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Abstract

Background: As in other types of cancers, sex is an essential factor in the origin and progression of glioblastomas.
Research in the field of endocrinology and cancer suggests that gonadal steroid hormones play an important role
in the progression and prevalence of glioblastomas. In the present review, we aim to discuss the actions and
mechanism triggered by gonadal steroid hormones in glioblastomas.

Main body: Glioblastoma is the most common malignant primary brain tumor. According to the epidemiological
data, glioblastomas are more frequent in men than in women in a 1.6/1 proportion both in children and adults.
This evidence, and the knowledge about sex influence over the prevalence of countless diseases, suggest that male
gonadal steroid hormones, such as testosterone, promote glioblastomas growth. In contrast, a protective role of
female gonadal steroid hormones (estradiol and progesterone) against glioblastomas has been questioned. Several
pieces of evidence demonstrate a variety of effects induced by female and male gonadal steroid hormones in
glioblastomas. Several studies indicate that pregnancy, a physiological state with the highest progesterone and
estradiol levels, accelerates the progression of low-grade astrocytomas to glioblastomas and increases the
symptoms associated with these tumors. In vitro studies have demonstrated that progesterone has a dual role in
glioblastoma cells: physiological concentrations promote cell proliferation, migration, and invasion while very high
doses (out physiological range) reduce cell proliferation and increases cell death.

Conclusion: Gonadal steroid hormones can stimulate the progression of glioblastomas through the increase in
proliferation, migration, and invasion. However, the effects mentioned above depend on the concentrations of
these hormones and the receptor involved in hormone actions. Estradiol and progesterone can exert promoter or
protective effects while the role of testosterone has been always associated to glioblastomas progression.
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Background

Astrocytomas are the most common malignant brain tu-
mors. They are classified according to their malignancy in
four grades from I to IV, astrocytoma grade IV, or glio-
blastoma presents the worst prognostic [1]. Glioblastoma
has an average prevalence male-to-female ratio of 1.6/1
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(see Fig. 1), and this datum is independent of race, age,
economic status, or geographical location [2]. For a long
time, the prevalence of glioblastomas in men with respect
to women has suggested that sex and specifically, gonadal
steroid hormones should participate in glioblastomas
growth. Nowadays, a large number of pieces of evidence
about the role of these hormones in glioblastomas origin
and progression have emerged [3].

Progesterone (P4) and estradiol (E2) are the main fe-
male gonadal steroid hormones, while testosterone (T) is
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Fig. 1 Influence of E2, P4, and T in the prevalence and progression of glioblastoma. Women and men synthesize E2, P4, and T from cholesterol,
in the reproductive system, adrenal gland, and brain. Gonadal steroid hormones can also reach the brain by crossing the blood-brain barrier. The
evidence accumulated to date suggests that E2, P4, and T from both sources have an important role in glioblastoma progression. However, the
significance of E2, P4, and T in the 1.6 males:females prevalence of glioblastoma has not been completely determined. Results obtained
nowadays suggest that the role of these hormones in glioblastomas depends on the concentration of hormones and the availability of the
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the typical male gonadal steroid hormone (see Fig. 1).
Besides their classical actions in reproduction, their role
in immunological response [4], neuroprotection [5],
brain plasticity [6], and cancer are broadly known [7].
The central nervous system (CNS) can synthesize go-
nadal steroid hormones from cholesterol. Steroids that
are synthesized in the CNS are also known as neuroster-
oids [7]. Recently, the study of neurosteroid functions in
the CNS has been extended to brain tumors, mainly
glioblastomas. The effects of gonadal steroid hormones
over glioblastomas depend on the specific hormone con-
centration (Table 1) [9], the administration time [10],
and the receptor involved in hormone actions [21, 22].

For these reasons, the precise role of this kind of hor-
mone in glioblastomas is controversial. Besides, the in-
trinsic molecular, cellular, and tissue differences of each
sex also impact the prevalence and progression of
glioblastomas.

Even when receiving the standard therapy, consisting
of surgical resection followed by radiotherapy and
chemotherapy with temozolomide (TMZ), patients with
glioblastoma relapse in a period not much longer than a
year. This therapy has remained without changes for
more than a decade [23]. Compile and analyze the evi-
dence about the actions of gonadal steroid hormones in
glioblastomas is an essential step in the understanding of
the whole picture of this complex disease. According to
accumulated knowledge until the present, gonadal ster-
oid hormones exert a variety of important actions in
glioblastoma progression through the promotion of pro-
liferation, migration, and invasion. Considering these

facts, in this review, we discussed the influence of these
steroids in the prevalence and progression of glioblast-
omas in the context of the molecular differences be-
tween sexes.

Influences of sex differences in cancers of non-
reproductive tissues
Gonadal steroid hormones have a high impact on the in-
cidence and evolution of several cancers in males and fe-
males. Sex hormone levels are different between them,
and therefore their role in pathophysiological processes.
However, sex hormones do not constitute the unique
factor influencing the differential prevalence and course
of cancer in males and females. Recently, the intrinsic
genetic conditions have gained great relevance. Most im-
portant is the fact that besides sex chromosomes, the
autosomal genes also contribute to this heterogeneity.
The regulation of the autosomal genome is sexually di-
morphic [24]. Reinius and cols found hundreds of genes
with sex-biased expression patterns in the brain cortex
of male and female humans and macaques [25].
Interestingly, the brain cortex is the main localization
site of glioblastomas. The differences in gene expression
patterns between sexes have a significant influence on
predisposition to develop certain diseases. Several cancer
types are more frequent and have a worse prognosis in
men than in women [26]. According to Global Cancers
Statistics, colon, rectum, stomach, liver, esophagus, blad-
der, skin, pancreas, Kaposi sarcoma, lip, and oral cavity
cancers have a higher incidence in men than in women.
In colorectal cancers, it has been reported that estrogens



Bello-Alvarez and Camacho-Arroyo Biology of Sex Differences

(2021) 12:28

Page 3 of 13

Table 1 Effects of low and high concentrations of P4 on glioblastoma cells in in vitro and in vivo models

P4

Low doses

High doses

- In vitro effects
- Induces proliferation through PR actions (10 nM) (ref [8])

- Increases the expression of EGFR and cyclin D1 through
its PR and the recruitment of steroid receptor coactivator-1
(SRC-1) (10 nM) (ref [10])

- Induces the expression of progesterone-induced blocking
factor (PIBF) (10 nM) (ref [12])

- Stimulates the unphosphorylated state of cofilin (10 nM) (ref [14])
- Induces migration and invasion through PR actions (10 nM) (ref [14])

- Increases the number of glioma stem cells from U251 cells
(10 nM) (ref [16])

- Allopregnanolone and 5alpha-dihydroprogesterone
(P4 metabolites) increase the number of glioblastoma cells
(10 nM) (refs [17, 18])

- 5alpha-dihydroprogesterone increases the migration of
glioblastoma cells (10 nM) (ref [18])

- In vivo effects

- Increases the area and infiltration of tumor through PR
actions (1 mq) (refs [8, 19, 20])

- In vitro effects
- Decreases cell viability (20-80 uM) (ref [9])
- Enhances toxicity of TMZ (5 and 80 uM) (ref [11])

- Changes in detoxification mechanisms, stress, immune
response, and glucose metabolism (100 and 300 puM) (ref [13])

- Reduction of glycolytic metabolism by decreasing the
Glut1 expression (8 and 100 uM) (ref [15])

- In vivo effects

- Reduction of tumor volume (8 and 100 uM) (ref [9]) (100 and
200 pM) (ref [15])

- Induction of cell senescence by attenuating the signaling
pathway PI3K/Akt/mTOR (8 and 100 uM) (ref [9])

play a protective role against colorectal cancer develop-
ment in female mice [27]. In contrast, testosterone has
the opposite effect in male rats [28]. Nevertheless, the
differences in the prevalence of colorectal cancer be-
tween both sexes are present both in children and
adults. The last idea suggests that other factors besides
gonadal steroid hormones influence the prevalence and
prognosis of cancer between females and males. In kid-
ney cancer, one potential explanation for the higher
prevalence in men is the X chromosome-encoded muta-
tions since these are more frequently found in tumors
derived from males. Specifically, the mutation in the
KDMS5C gene has a significant impact on tumorigenesis
[29]. Besides, other authors have reported that gonadal
steroid hormones also exert effects on kidney cancer
cells. E2 inhibited the growth of renal cell carcinoma in
an estrogen receptor (ER)-dependent pathway [30], and
on the contrary, dihydrotestosterone (DHT) promoted
renal carcinoma growth [31] via androgen receptors.
Gastric cancer is more frequent in men than in women
in a 2:1 proportion. As in the previous examples in this
type of cancer, E2 plays a protective role since it induced
apoptosis at different concentrations by activating cas-
pase 3 and inhibiting Bcl-2 and Bcl-xL [32]. Interest-
ingly, in gastric cancer, the protective role of E2 depends
on the activated ER subtype [33]. One of the few exam-
ples regarding a higher prevalence in women than in
men (2.9 times) is thyroid cancer. It has been suggested
that E2 induces ERa expression over ERP, promoting

proliferation and growth [34]. Some of the tissues previ-
ously mentioned can synthesize gonadal steroid hor-
mones, which have an essential role in maintaining
cellular homeostasis. For example, in the intestine, estro-
gens are necessary to preserve the epithelial barriers and
reduce the permeability. However, other organs such as
kidney express ERs but it cannot synthesize gonadal
steroid hormones from cholesterol [35].

Yuan and cols analyzed the molecular differences be-
tween male and female patients in 13 cancer types, in-
cluding glioblastomas. They found two sex-effect groups
with different profiles according to the prevalence and
mortality. The weak sex-effect group contained few sex-
biased genes associated with prevalence and mortality
ratios more similar between females and males. In con-
trast, the strong sex-effect group contained a greater
number of molecular signatures influenced by sex and
more separated ratios of prevalence and mortality be-
tween females and males. In this study, glioblastomas
were located in weak sex-effect groups containing few
sex-biased genes [26]. As the previous types of cancers
discussed, brain tumors including glioblastomas are sus-
ceptible to gonadal steroid hormones action. It is also
important considering the ability of CNS to synthesize
gonadal steroid hormones from cholesterol and that
these hormones can regulate the expression of several
genes. In the brain, gonadal steroid hormones display a
variety of actions that conduce to brain plasticity [6], for
example in the amygdala and hypothalamus of fetal rats,
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E2 promotes neurogenesis through the increase in prolif-
eration and survival of new neurons [36]. Neuroprotective
effects of E2 have been demonstrated in primary cultures
of hippocampal neurons since this hormone prevented
neuronal death induced by glucose deprivation [37]. In
orchidectomized rodent males, T or DHT increases spine
dendritic density [38]. In primary cultures of rat cortical
neurons, P4 increases the phosphorylation of a group of
proteins involucrate in cytoskeleton remodeling, such as
focal adhesion kinase and Wiskott-Aldrich syndrome pro-
tein family member 1 [39]. It has been observed that P4
regulates sexual behavior increasing the lordosis through
the PR-B isoform in females rats [40]. In the case of glio-
blastomas, it has been reported that P4 and E2 increased
the expression of proteins closely associated with angio-
genesis and cell proliferation, such as vascular endothelial
growth factor (VEGF), epidermal growth factor receptor
(EGFR), and Cyclin D1 in human glioblastoma derived cell
lines. In the case of E2, this effect was induced through
ERa [10, 22].

Prevalence of brain tumors in female and male
patients

In 15 countries on six continents, it has been reported an
evident prevalence of brain tumors in males in compari-
son with females ranged from > 1 to 3.5 for astrocytomas
(including glioblastomas), medulloblastomas, ependymo-
mas, and oligodendrogliomas [41]. Neuroblastomas, the
most common extracranial solid tumors in children, origi-
nated from neural crest cells, have a modest difference in
the prevalence between males and females (boys:girls ratio
= 1.2) [42]. The prevalence of vestibular schwannomas,
benign and slow-growing brain tumors, depends on age.
Between 35 and 54 years, the incidence is higher in fe-
males, whereas between 65 and 84 vyears, the incidence is
higher in males [43]. Chordomas, tumors of the sarcoma
family that occur midline along the spinal axis, affect men
more commonly than women in an approximately 2:1 ra-
tio [44]. In medulloblastomas and glioblastomas, the male
predominance is evident both in the pediatric and adult
populations [45]. This suggests that other factors besides
gonadal steroid hormones are involved in the prevalence
of brain tumors.

The dysregulation of the MAPK pathway is a frequent
mechanism involved in the over-proliferation of many
cancer types such as astrocytomas. In some areas of the
male mice brain, it has been observed a higher activation
of the MAPK pathway, independent of gonadal steroid
hormone status [46]. On the contrary, in vitro studies
have shown a greater activation of the MAPK pathway
in female astrocytes. However, when female astrocytes
were treated with E2, the inhibition effect over the
MAPK pathway was more potent than in male astro-
cytes. Furthermore, in female astrocytes, the effect of E2

(2021) 12:28

Page 4 of 13

triggers a higher apoptosis rate [47]. This latter effect in
females could be associated with ER’s different expres-
sion patterns between males and females [48]. This evi-
dence is insufficient to explain the differences between
females and males in the prevalence and progression of
brain tumors. However, considering E2 and its receptors
are involved in the regulation of MAPKs signaling, this
hormone could play an essential role in the prevalence
and progression of astrocytomas through its interaction
with this pathway.

Glioblastoma

Glioblastoma or astrocytoma grade IV is the most com-
mon malignant primary brain tumor, representing 56% of
all gliomas. Patients with glioblastoma have an extremely
poor prognosis with overall survival of 15 months, and to
date, there is no effective therapy for the treatment of this
malignancy. The standard gold therapy for glioblastoma
has been unmodified for more than ten years [49]. Epi-
demiological data refers that primary glioblastomas are
more common in men (1.6 males:females ratio) while sec-
ondary glioblastomas (evolve from low-grade astrocytoma)
appear more frequently in women (0.65 males:females ra-
tio) [50]. The higher incidence of primary glioblastomas in
men suggests a potential inductor role of male gonadal
steroid hormones in the occurrence of these tumors. In
secondary glioblastomas, these data suggest that female
gonadal steroid hormones are related to the progression
(from low-grade astrocytomas) rather than the prevalence.
Other factors besides gonadal steroid hormones, such as
intrinsic genetic and molecular differences, have been
linked to glioblastoma prevalence in the male population.

Intrinsic genetic and molecular differences in the
prevalence and progression of glioblastomas

The contribution of sex chromosomes to sex differences
has long been recognized. The differences in the dosage of
X-linked genes have been associated with the sex-specific
genetic architecture of some diseases [24], such as dyskera-
tosis congenita [51], and severe combined immunodefi-
ciency syndromes [52]. Dunfords and cols provided pieces
of evidence to support the EXITS theory. Some tumor sup-
pressor genes (TSGs) in X-chromosome escape from X in-
activation; these genes are known as EXITS genes for
“escape from X-inactivation tumor suppressors.” These au-
thors suggest that mutations in TSGs that escape X-
inactivation have a significant influence on a male predom-
inance of cancer, or in other words, that biallelic expression
of EXITS genes confers a protection status against cancer
in women. In the specific case of glioblastomas, these au-
thors found proof of biallelic expression in females of
KDM6A (encodes the lysine-specific demethylase 6A),
KDMS5C (encodes the lysine demethylase 5C), DDX3X (en-
codes a DEAD-box helicase 3 X-linked), and ATRX
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(encodes the ATRX chromatin remodeler). A higher ex-
pression of these genes was detected in females with respect
to males [53]. These results are just a proof of clear intrinsic
genetic differences between men and women with glioblast-
oma. However, the functional role of these genes in glio-
blastomas prevalence has not been demonstrated. The
transition to the persistent state of glioblastoma stem cell
(GSC) is dependent on the upregulation and widespread re-
distribution of histone demethylases KDM6A/B [54]. Sun
and cols went a little further and found that male astrocytes
from mesenchymal glioblastoma carried out a greater in-
activation of tumor suppressor RB than female astrocytes
[55]. Also, these authors questioned the basis of difference
in the RB regulation between males and females, and they
found that female astrocytes respond with greater activation
of the cyclin—cyclin-dependent kinase (CDK) complexes in-
hibitors p16 and p21 against serum deprivation or the po-
tent antineoplastic etoposide than male astrocytes. These
results were obtained under conditions that promoted the
growth arrest dependent on Rb; thereby, the difference in
the status of p16 and p21 is a critical element in the higher
prevalence of glioblastomas in males [56].

Gonadal steroid hormones in the prevalence and
progression of glioblastomas: E2

Based on the average male-to-female ratio of 1.6/1 for
glioblastomas, female gonadal steroid hormones have
been considered as possible factor protection against
them [57]. However, this hypothesis excludes secondary
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glioblastomas, which are more frequent in females than
in males [50]. Nuclear steroid receptors play an essential
role in the actions of gonadal steroid hormones. E2 can
induce various effects through its classical receptors,
ERqa, and ERp (see Fig. 2). In the glioblastoma context,
results obtained about this hormone’s role are heteroge-
neous and depend on the ER subtypes expression. Batis-
tatou and cols in 2004 found that the expression of ERB
proportionally decreases according to the grade of ma-
lignancy of astrocytomas. Two years later, the same au-
thors found that the low expression of ERP was
correlated with the worst survival of patients with astro-
cytomas [58, 59]. Sareddy and cols found similar results
in terms of the decrease of ERp expression with glial tu-
mors' progression [60]. However, another group (Li and
cols) found that ERP5 is the isoform predominant in hu-
man gliomas, and its expression increase with the malig-
nancy grade [61].

Recently, Herndndez-Vega and cols found a slight but
significant increase in the mRNA levels of ERa and ERB
in 155 glioblastomas compared to 167 low-grade gli-
omas. It was also determined that the mRNA expression
of ERa and ERP was higher in the mesenchymal glio-
blastoma subtype compared to the other three subtypes
defined by Verhaak and cols [62]. Besides, using TCGA
analysis, a higher expression of both ER subtypes was as-
sociated with a poor clinical outcome [63]. On the con-
trary, Jimenez and cols found that the lowest expression
of ERa mRNA was associated with a bad prognosis [64].

G P4 METABOLITES
& TMETABOLITES

Pa
T
® E2

° P PROGRESSION
CD CELL DEATH

f_ r UYL, Ul mPRs

Fig. 2 Molecular mechanisms of E2, P4, and T action in glioblastoma cells. Once in glioblastoma cells, E2, P4, and T can activate intracellular o
membrane receptors, and according to the cellular context, different effects will be triggered. Effects induced by E2 are mainly mediated by the
ERa/ERB ratio. In a context with an ERa prevalence, E2 is associated with glioblastoma progression through enhancing proliferation, EMT,
migration, and invasion, while ERB prevalence is associated with cell death. In the case of P4 and its metabolites, a dual behavior is associated
with the concentration of the former. Low levels of P4 induce an increase in proliferation, migration, and invasion while high levels induce
processes related to cell death. P4 exerts its action through the PR or mPRs. The effects of T and its metabolites have been always associated
with events that promote the progression of glioblastomas
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Honikl and cols, through the analysis of 60 tissue samples,
determined that the high expression of ERa and aroma-
tase was correlated with a significantly higher survival
probability of GBM patients, regardless of gender [65].
Gonzilez-Arenas and cols demonstrated that estrogens
can induce the growth of human astrocytomas through
the ERa and by recruitment of coactivators SRC-1 and
SRC-3 [22]. In contrast, the ERP agonist DPN inhibited
the cell proliferation of glioblastoma-derived cell lines
T98G, U87, LN229, and U138 and stimulated cell death in
a xenograft model in mice [60]. Despite the contradiction
related to the value of ERa and ERp as a prognostic factor
and their expression in gliomas of different malignant
grade, these results suggest that E2 has a protective role
against gliomas through its ERP; however, this effect may
depend on the amount of each ERp isoform (see Fig. 2). In
breast cancer cells, the same dual behavior of E2 through
ERa and ERP has been found [66].

It would be interesting to establish a relationship be-
tween levels of ER subtypes in males and females and
their influence over the regulation of p16 and p21 effects
in each sex.

An interesting data obtained by Wei Yang and cols
suggested that male glioblastoma patients could have a
better response to inhibitors of the cell cycle. In con-
trast, female patients would do better with integrin sig-
naling inhibitors [67]. According to Sun and cols, this
hypothesis is based on results who found that female as-
trocytes have a stronger antiproliferative response than
male astrocytes by the p16 and p21 activation [55]. Con-
sidering that integrins are essential to change the cell in-
teractions with the ECM, one of the steps to epithelial-
mesenchymal transition, based on Yang’s results and the
last pieces of evidence exposed, it could be assumed that
E2 plays a role in the epithelial-mesenchymal transition of
glioblastomas. Importantly, Herndndez-Vega and cols
have recently demonstrated that E2 induced the epithelial-
mesenchymal transition in human glioblastoma cells
through the activation of ERa. These authors found that
E2 and PPT, an agonist of ERa, modified glioblastoma cell
morphology, increased cell migration, and the expression
of EMT markers such as vimentin N-cadherin. At the
same time, the treatment with MPP, an antagonist of ERa,
blocked the E2 and PPT effects. The agonist of ERf, DNP,
did not affect any processes [63].

After these pieces of evidence, the role of E2 in the
prevalence or progression of glioblastoma is still contro-
versial since it seems that E2 actions in glioblastomas
depend on cell context (see Figs. 1 and 2).

Gonadal steroid hormones in prevalence and progression
in glioblastoma: P4

The most studied hormone in the context of glioblast-
omas is P4. Several pieces of evidence have implicated
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this hormone and its reduced metabolites in the progres-
sion of glioblastomas. Since 1997, some studies have re-
lated the progesterone receptor (PR) content with
astrocytomas malignancy. For example, Khalid and cols
found that PR was more expressed in glioblastomas (as-
trocytoma grade IV) than in astrocytomas grade I and II
from biopsies of 86 patients [68]. Also, Gonzélez-Agiiero
and cols found that PR content at the protein level was
observed in 83% of astrocytomas grade III biopsies while
100% of glioblastoma biopsies were positive for PR sig-
nal. These authors also found that the predominant iso-
form in the biopsies analyzed was PR-B over PR-A (see
Fig. 2) [69].

Interestingly, there exist some pieces of evidence about
the behavior of astrocytomas during pregnancy. This
period is characterized by the highest increase in P4
levels, up to 200-fold. In 2016, Hanada and cols reported
the quickest ever progression of diffuse astrocytoma dur-
ing pregnancy. A 2l-year-old woman was diagnosed
with a low-grade astrocytoma during her first pregnancy.
In the second pregnancy, at the 4th month, the biopsy
revealed the presence of diffuse astrocytoma, and 2
months later, the tumor was surgically removed. The
histological diagnostic confirmed a glioblastoma [70]. In
2018, Peeters and cols carried out a multi-institutional
retrospective study with 50 pregnant women diagnosed
with a glioma. Of 24 women who had been diagnosed
with a glioma before pregnancy, 87% of the cases
showed an increase in the growth rate of the tumor, and
38% of the cases showed a clinical deterioration with sei-
zures that were only resolved after delivery. In the case
of 28 women diagnosed with glioma during pregnancy,
the tumors were discovered during the second (29%)
and the third (54%) trimesters. In 21.4% of the cases, the
clinical deterioration improved after delivery. These au-
thors concluded that pregnancy can unfavorably impact
over glioma progression [71], and parity attenuates this
effect. These facts are in line with the results of in vitro
assays detailed below.

To understand the role of PR in glioblastomas pro-
gression, some authors have carried out functional as-
says by stimulating or inhibiting PR. Gonzélez-Agiiero
and cols treated cell lines derived from human glioblast-
omas with P4 at 10 nM (Table 1). They observed a sig-
nificant increase in the proliferation rate of these cells
compared to the vehicle. When these authors used
RU486, an antagonist of PR, the latter’s effect was
blocked, which suggests that P4 induces the proliferation
of glioblastoma cells through its PR [8]. These findings
suggest a potential role of P4 via its intracellular recep-
tor in the progression and malignancy of astrocytomas.
However, these pieces of evidence do not correspond to
the supposed protective role of female hormones in glio-
blastomas. Previously, this review mentioned the
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importance of the specific concentration of hormones. Re-
garding this fact, it is essential to cite a group of authors,
Atif and cols, who found a dual behavior in the effects in-
duced by P4 depending on the concentration. In the pro-
liferation assays conducted by these authors, cell lines
derived from glioblastomas showed an increase in viability
at physiological concentrations, as the Camacho-Arroyo
group has reported. In contrast, at very high concentra-
tions (Table 1), P4 decreased cell viability [9]. Besides the
antiproliferative effects induced by P4 at high concentra-
tions, it has been found that P4 enhances the cytotoxic ef-
fects of temozolomide in glioblastoma cells and reduces
its toxicity in normal cells [11]. Antiproliferative effects of
high concentrations of P4 have been related to the reduc-
tion of glycolytic metabolism and the induction of cell
senescence by decreasing the Glutl expression and at-
tenuating the signaling pathway PI3K/Akt/mTOR [15]. A
recent proteomic analysis, conducted by Altinoz and cols
suggests that suppressive actions of high doses of P4 on
glioblastoma are induced by changes in detoxification
mechanisms, stress, immune response, and glucose me-
tabolism [13]. High doses of medroxyprogesterone acetate,
a synthetic variant of P4, have also shown antiproliferative
effects on glioblastoma-derived cell lines such as C6 and
u87 [72].

The action of P4 over the proliferation of glioblastoma
cells has also been demonstrated in in vivo models. In
this case, P4 increased the area of tumor derived from
human astrocytoma grade III cells that were implanted
in the motor cortex of male rats. This effect was blocked
when RU486 was administrated together with P4 [19].
Similar results were obtained when U87 human
glioblastoma-derived cell line was implanted in the cere-
bral cortex of rats, and phosphorothioated antisense oli-
godeoxynucleotides (ODNs) against PR expression was
used [20].

P4 also promoted the migration and invasion of U251
and U87 human glioblastoma-derived cell lines, and
when RU486 or oligonucleotide antisense against PR
were used together with P4, the effect of P4 was blocked.
P4 also stimulated the unphosphorylated state of cofilin,
which is fundamental in the actin cytoskeleton remodel-
ing [14]. In 2014 Germdn-Casteldn and cols implanted
U373 cells in Wistar adult male rats’ motor cortex and
observed that in rats treated with P4, the tumor grew
and infiltrated to deeper structures of the brain in a
higher proportion compared to vehicle [19].

According to its capacity to stimulate proliferation in
glioblastoma cells, P4 also promotes the overexpression
of some genes closely related to molecular proliferation
pathways. In human glioblastoma derive cells, P4 in-
creased the expression of EGFR and cyclin D1 through
its PR and the recruitment of steroid receptor
coactivator-1 (SRC-1) [10].
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Another evidence about the role of P4 in the prolifera-
tion of glioblastoma cells is related to the capacity of these
hormones to induce the expression of progesterone-
induced blocking factor (PIBF) [12]. This protein has been
associated with the proliferative and immunologic effects
of P4 in some malignancies [73]. PIBF has been associated
with the suppression of anti-tumor immunity in a mode
like those used by the embryo during pregnancy [74].
Kyurkchiev and cols found that PIBF was intracellularly
expressed by primary culture cells derived from six sam-
ples of glioblastoma patients. Considering the immuno-
suppressant role of PIBF, these authors suggested that
glioblastoma cells escape from the immune system by
expressing this factor [75]. In cells derived from hu-
man glioblastoma, P4 induces the increase of the ex-
pression of PIBF, which in turn leads to the increase
of the number of cells and in the JAK1 and STAT6
phosphorylation at 20 min [76].

Therefore, in glioblastoma cells, P4 can modulate the
immune and growth response through increased PIBF
expression.

Not only P4 but also its metabolites such as allopreg-
nanolone and 5alpha-dihydroprogesterone (DHP) can
induce an increase in the proliferation of glioblastoma
cells. Zamora-Sénchez CJ and cols found that allopreg-
nanolone and 5alpha-dihydroprogesterone, both reduced
metabolites from P4, increased the number of U87 and
U251 cells, similarly to P4 [17, 18]. Besides, DHP in-
creased the migration of glioblastoma cells. These effects
reinforce the role of P4 over the growth of glioma cells.

Standard care treatment for glioblastomas provides
only an overall survival of 15 months. The poor bene-
fices of the standard gold therapy (maximal safe surgical
resection followed by combined chemotherapy with tem-
ozolomide and radiation) for glioblastomas are attrib-
uted to cancer stem cells, which provide the tumor the
capacity of invasion, resistance to the therapy, and recur-
rence. In this context, Pifia-Medina and cols demon-
strated that PR expression is higher in glioma stem cells
(GSCs) than in glioblastoma cell lines and that P4 was
able to increase the number GSCs from U251 cells [16].
Chek and cols found that a 43-year-old male with glio-
blastoma multiforme exclusively treated with RU486
showed a significant improvement of quality of life since
the patient improved speech and movement of his hands
after 2 weeks of starting the treatment with RU486 [77].

PR is not the only receptor involved in P4 effects in
glioblastoma cells. P4 can also interact with membrane
progesterone receptors (mPRs) (see Fig. 2) and the pro-
gesterone receptor membrane component-1 and 2
(PGRMC1-2). In immortalized granulosa cells, the de-
pletion of PGRMC1 and PGRMC2 attenuated some ac-
tions exerted by P4 [78]. P4 decreased PGRMC1 mRNA
content in LN-229 spheroids, while in U87 spheroids, P4
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increased the protein content of the PGRMC1 [79].
mPRs are G protein-coupled receptors members of the
progestin and adipoQ receptor (PAQR) Family and five
subtypes have been described (mPRa, mPRp, mPRy,
mPRS, and mPRe) [80]. In the context of glioblastoma,
expression of mPRa, mPRB, mPRy [81], mPRS, and
mPRe has been detected in U87 and U251 cells. The
analysis of expression data from TCGA revealed that
mPRB, mPRS, and mPRe were downregulated in GBM
compared to normal tissues. mPRJ expression was nega-
tively correlated to the tumor grade, while mPRe expres-
sion was independent of the tumor grade. The analysis
of the clinical outcome of both mPRs showed that the
low expression of mPRS was correlated to poor progno-
sis. At the same time, the contrary behavior was ob-
served in the case of mPRe [82]. In U87 and U251 cells,
Org OD 02-0, a specific mPRa agonist, increased cell
proliferation, migration, and invasion. The addition of
siRNA against mPRa blocked the agonist effects [83].

Until this point, it seems very clear the potential role
of P4 (at low concentration) (Table 1) and its metabo-
lites to promote the progression of glioblastoma cells by
interacting with PR or mPRs (see Fig. 2).

Sex steroid effects on GBMs are derived from hormones
synthetized in the brain or in the endocrine glands?
Neurons, glial cells [84, 85], and glioblastoma-derived
cell lines such as U87 and C6 [86] can synthesize neuro-
steroids from cholesterol. Besides, gonadal steroid hor-
mones can also reach the brain. The effect of these
hormones does not depend on their origin in the organ-
ism, but on the concentration and the receptor subtype
they interact with. For this reason, it is difficult to relate
the effects of E2, P4, and T on glioblastomas with the
organ they were synthesized. In the hippocampus, for
example, the concentration of estradiol (E2) is sixfold
higher than in plasma [87]. In this brain region, E2 plays
an essential role in brain plasticity through the induction
of proliferation and the increase in the frequency of mul-
tiple synapse boutons in CAl neurons [88]. If we con-
sider the concentration of E2 in this area compared to
that in plasma, the most logical thought is to attribute
the effects described above to E2 synthesized in the
hippocampus. In contrast, in the subventricular zone,
the levels of circulating testosterone (T) are fundamental
to induce proliferation, since the subventricular zone of
castrated rats exhibited less 5-Bromo-20-deoxyuridine
(BrdU) incorporation than control or castrated animals
treated with T [89]. Then, at least in events related to
brain plasticity, the specific brain region is an important
factor to consider. In the case of glioblastomas, there is
no information about differences in gonadal steroid hor-
mones concentration among plasma, tumor, and tumor
microenvironment; however, in one study conducted by
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Bao and cols, serum levels of T were higher in patients
with glioblastoma than in non-cancer patients [90]. A
pilot study with 36 biopsies of astrocytoma patients re-
vealed that E2 concentration was higher in astrocytomas
grade IV (glioblastomas) than in grade II or III astrocy-
tomas. Besides, the highest expression of aromatase was
associated with the worst survival prognostic in glio-
blastoma patients [64]. In another study by Plunkett and
cols, in which nude rats received intracerebral implants
of US7MG cells, ovariectomized female rats died first
than sham-ovariectomized animals [91], which suggest
the relevance of gonadal steroid hormones in glioblast-
oma progression. Taking into consideration these pieces
of evidence, we consider that gonadal steroid hormones
and neurosteroids have an essential role in the effects
discussed in this review.

Risk of glioblastoma associated to exogenous female
gonadal steroid hormones

Up to this point, we have discussed the role of endogen-
ous E2 and P4 in the prevalence and progression of glio-
blastomas. However, several studies have reported the
significance of exogenous female gonadal steroid hor-
mones, such as the administered as contraceptives or
hormone replacement therapies, and the risk of develop-
ing a glioblastoma. In 2006, Wigertz and cols studied
hormonal contraceptives and hormone replacement
therapy on the glioma risk. These authors included 115
glioma cases and 323 controls; however, their results did
not show any correlation between hormone usage and
glioma risk [92]. Over the years, this result has been
contradicted by other authors. In 2011, Cowppli-Bony
and cols collected the available information from 20 arti-
cles with data related to the influence of exogenous fe-
male gonadal steroid hormones on the risk of
developing a glioma. The analysis showed that replace-
ment therapy and oral contraceptives were associated
with a reduced glioma risk [93]. In another analysis,
which incorporated 11 studies with 4860 cases and 14,
740 controls, a lower risk of glioma was observed in
women who were ever users of oral contraceptive and
hormone replacement therapy than those who had never
used them [94]. Anic and cols carried out a case-control
study of 507 glioma cases, 247 meningioma cases, and
695 community-based controls. These authors found
that glioma cases were less likely to be presented in
women who used long-term oral contraceptives [95].
However, another study conducted by Andersen and
cols showed that the use of hormonal contraceptives for
an extended period increases glioma risk. This study was
performed using Denmark’s national administrative and
health registries with 317 glioma cases and 2126 controls
[96]. Most recently, in 2018, a meta-analysis of case-
control and cohort studies showed that a decreased risk
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of gliomas is associated with the use of hormonal con-
traceptives and hormone replacement therapy. Despite
the contradictions, the evidence suggests that the use of
exogenous female gonadal steroid hormones decreases
the probability of developing a glioma [97], which sup-
ports the idea of female gonadal steroid hormones' pro-
tection against glioma development. However, it is
essential to note that the most used contraceptives com-
bine estrogens and progestins, then the effects of this
therapy are caused by this combination, and not by only
estrogens or only progestins. Gonzélez-Arenas and cols
found that tibolone, a selective tissue estrogenic activity
regulator, commonly used in the treatment of meno-
pausal symptoms, increased the proliferation of U251
and U87 derived glioblastoma cells lines, and this effect
was blocked by ERs or PRs antagonists, ICI 182, 780,
and RU 486 [98].

Gonadal steroid hormones in prevalence and progression
in glioblastoma: T

Regarding the role of male gonadal steroid hormones,
the first study about the relationship between T levels
and glioblastoma was conducted in 2017 by Bao and
cols. These authors found that T’s levels in the serum of
glioma patients were higher than in the control group
and the benign brain tumor group. However, the levels
of T in the serum did not change among other astrocy-
tomas WHO grades. In this study, the authors also dis-
covered that the androgen receptor (AR) promoted the
proliferation of cell lines derived from human glioblast-
oma through suppressing p53 [90]. There are also no
data on the difference in AR levels between men and
women in glioblastomas, but in animal models [48] and
humans [99, 100], the content of AR is higher in a var-
iety of male brain areas compared with the female brain.
More than two decades ago, Brentani and cols detected
AR’s expression in 42% of 12 glioblastoma samples
[101]. Paoletti and cols found the expression of AR in
21.6% of 57 samples from 25 glioblastomas, 18 anaplas-
tic astrocytomas, and 14 other types of astrocytomas
[102]. Over the years, other authors have found similar
results regarding AR in glioblastoma cells [103-105]. In
2014, Liu and cols compared the expression of AR be-
tween high-grade astrocytic tissue and low-grade astro-
cytic tissue, and the levels of AR were significantly lower
in high grade astrocytic compared to low-grade astro-
cytic tissue, and the expression of this receptor was
negatively correlated to the differentiation of astrocytic
tumors [106]. Yu and cols found a higher AR expression
in 22 samples from male GBM patients than the expres-
sion in the normal periphery brain. These authors also
detected the AR in eight human GBM cell lines: A172,
LN-18, LN-229, M059, T-98G, U87-MG, U118-MG, and
U138-MG. In this study, the authors discovered that
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DHT antagonized the cell growth induced by TGFf and
increased the apoptosis rate [107]. However, in 2018, an-
other group found that AR antagonists induced cell
death in T98G, U87MG, and A172 cell lines [108]. A
more extensive study carried out by Rodriguez-Lozano
and cols found that T induced the proliferation, migra-
tion, and invasion of U251 and U87 cells. These effects
were blocked when flutamide, an antagonist of AR, was
used [109]. T is principally metabolized to DHT by the
enzyme 5a-reductase (5aR). In cell lines derived from
human glioblastomas, this metabolite increased the pro-
liferation, migration, and invasion, whereas the treat-
ment with finasteride and dutasteride, both inhibitors of
5aR, blocked the effects induced by T, which means that
T promotes the previous effects in glioblastoma cells
through its metabolite DHT. In this study, the TCGA
Data Analysis of mRNA expression of AR, 5aR1, and
5aR2 from 196 grade II, 223 grade III, and 139 grades
IV were compared with 249 healthy brain cortex sam-
ples. This analysis showed that AR and 5aR2 expression
was higher in all astrocytomas than the healthy brain;
however, no statistically significant differences were ob-
served between astrocytoma grades [110]. Werner and
cols determined that AR expression at the transcript and
protein levels in LN18, T98G glioblastoma cell lines,
patient-derived xenografts (PDX), and human tumors
overlapped with the expression of this receptor in pri-
mary prostate cancer. These authors also found that
anti-androgens’ treatment slowed the growth and in-
creased sensitivity to radiation of LN18, T98G, and U87
cell lines and patient-derived xenografts (in vitro and
in vivo) [111]. These results suggest that T is involved in
the growth of these tumors, regardless of the tumors'
grade, in the progression toward a more proliferative,
migratory, and invasive state (see Fig. 2). However, to es-
tablish an association between T and the prevalence of
glioblastomas in men, AR and T levels in a larger group
of biopsies from male and female glioblastoma patients
must be measured.

Conclusions

After compiling and analyzing the main actions of go-
nadal steroid hormones in glioblastoma cells, the more
evident conclusion is that all of them can stimulate the
progression of glioblastomas through the increase in
proliferation, migration, and invasion. However, there
are essential factors to consider since the effects men-
tioned above depend on the concentrations of hormones
and the receptor involved in their actions. The actions
exerted by female gonadal steroid hormones, E2 and P4,
are the most controversial and complex. Depending on
the type of receptor, ERa or ERpP, or hormone concen-
tration, the actions of E2 and P4, respectively, have been
associated with either a promoting or a protective role.
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Studies about T’s effects are less contradictory, and its role
in glioblastoma progression has been broadly demon-
strated by several authors in distinct models (see Fig. 2).

Regarding the role of gonadal steroid hormones in the
prevalence of glioblastoma, the pieces of evidence found
until the present is not sufficient to establish a conclu-
sion. However, considering that they participate in the
regulation of expression of several genes through their
receptors, signaling pathways that have been associated
with the prevalence of glioblastoma in both sexes could
also be regulated by these steroids. The exogenous fe-
male gonadal steroid hormones consumed as hormonal
contraceptives and hormone replacement therapy have
been associated with a lower risk of developing glioblast-
oma, but more studies are required.

Perspectives and significance

In general, this review highlights the urgency of finding
more conclusive results about the role of gonadal steroid
hormones in the progression and prevalence of glioblast-
omas, paying special attention to the differences between
men and women. To answer this question, it is necessary
to generate work models that allow the establishment of
the differences between the concentration of hormones
and the expression of their receptors in serum, tumor,
and the tumor microenvironment in both sexes (see
Figs. 1 and 2). These studies could be carried out in ani-
mal models, organotypic brain slice cultures, and patient
biopsies. Complete knowledge in this area would estab-
lish an important precedent to determine the role of
gonadal steroid hormones in the prevalence of glioblast-
omas and to establish more personalized and efficient
therapies. Once the role of gonadal steroid hormones
and their receptor in glioblastoma progression and
prevalence have been completely demonstrated, new op-
tions for glioblastoma therapy could be incorporated, for
example, agonists or antagonists of gonadal steroid hor-
mones receptors, enzyme inhibitors, the gonadal steroid
hormones themselves in concentrations effective to sup-
press tumor growth, and their genes and protein targets.
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