In A to D groups of 17.5 days post-coital (dpc). Scale bar 20 um.
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Fig. 7. 3D reconstruction of anti-FGF-2 immunohistochemical labeling. Comparison between control groups, valproic acid (VPA),
valproic acid and vitamin E (VPA+VE) and vitamin E (VE). In A to E groups of 17.5 days post-coital (dpc). Scale bar 1 mm. In E
comparison of the percentage (%) of immunoreaction area. (****) p<0.0001. One-way ANOVA and Tukey's test of multiple comparisons.

DISCUSSION

In the present study, it was demonstrated that the pre-
natal administration of VPA can cause alterations in the
epithelium-mesenchymal transition in mice, a key process
for testicular morphological conformation, a situation evident
in the fetal and pubertal stages. These ETMs are fundamen-
tal in the formation of tubular structures, such as the
seminiferous tubules, where the mesenchyme and tubular
epithelia act in harmony to promote their differentiation
(Lubarsky & Krasnow, 2003). Initially, the gonadal ridges
are composed primarily of somatic cellular components.
However, from 12.5 dpc in mice, an initial tubular structure
called the testicular cord is already beginning to be observed.
These cords are initially formed as a series of adjacent
transverse circular loops through the gonad and are separated
from each other by interstitial cells, housing sustentacular
cells inside and are delimited by peritubular cells in the
process of differentiation (Skinner et al., 1985).

From the results of the present study, we hypothesize
that VPA can alter these ETMs between the somatic cell
components that will shape the gonad, demonstrating
alterations in the expression of the morphogens DHH, IGF-
1 and FGF-2. Previously, it has been seen that VPA is capable
of causing seminiferous tubule degeneration and loss or
exfoliation of spermatids in rats (Nishimura et al.), as well
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as decreased testicular weight and generalized testicular
atrophy with spermatogenic arrest in treated animals, having
greater effects proportionally to the increased VPA dose
(Sveberg Rgste et al.). In a study on Wistar rats, testicular
development was evaluated in a group treated with VPA. It
was determined that in the adult stage the relative weights
of the testes were significantly lower in the VPA group
compared to the control group. The numbers of
spermatogonia, pachytene spermatocytes, and round
spermatocytes decreased at all stages. In addition, it was
shown that apoptosis would be the main mechanism through
which VPA causes these effects, with significantly high
apoptotic cell counts and p53 immunoreaction and TGF-bl
expression was lower in the VPA group in comparison to
control (Cansu et al., 2011). This demonstrated that VPA
treatment from prepuberty to adulthood negatively affects
spermatogenesis, not only by reducing testicular weight but
also by increasing apoptotic death. These findings are related
to alterations in oxidative stress generated by VPA, where it
has been seen that it decreases antioxidant enzymes such as
glutathione peroxidase in testicular tissue (Khan et al.) and
generally decreases VE levels (Al Deeb et al.).

It is because of the previous point that in the present
study we postulate VE as an eventual positive modulator to
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the damage caused by VPA, demonstrating that it was
capable of modulating the immunoreactivity of the
morphogens studied. This is consistent with previous studies,
where it has been shown that the general effects of VPA
could be reversed with the previous administration of
antioxidants such as VE (Hsieh er al., 2014; Zhang et al.,
2010), being a powerful factor to prevent the oxidation of
lipids in the cell membrane. In addition, EV is capable of
reducing the deleterious effects of VPA in other tissues, such
as in the sciatic nerve and in the development of the nervous
system with a prophylactic administration during pregnancy
(Aluclu et al., 2009; Conei et al. 2016). Specifically, at the
testicular level, Ourique ef al. conducted a study in Wistar
rats to evaluate the protective effect of vitamin E on functional
abnormalities related to VPA-induced oxidative stress in the
male reproductive system, where VE restored the antioxidant
potential and prevented oxidative damage in the testes and
epididymis, restoring sperm motility and testicular histological
conformation, suggesting that EV may be a useful compound
to minimize reproductive deterioration in patients requiring
treatment with VPA (Ourique et al., 2016).

In the study, the DHH morphogen showed an
immunolocation from 12.5 dpc, but with significant
differences at 17.5 dpc and 6 weeks postnatal only in its
intensity, not in its gonadal distribution, where the percentage
of immunoreactive zones was only lower in pubertal VPA
groups. DHH is a morphogen secreted by sustentacular cells,
which is essential in the differentiation of interstitial cells,
together with platelet-derived growth factor (PDGFA) and
the Homeobox Arx gene (Pierucci-Alves et al.; Griswold &
Behringer,2009). In turn, fetal interstitial cells have Patched1
(PTCH1) receptors for DHH and PDGFRA for PDGFA, and
they respond by producing activin A, which acts as a paracrine
regulator of the proliferation of sustentacular cells and the
expansion of the testicular cord, and the development of adult
interstitial cells (Archambeault & Yao, 2010). Due to the
above, it is that DHH is observed from the early stages of
gonadal development. It has also been seen that embryos that
do not express DHH in the sustentacular cells present a
reduced population of fetal interstitial cells, with the
consequent insufficient production of androgens, causing
genital atrophy and development of ambiguous external
genitalia (Bitgood et al.; Pierucci-Alves et al.). Given this
last antecedent, the fact that the lower expression of DHH
was observed in the pubertal stage is contextualized, where
the interstitial cells must activate their endocrine factors for
the initiation of reproductive processes.

Another growth factor produced by sustentacular cells
is IGF-1. This factor is capable of increasing the availability
of cholesterol for steroidogenesis and the activity of
steroidogenic enzymes (Griffeth ef al.). A higher expression

of STAR associated with progesterone production has also
been seen in response to the stimulation of interstitial cells
of mLTC-1 with paracrine factors to the supporting cells
such as IGF-1, and TGFA (Hu et al., 2010). The
steroidogenesis process occurs in fetal stages from 16.5 dpc
in mice (Heinrich & DeFalco, 2020), which is why it is
explained that the expression of this morphogen is observed
from 17.5 dpc in the present study, with a lower expression
and lower distribution of its marking. This is in addition to
the fact that VPA causes endocrine disorders, with decreased
serum concentrations of androgens and gonadotropins
(Rittyd et al.,2001; Hamed, 2016). Finally, immunolocation
is consistent with previous studies where its expression was
observed in interstitial cells (Green et al., 2018).

A key modulator of the interaction in sustentacular
and peritubular cells is FGF-2. This morphogen would be
involved in the interactions between the fetal sustentacular
cells and the adjacent mesonephros from which the peritubular
cells come (Buehr et al., 1993). In the present study, the
marking only occurred at 17.5 dpc, being lower in the groups
treated with VPA, expressing itself in sustentacular and
peritubular cells. This agrees with a previous study where
FGF-2 was expressed in rats from the perinatal fetal stages to
3 days postnatal in both cell types, postulating as an important
factor for the maintenance of the tubular structure inside the
gonad, in the conformation of the seminiferous tubules (Van
Dissel-Emiliani et al., 1996).

The main limitations of the study are the three-di-
mensional reconstruction of the samples, which, when
passing through different reagents during the
immunohistochemical assay, caused some samples to
expand, causing irregular surfaces that had to be corrected
when mounting the respective images during the image
processing. That is why the total testicular volumes were
not compared, but this variable was used to show the
immunolocation of each morphogen throughout the testicular
tissue and the percentage of immunoreaction area concerning
the total 3D reconstruction of each sample.

In conclusion, VPA is capable of altering epithelial-
mesenchymal interactions between somatic cell components
in testicular development, decreasing the immunoreactivity
of DHH, IGF-1 and FGF-2, showing greater damage in the
fetal stage. These effects can be diminished with the joint
administration of VE.
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RESUMEN: En la diferenciacion testicular, es necesario
que las células somdticas adopten un destino especifico hacia cé-
lulas sustentaculares, peritubulares e intersticiales, siendo funda-
mental para la morfogénesis de los tibulos seminiferos, mediado
por morfégenos como Desert Hedgehog (DHH), Factor de Creci-
miento Fibrobldstico 2 (FGF-2) y Factor de Crecimiento simil a
Insulina (IGF-1). Su alteracién se podria relacionar a fallas en los
mecanismos de desarrollo, como los que ocasiona el 4cido valproico
(VPA), los cuales pueden ser revertidos con la vitamina E (VE). El
objetivo de estudio fue evaluar la transicién epitelio-
mesenquimdtica (EMT) en el desarrollo testicular de ratones ex-
puestos a VPA'y VE. Se conformaron 12 grupos de ratones hembra
gestantes que se separaron por dias post-coital (dpc) a los 12.5
dpc, 17.5 dpc y 6 semanas post-natal, cada uno subdividido en 4
grupos de 5 gestantes cada uno. Cada subgrupo recibié diferentes
tratamientos desde el inicio hasta el término de la gestacién via
oral: 600 mg/kg de VPA, 600 mg/kg de VPA 'y 200 Ul de VE, 200
Ul de VE y el grupo control 0,3 mL de solucién fisioldgica 0,9%.
Se realiz6 técnica inmunohistoquimica para la deteccién de DHH,
IGF-1 y FGF-2. Se observé la inmunolocalizacién de DHH en to-
dos los estadios, con diferencias significativas mds evidentes en la
densidad Optica integrada (IOD) y porcentaje de drea de
inmunoreaccién a las 6 semanas post-natal, siendo menor en el
grupo VPA. En IGF-1, se observd en la etapa fetal y puberal me-
nor intensidad y distribucién de la marcacién en los grupos VPA,
situacién similar con la inmunomarcacién de FGF-2, pero sélo
evidencidndose a los 17.5 dpc, con diferencias significativas. Es-
tos resultados demuestran que el VPA puede alterar la EMT entre
las células somdticas en el desarrollo testicular, siendo la VE un
agente capaz de atenuar este proceso.

PALABRAS CLAVE: Transicion epitelio-
mesenquimatica; Desert hedgehog; Factor de crecimiento
fibroblastico 2; Acido Valproico.
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