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Abstract: Allopregnanolone (3α-THP) has been one of the most studied progesterone metabolites for
decades. 3α-THP and its synthetic analogs have been evaluated as therapeutic agents for pathologies
such as anxiety and depression. Enzymes involved in the metabolism of 3α-THP are expressed in
classical and nonclassical steroidogenic tissues. Additionally, due to its chemical structure, 3α-THP
presents high affinity and agonist activity for nuclear and membrane receptors of neuroactive steroids
and neurotransmitters, such as the Pregnane X Receptor (PXR), membrane progesterone receptors
(mPR) and the ionotropic GABAA receptor, among others. 3α-THP has immunomodulator and
antiapoptotic properties. It also induces cell proliferation and migration, all of which are critical
processes involved in cancer progression. Recently the study of 3α-THP has indicated that low
physiological concentrations of this metabolite induce the progression of several types of cancer,
such as breast, ovarian, and glioblastoma, while high concentrations inhibit it. In this review, we
explore current knowledge on the metabolism and mechanisms of action of 3α-THP in normal and
tumor cells.

Keywords: allopregnanolone; pregnanolone; progesterone; neuroactive steroids; cancer; glioblas-
toma; membrane progesterone receptor (mPR); PXR; GABAA receptor

1. Introduction

Allopregnanolone (3α-THP) is a 5α-reduced metabolite of the steroid hormone pro-
gesterone (P4), which was the first hormone characterized in the corpus luteum to maintain
pregnancy in mammals [1]. The P4 metabolite 3α-THP and its isomer pregnanolone were
isolated from the urine of pregnant women in 1934 [2]. Later, a correlation between the
chemical structure and sedative effects of 3α-THP and other steroids was determined [3].
Since then, the synthesis of P4 metabolites, the consequences of their impairing synthesis,
and their widely diverse mechanisms of action have been described as a never-ending story
in both physiological and pathological conditions [4].

The 5α-reduced P4 metabolites were first described as central regulators of female
reproductive function, gestation maintenance, and lactation [5–7]. However, other relevant
actions of these metabolites, particularly 3α-THP, have been described in females and males.
3α-THP has anti-inflammatory effects [8–10] and, in the central nervous system (CNS),
it induces cell proliferation and migration of neural and glial cells [11,12] and promotes
neurodevelopment in different vertebrates like rodents and sheep [13]. The impairment of
3α-THP synthesis in the CNS has been associated with pathologies such as Parkinson’s and
Alzheimer’s diseases, anxiety, and depression [14]. Significantly, such effects are mediated
through different mechanisms of action from those of P4.

The pioneering work of Wiebe and coworkers in 2000 indicated that levels of 5α-
reduced metabolites of P4 are increased in breast cancer [15,16]. Moreover, such steroids
promote tumor progression through different mechanisms of action [17]. Along with
this, knowledge of 3α-THP’s effects on neuroprotection and as a proliferative agent in
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the CNS leads to its study in cancer pathophysiology. In this review, we will focus on
the synthesis and mechanisms of action described for the P4 metabolite 3α-THP and
summarize evidence of the 3α-THP effects, or their impaired synthesis and mechanisms of
action, on the progression of diverse cancer types, particularly glioblastomas. We wrote
our literature review according to guidelines proposed by Marco Pautasso in 2013 [18] and
the IJMS guidelines.

2. Allopregnanolone Metabolism in Normal Tissues

The synthesis of 3α-THP depends on P4 availability in steroidogenic cells. The first
rate-limiting step of P4 synthesis is the transport of cholesterol from the endoplasmic
reticulum or the cytoplasm to the outer mitochondrial membrane, and then to the inner
mitochondrial membrane. In the latter, the P450 side chain cleavage (CYP11A1) catalyzes,
as indicated by its name, the cleavage of the C20–C22 side chain from cholesterol to produce
pregnenolone and isocaproaldehyde [19]. The mechanism and the proteins involved in
the cholesterol transport to the mitochondria are not well defined. Some studies point
to a huge complex of proteins that maintain close contact between the membranes of the
endoplasmic reticulum and mitochondrial membranes of steroidogenic cells.

Although the mitochondrial cholesterol transport complex differs between steroido-
genic tissues, some essential proteins have been identified in tight contact with CYP11A1.
Examples of this are the steroidogenic acute regulatory protein (StAR) and the translocator
protein of 18 kDa (TSPO) [20,21]. Diverse StAR-related lipid transfer domain-containing
proteins have been identified. However, in humans, only two bind sterols: STARD1 and
STARD3 [22,23]. In this review, we will focus on STARD1, which is a hydrophobic ~37 kDa
protein. Although STARD1 has been broadly detected in the whole mitochondria, studies
in the mouse MA-10 tumoral Leydig cell line suggest that STARD1 imports cholesterol only
when it is located at the outer mitochondrial membrane [24]. To be functional, STARD1 first
enters from the intermembrane space to the mitochondrial matrix to be processed into a
~30 kDa shorter form [25,26]. The structural analysis of such proteins indicates that their N-
terminal includes a mitochondrial localization sequence, seconded by the classical α/β grip
domain from StAR proteins, and a C-terminal, which comprises the cholesterol-binding
pocket [27]. STARD1 is highly hydrophobic and conformationally labile, so deciphering its
structural changes for importing cholesterol from the endoplasmic reticulum or cytoplasm
to the outer mitochondrial membrane has been difficult. However, its interaction with the
oligomerized TSPO channel at the outer mitochondrial membrane and the ATPase family
AAA-domain-containing protein 3A (ATAD3A), the link between TSPO, STARD1, and
CYP11A1, which is located at the inner mitochondrial membrane, have been described [20].

As a monomer, TSPO is abundantly expressed in steroidogenic cells. It has a five alpha-
helix structure with a cholesterol recognition sequence at its C-Terminal. Its location has
been detected as a polymer either at the outer or the inner mitochondrial membrane [22,28].
Besides cholesterol transport, levels of TSPO correlate with changes in fatty acid metabolism
in steroidogenic cells [29]. Moreover, the inhibition of TSPO directly decreases 3α-THP lev-
els in the Ventral Tegmental Area of female rodents’ brains [30]. ATAD3A also participates
in the complex of cholesterol transport. It contains two transmembrane domains (TM):
TM1 (a.a. 225–242), involved in its spanning in the outer mitochondrial membrane, and
TM2 (a.a. 264–274), for its transmembrane location at the inner mitochondrial membrane,
and colocalizes with CYP11A1 [31].

Once cholesterol is transported to the inner mitochondrial membrane, its C20–C22 side
chain is cleaved by the CYP11A1. CYP11A1 depends on NADPH as a cofactor to produce
pregnenolone and isocaproaldehyde through the catalysis of three subsequent reactions.
The first and limiting step in steroid synthesis is the 22-hydroxylation of cholesterol, sec-
onded by its 20-hydroxylation to finally produce pregnenolone as the product of oxidative
cleavage [32,33]. Although we focused on cholesterol catabolism, some of its derivatives
have also been identified as substrates of CYP11A1 for synthesizing pregnenolone [33].
In addition, in tissues and cells with a barely detected expression of CYP11A1, like brain
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and glial cells, pregnenolone production is detectable and secreted to the culture medium.
In such tissues, pregnenolone production was attributed to the metabolic activity of P450
cytochrome other than CYP11A1 [34].

Then, pregnenolone is isomerized to P4 by the 3β-hydroxysteroid dehydrogenase
(3β-HSD), which presents two 3β-HSD isozymes: 3β-HSD1 and 3β-HSD2. They are located
in the smooth endoplasmic reticulum and the mitochondria [35]. 3β-HSD has been found
at the transmembrane inner mitochondrial membrane and in the intermembrane space,
where it could be more active due to its structural configuration being sensitive to the pH
conditions [36]. P4 is mainly synthesized in the classical steroidogenic tissues: adrenal
glands, testis, ovaries, and placenta [35,37,38], although the presence of P4 metabolism
machinery has also been reported in tissues such as lungs, skin, and colon, among others,
in humans, rodents and monkeys [39–41]. Notably, the 3β-HSD2 isozyme has less affinity
for its substrates. In addition, 3β-HSD2 is mainly located in steroidogenic tissues, while
3β-HSD1, which presents high substrate affinity, is mainly expressed in other tissues such
as the CNS [19].

The synthesis of 3α-THP from P4 begins with the regulatory step of the reduction of
P4 hormone to 5α-Dihydroprogesterone (5α-DHP) by the 5α-reductase enzymes (5α-R),
also named 3-oxo-5-alpha-steroid 4-dehydrogenases. In humans, three 5α-R isozymes
present homology and are expressed in different tissues (Table 1). However, only 5α-R1
and 5α-R2 have a well-described activity of 5α-reductases, whereas 5α-R3 participates in
the N-glycosylation of asparagine residues of membrane proteins [42,43]. In addition, two
other proteins have been reported with 5α-reductase activity: the glycoprotein synaptic
2 (GSPN2) and the GSPN2-like. However, less is known about such proteins [44]. Here we
will focus on the relevance of 5α-R in 5α-DHP synthesis.

Table 1. Comparative characteristics of the 5α-R isozymes involved in the 5α-reduction of steroids.

Isozyme: 5α-R1 5α-R2

Gen/localization SRD5A1/5p15.31 SRD5A2/2p23.1
Exons number 7 9
Protein weight 29.4 kDa 28.4 kDa
Optimum pH 6–8.5 ~5

Human tissue localization
Brain (mainly in adulthood),
gastrointestinal tract, liver,

and skin.

Almost exclusive in the male
reproductive system, liver,

and lungs. It is also reported
in the brain (mainly in

developmental stages: fetal
and newborns), and skin.

The data summarized in this table are from the references [45–47].

The 5α-Rs have an α-rich structure due to their highly hydrophobic amino acid content.
They are embedded in the endoplasmic reticulum [48,49]. 5α-R enzymes catalyze the 5α-
reduction of the double bond between C4 and C5 of P4 (∆4,5-ene position), using NADPH
as a cofactor and introducing a hydrogen atom with 5 alpha stereochemistry into the C5 of
P4 [48,50]. Besides P4, other steroid hormones, such as testosterone and corticosteroids, are
substrates for these isozymes. The two main differences in the biochemical properties of
5α-Rs are their optimum pH for synthesizing 5α-reduced steroids (Table 1) [51] and their
affinity for substrates. While 5α-R1 presents a substrate affinity in micromolar ranges, the
5α-R2 presents a significantly higher affinity in a nanomolar range. Additionally, 5α-Rs
have a preferred affinity for P4 over testosterone and corticosteroids [52]. According to
some authors, such isozymes present tissue specificity, which could explain the relevance
of the preferred synthesis of some hormone metabolites over others in specific tissues. For
example, the role of 5α-DHP and 3α-THP on the CNS has been broadly investigated. They
maintain neural function and inflammation in males and females throughout life, and their
synthesis is mainly attributed to 5α-R1 in adulthood [45]. In contrast, the sexual maturation
and function of the reproductive system in males are maintained by testosterone and its
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most potent metabolite in humans, the 5α-dihydrotestosterone, whose synthesis is favored
by 5α-R2 [46].

Once the 5α-DHP is synthesized, it is then interconverted to 3α-THP by 3α-hydroxysteroid
dehydrogenases (3α-HSD). Isozymes with 3α-HSD activity are members of the Aldo-
keto reductases family (AKR), subfamily 1C, which in humans comprises four members
(AKR1C1-4) with a protein length of ~37 kDa. They all have a highly conserved structure
composed of (α/β)8-barrels with three loops conferring their substrate specificity. They
are all coded at the same chromosome by different adjacent genes and share a very high
sequence identity [53,54]. The reaction directionality of these enzymes depends on the levels
of NAD(P)(H), their cofactor, and the availability of substrates. The AKR1C1-4 isozymes
act mainly as reductases because the NAD(P)H is usually higher than the NAD(P)+ in
the cells. It has also been demonstrated that NAD(P)H inhibits the oxidative reaction of
AKR1C2 [55]. Additionally, it has been reported that AKR1C3 has very little oxidative
activity [56]. The reduction of 5α-DHP to 3α-THP is mainly promoted by AKR1C1-2 and
AKR1C4, as indicated by kinetic analyses [57]. Figure 1 presents the pathway of the 3α-THP
metabolism in most steroidogenic human cells.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 22 
 

 

specific tissues. For example, the role of 5α-DHP and 3α-THP on the CNS has been 

broadly investigated. They maintain neural function and inflammation in males and fe-

males throughout life, and their synthesis is mainly attributed to 5α-R1 in adulthood [45]. 

In contrast, the sexual maturation and function of the reproductive system in males are 

maintained by testosterone and its most potent metabolite in humans, the 5α-dihydrotes-

tosterone, whose synthesis is favored by 5α-R2 [46]. 

Once the 5α-DHP is synthesized, it is then interconverted to 3α-THP by 3α-hydroxys-

teroid dehydrogenases (3α-HSD). Isozymes with 3α-HSD activity are members of the 

Aldo-keto reductases family (AKR), subfamily 1C, which in humans comprises four mem-

bers (AKR1C1-4) with a protein length of ~37 kDa. They all have a highly conserved struc-

ture composed of (α/β)8-barrels with three loops conferring their substrate specificity. 

They are all coded at the same chromosome by different adjacent genes and share a very 

high sequence identity [53,54]. The reaction directionality of these enzymes depends on 

the levels of NAD(P)(H), their cofactor, and the availability of substrates. The AKR1C1-4 

isozymes act mainly as reductases because the NAD(P)H is usually higher than the 

NAD(P)+ in the cells. It has also been demonstrated that NAD(P)H inhibits the oxidative 

reaction of AKR1C2 [55]. Additionally, it has been reported that AKR1C3 has very little 

oxidative activity [56]. The reduction of 5α-DHP to 3α-THP is mainly promoted by 

AKR1C1-2 and AKR1C4, as indicated by kinetic analyses [57]. Figure 1 presents the path-

way of the 3α-THP metabolism in most steroidogenic human cells. 

 

Figure 1. Allopregnanolone (3α-THP) synthesis in normal tissues. The 3α-THP synthesis begins 

when cholesterol is imported from the cytoplasm or the endoplasmic reticulum (purple) to the mi-

tochondrion (pink) by a protein complex formed by the steroidogenic acute regulatory protein 

(StARD1), the translocator protein of 18 kDa (TSPO), and the ATPase family AAA-domain-contain-

ing protein 3A (ATAD3A), which are in close contact with the P450 side chain cleavage (CYP11A1). 

CYP11A1, at the inner mitochondrial membrane, catalyzes the cleavage of cholesterol to pregne-

nolone and isocaproaldehyde. Pregnenolone, either in the inner mitochondrial membrane or at the 

endoplasmic reticulum, is then isomerized to progesterone (P4) by the 3β-hydroxysteroid dehydro-

genase (3β-HSD). At the endoplasmic reticulum, P4 is irreversibly reduced to 5α-Dihydroproges-

terone (5α-DHP) by the isozymes 5α-reductases (5α-R). At the cytoplasm, 5α-DHP is reversibly re-

duced to allopregnanolone (3α-THP) by 3α-hydroxysteroid dehydrogenases (3α-HSD) coded by the 

AKR1C1-4 genes. Finally, 3α-THP can be a substrate of the 20α-hydroxysteroid dehydrogenase 

(20α-HSD), coded by AKR1C1, to produce 5α-Pregnan-3α,20α-diol. 

Figure 1. Allopregnanolone (3α-THP) synthesis in normal tissues. The 3α-THP synthesis begins when
cholesterol is imported from the cytoplasm or the endoplasmic reticulum (purple) to the mitochon-
drion (pink) by a protein complex formed by the steroidogenic acute regulatory protein (StARD1),
the translocator protein of 18 kDa (TSPO), and the ATPase family AAA-domain-containing protein
3A (ATAD3A), which are in close contact with the P450 side chain cleavage (CYP11A1). CYP11A1,
at the inner mitochondrial membrane, catalyzes the cleavage of cholesterol to pregnenolone and
isocaproaldehyde. Pregnenolone, either in the inner mitochondrial membrane or at the endoplasmic
reticulum, is then isomerized to progesterone (P4) by the 3β-hydroxysteroid dehydrogenase (3β-
HSD). At the endoplasmic reticulum, P4 is irreversibly reduced to 5α-Dihydroprogesterone (5α-DHP)
by the isozymes 5α-reductases (5α-R). At the cytoplasm, 5α-DHP is reversibly reduced to allopreg-
nanolone (3α-THP) by 3α-hydroxysteroid dehydrogenases (3α-HSD) coded by the AKR1C1-4 genes.
Finally, 3α-THP can be a substrate of the 20α-hydroxysteroid dehydrogenase (20α-HSD), coded by
AKR1C1, to produce 5α-Pregnan-3α,20α-diol.

AKR1C1-4 isozymes regulate the metabolism of many steroids (androgens and
prostaglandins) and xenobiotics. As well as their 3α-HSD activity at the C3 carbonyl
group of 5α-DHP, they also promote the reduction or oxidation of other carbonyl groups in
the C17 and C20 of the cyclopentanoperhydrophenanthrene structure or at the side chain



Int. J. Mol. Sci. 2023, 24, 560 5 of 21

of steroid substrates. They also have different preferred activities for reducing the other
mentioned carbonyl groups (Table 2). Under normal conditions, the AKR1C4 isozyme is
the most active, and its expression is restricted to the liver; however, this differs in certain
cancers, as will be discussed in the next section [58]. AKR1C1-3, in contrast, presents
a wider distribution in classical steroidogenic and nonclassical steroidogenic tissues. In
human lymphatic endothelial cells, the synthesis pathway of 3α-THP is favored due to a
high expression of the involved enzymes [59].

Table 2. Comparative characteristics of the AKR1C1-4 isozymes involved in the 3α-reduction
of steroids.

Isozyme (Gene Name): AKR1C1 AKR1C2 AKR1C3 AKR1C4

Gene location (exon
number) 10p15.1 (9) 10p15.1 (14) 10p15.1 (10) 10p15.1 (9)

Protein name 20α-(3α)-HSD 3α-HSD type 3 3α-(17β)-HSD type 2 3α-HSD type 1

Preferred activity

1. 3β-keto reductase
2. 20α-keto reductase
3. 3α-keto reductase

4. 17β-keto reductase

3α-keto reductase
1. 3α-keto reductase

2. 17β-keto reductase
3. 20α-keto reductase

3α-keto reductase

Human tissue localization
NS, lungs, liver,

mammary glands,
testis

NS, lungs, prostate,
testis, uterus,

mammary glands

Prostate, lungs, liver,
prostate, mammary
glands, uterus, NS

Liver

The data summarized in this table are from references [58,60,61]. NS: Nervous system.

Once 3α-THP is synthesized, it also serves as a substrate for AKR1C1. 3α-THP has a
ketone group at C20, reduced by AKR1C1, the isoenzyme with the most significant activity
of 20α-keto reductase. The produced metabolite 5α-Pregnan-3α,20α-diol is much less
active than 3α-THP and comprises the first step before conjugation to be excreted [62,63].
Additionally, 3α-THP also serves as a substrate for CYP17A1 to produce androsterone as
part of the called “backdoor pathway” to promote the synthesis of the potent androgen
5α-dihydrotestosterone [64].

3. Allopregnanolone Metabolism in Cancer

One of the best-described phenomena that differentiate normal from malignant tissues
is the Warburg effect, which is also considered one of the classic hallmarks of cancer [65,66].
The Warburg effect is characterized by the enhanced processing of glucose as the principal
energy source through glycolysis and lactate production, even in the presence of normal
levels of oxygen. In such conditions, normal cells produce pyruvate for further oxidative
phosphorylation [67]. It is still under discussion when such a metabolic shift in cancer cells
occurs: in the carcinogenesis process, or the progression of cancer. However, overexpression
of glycolytic enzymes and glucose transporters has been reported in cancer tissues. In
addition, several metabolite regulators of glycolysis, such as fructose 2,6-biphosphate, are
overproduced to evade the inhibition mechanisms of glycolysis [68]. It has been described
that several changes in the mitochondrial function in cancer cells are essential to this
process [69,70].

As mentioned in the first section above, the mitochondria are involved in several
limiting steps of steroidogenesis. One of the main changes identified in tumoral mitochon-
dria is the overproduction of reactive oxygen species, which leads to carcinogenesis when
they reach the cellular nucleus and cause DNA damage. One important source of reactive
oxygen species is the deregulated expression of the respiratory chain complexes [70].

Regarding cholesterol, in the 1950s, cholesterol was studied as a carcinogen [71]. It
is now accepted that hypercholesterolemia and a high-cholesterol diet promote cancer
development. Additionally, high levels of lipoproteins involved in cholesterol transport
are associated with the worst survival rates in gastric cancer, among others [72]. The
synthesis de novo of cholesterol is enhanced in the cancer context. Cholesterol is needed
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as a cellular membrane component in highly proliferative cells and for steroidogenesis.
Besides, cholesterol is the precursor of all steroid hormones involved in the progression of
endocrine and nonendocrine cancers. This section describes current data about alterations
in 3α-THP synthesis during cancer. However, it is essential to add that 3α-THP could
also regulate the transcription of several enzymes involved in cholesterol processing and
steroidogenesis, as will be reviewed in subsequent sections.

As previously mentioned, a rate-limiting step in the 3α-THP synthesis is cholesterol
transport to the mitochondria, along with the expression and correct function of CYP11A1.
Regarding CYP11A1, the presence of specific single nucleotide polymorphisms in its gene
has been associated with a higher risk of endometrial cancer [73]. Moreover, Fan et al.
reported that expression of CYPP11A1 was downregulated in 2754 samples of different
types of cancer, such as prostate and colon adenocarcinoma, renal clear cell, hepatocellular,
lung squamous cell, and uterine corpus endometrial carcinoma, all of them located at
The Cancer Gene Atlas (TCGA) repository [74]. However, even if the level expression of
CYP11A1 is low, pregnenolone synthesis could also occur in tumor cells independently of
the CYP11A1. It must be considered that the recent work of Christina Lin et al. included
both immortalized and glioblastoma cell lines, so that pregnenolone synthesis could be car-
ried out not just in normal but tumor cells as well. Lin and colleagues found the production
of pregnenolone in two cell lines (MGM-1 and MGM-3) of glioblastoma, the most common
primary malignant brain tumor. In these models, levels of CYP11A1 were low. However,
the production of pregnenolone was observed and associated with the activity of a different
CYP family protein [34]. In the MA-10 mouse tumoral Leydig cells, the synthesis of preg-
nenolone and P4 was significantly decreased when ATAD3A was silenced [75]. Together,
this evidence indicates that the P4 metabolism is active in different types of cancer, even
when the well-characterized enzymes involved in P4 synthesis, such as CYP11A1, have not
been detectable. This points to the relevance of a better characterization of the cholesterol
transport and its cleavage to pregnenolone, especially in nonclassical steroidogenic tissues.
Additionally, in MGM-1 and MGM-3 human glioblastoma cells, 3β-HSD, 5α-R1, 5α-R2,
and AKR1C1-3 expression were observed, indicating that besides pregnenolone, other
steroids could be synthesized by these cancer cells. Another study in MGM-3 cells reported
the production of P4. However, 3α-THP levels were not measured [76].

Significantly, steroidogenesis in the cancer context could be altered in tumor cells
but also in the tumor microenvironment components, such as immune cells. In the B16-
F10 melanoma and the orthotopic EO771 breast cancer models in mice, Mahata et al.
reported that interleukins commonly found in tumor cells and their environment, such as
IL-4, promote Cyp11a1 upregulation and an increase in pregnenolone synthesis in tumor-
infiltrating immunosuppressive Th2 lymphocytes. The silencing of Cyp11a1 in such cells
was correlated with significant tumor growth inhibition [77].

Regarding 3β-HSD, its expression and involvement in many malignancies have been
reported. In ovarian cancer, the protective effects of P4 have been reported, and the StAR,
CYP11A1, and 3β-HSD expression have been correlated with better patient prognosis [78].
In a breast cancer study with a cohort of 161 patient samples, 3β-HSD1 expression was
correlated with breast cancer ER-positive tumors. Interestingly, the expression of 3β-
HSD1 was positively associated with a better prognosis and low risk of cancer recurrence.
However, such data must be taken cautiously because the cohort is too small [79]. In
breast cancer cell lines, positive feedback was reported between the upregulated expression
of 3β-HSD1 and the expression of IL-4 in ER-positive and ER-negative breast cancer
cells [80]. In patients with hepatocellular cancer, 3β-HSD expression is higher than in the
normal liver. Additionally, the expression of 3β-HSD1 and 3β-HSD2 isozymes is present in
hepatocellular human cancer cell lines. By functional assays, 3β-HSD silencing diminishes
the clonogenicity of such cells [81]. In prostate and testis cancer, its activity is enhanced, and
it is even considered as a therapeutic approach in treating prostate and breast cancer [82].
Despite this, in such types of cancer, little is known about the relationships between 3β-
HSD expression, the synthesis or levels of 3α-THP in plasma or tumoral tissue, and their
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pathophysiological relevance. The expression of StAR, CYP11A1 and 3βHSD has also been
reported in human endometrial cancer cell lines HHUA (estrogen (ER) and intracellular
progesterone receptors (PR) positive; differentiated phenotype) and HOUA-1 (ER and PR
negative, undifferentiated phenotype). In both cell lines, the production of pregnenolone
and P4 was evident [83]. P4 detection in the cell culture medium appears earlier in HHUA
than in HOUA-1 cells. This could be explained by differences in P4 metabolism.

Besides the production of 5α-DHP, the 5α-R isozymes are responsible for synthesizing
the potent androgen 5α-dihydrotestosterone. In this sense, the relevance of such isozymes
in prostate cancer has been evaluated as a therapeutic target [84,85]. However, 5α-R
inhibitor treatment has been associated with the decreased synthesis of 5α-DHP and 3α-
THP in the CNS, favoring some cases of depression and the risk of high-grade prostate
cancer and decreased libido [86]. Interestingly, it has been reported that P4 promotes the
transactivation of the androgen receptor in prostate cancer [87], which cannot discard other
P4 metabolites that could activate and exert actions in such types of cancer. The role of
5α-reduced progesterone metabolites in malignancies has been mainly reported in breast
cancer by Wiebe and collaborators. These authors reported an augmented synthesis of 5α-
DHP and 3α-THP levels in infiltrating ductal breast carcinoma, compared with nontumoral
tissue from the same patients [15]. Such data could indicate that 5α-R expression or its
activity differs in cancerous versus normal tissue. Comparing the human breast cancer
cells MCF-7, T47-D, and MDA-MB-231 with the nontumorigenic breast epithelial MCF-10A
cells, the expression of 5α-R and AKR1C1-3 isozymes were higher, and lower respectively
in the breast cancer cell lines [88]. Interestingly, subcutaneous administration of 5α-DHP
promoted tumor growth in a MDA-MB-231 ER-/PR- breast cancer model implanted into
mice [89]. This indicates that P4 metabolites could act through other mechanisms apart
from activating PR.

As mentioned above, glioblastoma cells also express 5α-R and AKR1C1-3 isozymes.
Their functionality was assumed to be due to the high steroid metabolite levels produced
when cells are incubated with cholesterol, testosterone, pregnenolone, or P4. The presence
of 3α-THP has also been reported among other steroid metabolites [90–92]. In human U87
and U251 glioblastoma-derived cells, 5α-DHP induced cell proliferation and migration
through the PR [93]. Additionally, in colorectal cancer biopsies and cell lines, the expression
of 5α-R1 is significantly elevated compared with that in normal tissue. Such data correlate
the high expression of 5α-R1 with the worst prognosis in patients [94]. The levels of P4
metabolites synthesized by colorectal tissue in humans are yet unknown. However, high
5α-DHP and 3α-THP levels were observed in the adult rat colon. In such tissue, the levels
of P4 metabolites were superior to those of testosterone [95]. Figure 2 summarizes the
correlation between the overexpression of enzymes involved in 3α-THP synthesis and the
prognosis detected in different kinds of cancer patients.

AKR1C1-4 involvement in cancer has been reported, although its association with
5α-DHP to 3α-THP conversion has been poorly studied. AKR1C1 levels are higher in
small-cell and other lung cancers in stages I to III than in the adjacent nontumoral tissue.
In such contexts, overexpression of AKR1C1 induced an increase in cell viability, migra-
tion, invasion, and overexpression of metalloproteases MMP2 and MMP9, involved in
extracellular matrix degradation and invasion in the human small-cell lung cancer cell line
H446 [96]. In breast cancer samples, the expression levels of AKR1C1-2 were lower when
compared with the paired nontumoral tissue of the same patients [16].

Interestingly, AKR1C1 and AKR1C1-2 silencing in the T47-D breast cancer cell line
enhanced the effect of P4 on decreasing cell numbers, which indicates that P4 metabolism
could affect cellular death or proliferation processes in such cells [97]. AKR1C2 in esophageal
squamous cell carcinoma is overexpressed relative to paired normal tissue, and its high
expression was related to a reduced survival time. AKR1C2 silencing in the KYSE410 and
EC109 esophageal cancer cell lines diminished cell migration and viability, along with de-
creasing tumor growth, when cells were subcutaneously injected in a nude mice model [98].
In prostate cancer, 3α-THP conversion to 5α-DHT has been hypothesized, but yet, un-
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confirmed [99]. In the human glioblastoma T98G and U373 cell lines, a temozolomide
resistance model—the standard chemotherapeutic agent for such types of cancer—has
been developed. AKR1C3 overexpression was observed here and proposed as one of the
mechanisms involved in the temozolomide resistance [100]. AKR1C4 was also highly
expressed in 58% of a cohort of nasopharyngeal carcinoma, which is associated with a high
possibility of relapse [101].

Figure 2. Synthesis of 3α-THP from pregnenolone and the alteration of the expression of the in-
volved enzymes in different types of cancer. Enzymes participating in each metabolic step are
indicated by purple squares. On the left side (blue), the association between the high expression
of 3β-HSD, 3α-HSD, and good prognosis of patients with different types of cancer is indicated.
In the right side (red space), the different types of cancer in which the high expression of 3β-
HSD, 3α-HSD, and 3α-HSD isozymes are related to poor prognosis and cancer progression are
presented [16,78,79,81,82,88,89,94,96,100,101].

Regarding the study of AKR1C1-4, some considerations must be taken to study the role
of such isozymes in the metabolism of cancer. First, some animal models, especially rodents,
do not accurately represent AKR1C1-4 activity in humans, because aldo-keto reducase
murine isozymes have different preferred substrates and activities [102]. Additionally,
some discrepancies have been reported between the expression levels of the AKR1C1-4
mRNA and their protein content [103]. Some other catalytic-independent activities for such
enzymes have been described [104].
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4. Allopregnanolone Mechanisms of Action

The mechanisms of action described for 3α-THP could be grouped into genomic or
nongenomic due to the nature of its binding receptor in different cells. It is also important
to mention that such effects and mechanisms have mostly been described in the context of
neurodevelopment and pathologies of the CNS [105,106].

The PR is a transcription factor of the nuclear receptor superfamily, coded by the
PGR gene (also named NR3C3). Two main PR isoforms, coded by such gen under the
control of two different promoter sequences, have been reported [107,108]. In addition to
its function as a transcription factor, PR interacts with other cytoplasm proteins through the
polyproline-rich motifs at their N-terminal domains. An example of this is its interaction
with the kinase cSrc [109].

One of the most notable differences between progestogens is their PR affinity, which
has been described for P4 (0.35 nM) and 5α-DHP (22 nM). However, binding and gene-
reporter assays showed that 3α-THP presents a low direct affinity (>500 nM for the chicken
PR, and nondetectable in humans) for PR [110]. Despite this, it has been hypothesized that
3α-THP could regulate the effects of PR due to its interconversion to 5α-DHP in tissues
expressing 5α-R and AKR1C1-4 [106,110]. In this section, other reported mechanisms
directly activated by 3α-THP will be described.

At the genomic level, 3α-THP has been proposed as a ligand for the Pregnane X
Receptor (PXR, also known as Steroid and Xenobiotic Receptor, SXR). PXR is a ligand-
activated transcription factor of the nuclear receptors superfamily, coded by the gene
NR1I2 [111]. Some variants of PXR have been reported, with different influences on their
ligand affinity, dimerization, and transcriptional activity [112]. Although it is constituted
by a DNA-binding Domain (DBD) at its N-terminal, and a hinge region, which connects
the DBD with the Ligand Binding Domain (LBD) at the C-terminal, its LBD is more flexible
than those of other nuclear receptors. Due to its unique pocket binding site, PXR is highly
promiscuous to hydrophobic ligands such as steroids. The expression of PXR has been
detected by RT-qPCR and RNAseq or microarrays in many tissues, mainly the liver. It
has also been detected in the gastrointestinal tract, gonads, uterus, breast, adrenals, bone
marrow, smooth muscle, brain, and skin [112,113].

To be functional, PXR forms homodimers and heterodimers, mainly with the retinoic
acid receptor (RXR). However, other interactions of PXR with nuclear receptors such
as the androgen receptor (AR) have been proposed to promote gene silencing [113,114].
Once activated and in the cellular nuclei, PXR dimers bind to xenobiotic response ele-
ments in the promoter or regulator regions of target genes. They recruit coactivators or
corepressors for regulating transcription. Many of PXR’s classic targets are involved in
cholesterol metabolism and the detoxification of xenobiotics, such as the CYP3A, CYP2B,
and CYP20 gene subfamilies [115]. Other targets of PXR are ATP-binding cassette drug
transporters [116]. Moreover, it also regulates inflammatory responses and the cell cycle,
which are undoubtedly essential processes in the physiopathology of cancer [117]. RNAseq
data indicate that PXR is highly expressed in some human cancer cell lines: gastric tubular
adenocarcinoma SNU719 cells, colon adenocarcinoma SW403 cells, pancreatic ductal ade-
nocarcinoma ASPC1 cells, and the hepatoblastoma HepG2 cell line [113]. PXR has been im-
plicated in all steps, from carcinogenesis to cancer progress and resistance to therapy [113].
In cancer stem cells from colon cancer, it is overexpressed, and its high levels correlate with
the worst survival time and probability of cancer relapse [118]. The expression of PXR was
reported in the human ovarian cancer cell lines SKOV-3 and OVCAR-8. When activated,
classic PXR targets are overexpressed, along with augmented cell proliferation and tumor
weight, in mouse xenografts [119].

The transcription factor function of PXR is activated by 3α-THP, as demonstrated
by luciferase activity assays. Interestingly, 3α-THP effects were more significant than
those of dehydroepiandrosterone, one androgen metabolite which is a PXR ligand and has
similar reported effects to those of 3α-THP in the CNS [112]. This was also observed by
Langmade et al. in the cerebellar tissue of the mouse Niemann–Pick C disease npc1−/−
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model and Chinese hamster ovary cells [120]. It is worth mentioning that Niemann–Pick C
disease is characterized by the impairment of cholesterol metabolism and accumulation, in
which 3α-THP treatment improved animal survival and reduced inflammatory mediators
in a GABAA receptor-independent way [120]. This study clarifies the broad actions of
3α-THP other than the GABAA receptor, which is by far the most characterized mechanism
described for 3α-THP, as reviewed below. To our knowledge, there have been no affinity
studies performed for 3α-THP to PXR so far.

Moreover, positive feedback between PXR and 3α-THP has been reported. Frye et al.
reported that in the Ventral Tegmental Area of female rodents, silencing of PXR with
antisense oligonucleotides decreases the levels of 5α-DHP and 3α-THP measured in other
brain areas such as the hippocampus [121]. Additionally, in the mice 3xTgAD model of
Alzheimer’s disease, 3α-THP significantly increased the expression of PXR and the Liver X
receptor (LXR) after 9 months of the establishment of pathology, but decreased it at month
12 [122]. There is no evidence, to date, that 3α-THP could also bind LXR.

3α-THP could rapidly activate or modulate membrane receptors. Although these
mechanisms are considered nongenomic, as their primary effects are to modify ion conduc-
tance, second messengers, and diverse signaling pathways, they ultimately modify gene
expression in a relatively more extended lapse. 3α-THP modulates gamma-aminobutyric
acid (GABA) neurotransmission through its GABAA receptor. Notably, neither P4 nor
5α-DHP present affinity for GABAA receptors, as determined by binding assays [123].
The GABAA receptor is a ligan-gated ionotropic channel. A functional GABAA receptor
comprises a pentameric channel constituted of five from 19 possible different subunits:
α1-6, β1-3, γ1-3, δ, ε, θ, π, and ρ1-3. Most receptors are composed of two α, two β, and
a fifth subunit which depends on the function and location of the receptor [124]. The
subunit composition of the receptor impacts its functional and pharmacological properties.
While the γ subunit is most often located in synaptic GABAA receptors, δ subunits are
commonly part of extrasynaptic GABAA receptors, for example, in astrocyte cells. Notably,
the presence of δ or γ1 subunits favors 3α-THP affinity for the receptor. However, 3α-THP
and other pregnanes bind it allosterically into two putative steroid binding sites in the
transmembrane space between the α and β subunits of the receptor [125].

The effects of 3α-THP on such receptors depend on its concentration. At nanomolar
concentration (100 nM), 3α-THP is a positive allosteric modulator of the GABAA receptor,
while micromolar concentrations (1 to 10 µM) directly activate it [126]. Such effects have
immediate consequences in the cells, due to the activation of different signaling pathways
and the production of second messengers. The neuroactive steroid tetrahydrodeoxycorti-
costerone (THDOC), which presents a similar structure and affinity for the GABAA receptor
as 3α-THP, promotes the phosphorylation of the common extrasynaptic subunit α4 in its
residue S443 depending on the protein kinase PKC activity. Importantly, this favors the
membrane localization of the GABAA receptor [125,127].

Once 3α-THP binds to GABAA receptors, the cellular response depends on the ex-
pression and activity of effectors, modulators, and cotransporters such as SLC12A2. In
mature cells of the CNS, activation or positive modulation of GABAA receptors promotes
the influx of Cl- ions, and thus, hyperpolarization, which is an inhibitory signal. This
has been the most exploited mechanism of 3α-THP and its pharmacological analogs to
induce anxiolytic, anticonvulsive, and sedative effects [123,128]. However, in neural stem
cells and pre-progenitor oligodendrocytes, which express cotransporter SLC12A2 that
triggers high basal intracellular levels of Cl-, 3α-THP leads to an efflux of Cl- ions when
it activates GABAA receptors, and thereby promotes cell depolarization [126]. This effect
leads to the activation of voltage-dependent L-type calcium channels, and thus, an increase
in the intracellular levels of Ca2+ and cyclic-AMP, promoting the activation of protein
kinase a (PKA) and, thus, the activation of transcription factor cyclic AMP-responsive
element-binding protein 1 (CREB1) [12,129]. CREB1 regulates the expression of target
genes involved in promoting DNA synthesis and cell proliferation [12]. In human Schwann
cells, 3α-THP also increases the phosphorylation of CREB, and the expression of glutamate
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decarboxylase, an enzyme involved in the synthesis of GABA. This is also correlated with
an increase in GABA levels [130]. Melfi et al. have reported in the same model that 3α-
THP treatment induces a rearrangement of the actin cytoskeleton and cell migration in a
GABAA receptor-dependent way and through the activation of Src/p-FAK [11]. Besides
this mechanism, 3α-THP also favors the release of gonadotropin-releasing hormone (GnRH)
in mouse-immortalized GnRH GT1-1 cells [131]. In physiological conditions, in the rat
ovarian nerve plexus–ovary system, these authors also demonstrated that 3α-THP induces
the proliferation, angiogenesis, and enhanced activity of the 3-HSD through the GABAA
receptor [132,133]. Besides the CNS, GABAA receptors are also expressed in several tissues
in physiologic conditions. They are particularly relevant in controlling the liberation of
cytokines by immune cells, along with their proliferation and migration [134]. In murine
glioma models and human glioblastoma cell lines, GABAA receptors are functional. When
treated with its antagonist bicuculine, cell proliferation is highly promoted, compared with
cells treated with the agonist muscimol or vehicle conditions [135]. This suggests that
GABAA receptors negatively regulate glioblastoma growth.

Importantly, 3α-THP presents a high affinity for membrane P4 receptors (mPRs). The
mPRs are membrane proteins of the progestin and adipoQ receptor family (PAQR) with five
members: mPRα (PAQR7), mPRβ (PAQR8), mPRγ (PAQR5), mPRδ (PAQR7), and mPRε
(PAQR9) with a similar weight of ~40 kDa. Although they are not part of the G protein-
coupled receptors family, mPRs present a structure of transmembrane domains [136,137]. To
date, modeling and experimentally determining their structure has been complex. However,
it is proposed that they are constituted of seven to eight transmembrane domains with a
large C-Terminal domain involved in activating G proteins. Moreover, some studies have
suggested that some progestogens’ and progestins’ effects mediated by mPRs could also be
independent of the activation of G proteins, and they could act more as ligand-activated
enzymes with ceramidase activity that produce sphingoid bases as second messengers
capable of secondly activating GPCRs [137,138]. Several studies indicate that mPRα, mPRβ,
and mPRγ are coupled to inhibitory G-proteins (Gi) in human cells or olfactory stimulatory
G-proteins (Golf) in teleost, while mPRδ and mPRε seem to be coupled to stimulatory
G-proteins (Gs) [139,140].

By binding assays, the affinity of 3α-THP for mPRδ (100 nM) and, to a lesser extent,
mPRα and mPRβ has been demonstrated (~400 to 500 nM) [140]. 3α-THP is an agonist
of mPRδ, mPRα, and mPRβ, and some of its effects depend on mPRs expression levels.
The expression of mPRδ and mPRβ is particularly high in several CNS areas such as the
hypothalamus, hippocampus, amygdala, and cerebral cortex. In hippocampal neuronal
cells, 3α-THP treatment for 15 min increases cAMP levels, which are correlated with
the positive modulation of adenylyl cyclase by Gs proteins. When triple-negative MDA-
MB-231 breast adenocarcinoma cells were transfected with mPRδ and treated with 3α-
THP for 20 min, the activation of ERK kinase was observed along with a decrease in
apoptosis [140]. In GT1-7 hypothalamic mouse GnRH cells, where mPRα and mPRβ are
the most expressed receptors, treatment with 3α-THP in concordance with the activation
of Gi proteins decreases cAMP levels and cell death [141]. In Figure 3, the most studied
mechanisms of 3α-THP to date are presented.

Additionally, crosstalk among the three mechanisms activated by 3α-THP has been
proposed. When Melfi et al. reported the effects of 3α-THP on cell migration, a correlation
between augmented migration and a dynamic change in the levels of Src and Fak kinases
phosphorylation was observed. Interestingly, cotreatment with 3α-THP and the GABAA
inhibitor bicuculine promotes higher phosphorylation levels of such kinases than 3α-THP
alone or the GABAA agonist muscimol [11]. Additionally, when mPRs were stimulated
with the agonist ORG-02-0, migration was promoted in Schwann cells, along with increased
activation of Src [142]; this could indicate a complicated activation of several mechanisms
involved in the effects of 3α-THP that could compensate each other when one of them
is blocked.
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Figure 3. 3α-THP mechanisms of action. Due to its lipophilic structure, 3α-THP crosses the cellular
membrane and directly activates the Pregnane X receptor (PXR), a transcription factor. It also
modulates to the ionotropic pentamer GABAA receptor, which, depending on the expression of the
cotransporter SLC12A2, induces changes in the current of chloride ions (Cl−), augments cAMP levels
and promotes the activation of the PKA kinase and the subsequent activation of the transcription
factor CREB. 3α-THP is also a ligand of the membrane P4 receptor mPRδ (green membrane receptor),
a transmembrane receptor coupled to Gs proteins that augments cAMP. It is hypothesized that both
the latter mechanisms interact and regulate the activation of the Src/FAK pathway. Additionally,
3α-THP also binds mPRα and mPRβ (red membrane receptor), which are coupled to Gi proteins, and
their activation with 3α-THP decreases cAMP levels.

Moreover, 3α-THP, but not 5α-DHP or 5α-reduced androgen metabolites, could mod-
ulate other neurotransmitter receptors. 3α-THP enhances the activation of dopamine D1
receptors. This was analyzed in a mice model of prepulse inhibition of startle, which is
helpful in determining the function of the dopamine receptor. It was reported that D1
receptor agonists, like SKF-82958, impair the prepulse inhibition of startle, and cotreatment
with 3α-THP potentiates the effect of SKF-82958. The effect of SKF-82958 was not mod-
ified by the pharmacological antagonist of the GABAA receptor bicuculine, or the PXR
silencing, suggesting that 3α-THP effects are produced directly through the regulation of
the D1 receptor [143]. 3α-THP could also act through glutamate N-methyl-D-aspartate
(NMDA) receptors. The release of GnRH and glutamate was induced by a micromolar
concentration of 3α-THP in the medium basal hypothalamus and the anterior preoptic area
slices of ovariectomized rats. In this study, the NMDA receptor antagonist AP-7 decreased
the 3α-THP effect of inducing GnRH and glutamate release, suggesting that the effect of
3α-THP is mediated by its interaction with NMDA receptors [144].

5. Effects of Allopregnanolone on Cancer Models

In some in vitro models, the effects of 3α-THP have been determined. In the human
U87 glioblastoma-like cells, the metabolite 3α-THP significantly increases the number of
cells over 6 days of treatment and promotes proliferation at 72 h of treatment. Interestingly,
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in such studies, cotreatment with P4 and the 5αR inhibitor, finasteride, almost completely
inhibits the effect of P4 [92]. This indicates that besides P4, its metabolites contribute to
glioblastoma progression. Using microarrays in the U87 cell line, changes in the gene
expression profile under 3α-THP were also assessed. 3α-THP at nanomolar concentration
promotes the overexpression of proliferation, DNA reparation, and cytoskeleton rearrange-
ment genes [145]. In addition, in U87 and other glioblastoma cell lines such as U251 and
LN229, 3α-THP promotes Src-mediated migration and invasion [146], although the mecha-
nism by which 3α-THP induces Src activation in this model needs to be elucidated. In PC12
rat pheochromocytoma cells, which lack GABAA or NMDA receptors, 3α-THP decreases
apoptosis through overexpression of the antiapoptotic proteins Bcl-2 and Bcl-xl. It also
induces the activation of PKC [147]. In the breast cancer cell lines MCF-7 and T47D, high
concentrations (50 µM) of 3-THP decreased cell viability, while lower concentration (12 µM)
stimulated the augmentation of cell numbers, similar to P4 or 5α-DHP [148].

Conversely, in T98G and A172 human glioblastoma cell lines, high micromolar concen-
trations of 3α-THP alone promote cell death and potentiate the effect of temozolomide, the
standard chemotherapeutic agent used for glioblastoma treatment. Such cotreatment also
diminished cell migration and invasion through the downregulation of proteins involved
in proliferation and integrin signaling [149].

The effects of 3α-THP have been reported in other cancer models. In the human
ovarian cancer cell line IGROV-1, 3α-THP promotes proliferation, migration, and clono-
genicity at low concentrations [150]. However, the 3α-THP-activated mechanisms in these
models are still understudied. Together, the cited in vitro studies analyzed in this review
indicate that 1 nM to 20 µM 3α-THP concentrations could induce cancer progression, while
higher concentrations inhibit it. Furthermore, changes in the in vivo levels of 3α-THP,
and specifically, plasmatic levels of 3α-THP, are not necessarily related to or the cause of
cancer. However, the local expression or activity of many enzymes involved in the 3α-THP
metabolism is altered in different types of cancer. This could be traduced in an altered syn-
thesis (and levels) of such metabolites in cancer tissues. To state specific concentrations of
3α-THP and their real impact on the tumoral microenvironment, more studies are needed.

In addition to 3α-THP, its synthetic analogs have also been studied in the cancer
context. As in the case of 3α-THP, these studies point out that Ganaxolone, a 3-metylated
analog, and others promote cell proliferation in different cancer cell lines. Ganaxolone has
been proposed as a therapeutic agent for epilepsy because of its high affinity to GABAA
receptors, although it also activates mPRs. Ganaxolone has a similar affinity to mPRδ to
that reported for 3α-THP (~100 nM) [140,151]. In MDA-MB-231 breast cancer cells (with no
expression of GABAA receptors) transfected with mPRδ, Ganaxolone decreased apoptosis
and cell death at the same concentration as 3α-THP. In the same model, Ganaxolone
also activated the same signaling pathways as 3α-THP: increasing cAMP and activating
ERK kinase [151]. Taleb et al. propose the synthesis of 3α-THP analogs with GABAA
receptor-agonist effects, but low pro-proliferative action. These authors reported that low
concentrations (250 nm to 1 µM) of 3α-THP and its synthetic analogs, BR351 (O-allyl-
Allopregnanolone) and BR338 (12-oxo-Allopregnanolone), increase cell viability of the
human neuroblastoma cell line SH-SY5Y. The analog BR297 (O-allyl-epi-Allopregnanolone)
lacks pro-proliferative activity. All tested steroids, however, present neuroprotective effects
and augment GABA conductance [152]. A similar effect for these analogs was observed in
primary cultures of mice neural stem cells [153].

To our knowledge, there are no specific reports about sexually dimorphic 3α-THP
levels and cancer. However, there are sex differences in cancer prevalence and in neuros-
teroids, specifically, 3α-THP levels and actions. Although these aspects are not necessarily
related, it would be interesting to study them. Regarding many types of cancers, including
glioblastomas, their overall incidence is higher in men than women in a proportion of 3:2
(men: women) [154]. Cancer’s aggressiveness, response to treatment, and prognosis are
unequal due to the sex effect. It has been reported that genetic sexual differences related to
autosomic and sexually specific gene expression influence cancer [155]. However, differ-
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ences between males and females regarding long-lasting levels of exposure to the endogen
sexual hormones and synthetic progestins throughout life in cancer prevalence have been
broadly studied. At least in the case of glioblastoma, the most common primary malignant
brain tumor, sex hormones impact cancer differently [156–158]. While androgens induce
glioblastoma progression, the effect of estrogens and progestins depends on their levels,
receptor expression, and long-lasting exposure to the hormonal stimulus [156]. Regarding
3α-THP in humans, its plasmatic levels in fertile females vary similarly to P4 and 5α-DHP
according to the menstrual cycle phase. The 3α-THP plasmatic levels of females at the
follicular phase of the menstrual cycle are similar to those found in healthy adult males
(~1 nM). Interestingly, Genazzani et al. evaluated 3α-THP plasmatic levels in males and
females of different age ranges (19–39, 40–49, 50–59, and >60 years old). They found that
the 3α-THP plasmatic levels of males proportionally decrease as men age. However, female
3α-THP levels at the follicular phase of the menstrual cycle do not vary with age [159].

The evidence presented in this article shows that tumoral cells display very similar
responses to those of normal cells when they are exposed to 3α-THP or its analogs at
nanomolar to low micromolar concentrations: an increase in cell proliferation, protection
against insults, and migration. Although such effects could be beneficial for patients in
neurodegenerative states [14,106], cancer cases have to be studied vigilantly [152]. It is
worth mentioning that estrogens, and progestins act as inductors of cancer progression and
not as carcinogens, at least in glioblastoma, as recently reviewed by Bello-Alvarez et al. [156].
In this line, the P4 metabolite 3α-THP and its analog Ganaxolone display very similar effects
to progestins once tumoral growth is established. Moreover, neurological diseases like
epilepsy require chronic treatments to improve symptoms and patient quality of life [160].
Under such treatment conditions, the local levels of Ganaloxone could be higher than those
needed to induce cancer cell proliferation, although this needs to be investigated.

6. Conclusions and Perspectives

State-of-the-art evidence about 3α-THP synthesis and its mechanisms of action in
cancer was presented in this review. 3α-THP has been one of the most studied neuroactive
steroids with broad actions in neuroprotection, proliferation induction, and immunomod-
ulation. Such characteristics could be exploited by cancer cells. To date, the synthesis of
3α-THP and other P4 metabolites has been confirmed in patient tissue of breast cancer,
colon, ovarian, and glioblastoma cell lines, among others. These data suggest an altered
synthesis of P4 metabolites in at least some types of cancer, which points to the urgency
of generating more data on the P4 metabolism in cancer patients. Moreover, there is little
information about the role of other P4 metabolites, 3α-THP, and its analogs, as agents that
favor the initiation, promotion, and progression of cancer. This is particularly relevant
because analogs of 3α-THP, like Ganaxolone, are approved by the FDA for the long-lasting
treatment of epilepsy [160].

To date, few studies about 3α-THP’s role in cancer progression exist. Additionally, 3α-
THP presents affinity for a broad class of receptors that could be simultaneously expressed
in the same cell or tissue, which makes it difficult to study them. There are plenty of data
about 3α-THP effects mediated by its binding to GABAA receptors. However, the crosstalk
between GABAA receptors and other mechanisms, like mPRs or PXR activation along with
their signaling pathways, needs to be clarified. Additionally, in models where physiological
concentrations of P4 induce cancer progression, such as glioblastoma and ovarian cancer,
3α-THP also promotes cellular malignancy, which could reinforce the possible crosstalk
between P4, and its 5α-reduced metabolites previously described in breast cancer. Together,
these data point to the urgency of illuminating 3α-THP’s effects in cancer pathophysiology
by measuring steroid metabolites in cancer patients and studying the potential role of
3α-THP in the progression of cancer malignancy.
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5. Hill, M.; Pařízek, A.; Kancheva, R.; Jirásek, J.E. Reduced progesterone metabolites in human late pregnancy. Physiol. Res. 2011, 60,

225–241. [CrossRef]
6. Brunton, P.J.; Russell, J.A.; Hirst, J.J. Allopregnanolone in the Brain: Protecting Pregnancy and Birth Outcomes; Elsevier Ltd.:

Amsterdam, The Netherlands, 2014; Volume 113, ISBN 3154511277783.
7. Paris, J.J.; Brunton, P.J.; Russell, J.A.; Walf, A.A.; Frye, C.A. Inhibition of 5α-reductase activity in late pregnancy decreases

gestational length and fecundity and impairs object memory and central progestogen milieu of juvenile rat offspring. J.
Neuroendocrinol. 2011, 23, 1079–1090. [CrossRef]

8. Parks, E.E.; Logan, S.; Yeganeh, A.; Farley, J.A.; Owen, D.B.; Sonntag, W.E. Interleukin 6 reduces allopregnanolone synthesis in
the brain and contributes to age-related cognitive decline in mice. J. Lipid Res. 2020, 61, 1308–1319. [CrossRef]

9. Balan, I.; Aurelian, L.; Schleicher, R.; Boero, G.; O’Buckley, T.; Morrow, A.L. Neurosteroid allopregnanolone (3α,5α-THP) inhibits
inflammatory signals induced by activated MyD88-dependent toll-like receptors. Transl. Psychiatry 2021, 11, 145. [CrossRef]

10. He, J.; Evans, C.-O.; Hoffman, S.W.; Oyesiku, N.M.; Stein, D.G. Progesterone and allopregnanolone reduce inflammatory cytokines
after traumatic brain injury. Exp. Neurol. 2004, 189, 404–412. [CrossRef]

11. Melfi, S.; Montt Guevara, M.M.; Bonalume, V.; Ruscica, M.; Colciago, A.; Simoncini, T.; Magnaghi, V. Src and phospho-FAK
kinases are activated by allopregnanolone promoting Schwann cell motility, morphology and myelination. J. Neurochem. 2017,
141, 165–178. [CrossRef]

12. Wang, J.M.; Johnston, P.B.; Ball, B.G.; Brinton, R.D. The neurosteroid allopregnanolone promotes proliferation of rodent and
human neural progenitor cells and regulates cell-cycle gene and protein expression. J. Neurosci. 2005, 25, 4706–4718. [CrossRef]
[PubMed]

13. González-Orozco, J.C.; Camacho-Arroyo, I. Progesterone actions during central nervous system development. Front. Neurosci.
2019, 13, 503. [CrossRef] [PubMed]

14. Falvo, E.; Diviccaro, S.; Melcangi, R.C.; Giatti, S. Physiopathological role of neuroactive steroids in the peripheral nervous system.
Int. J. Mol. Sci. 2020, 21, 9000. [CrossRef] [PubMed]

15. Wiebe, J.P.; Muzia, D.; Hu, J.; Szwajcer, D.; Hill, S.A.; Seachrist, J.L. The 4-pregnene and 5α-pregnane progesterone metabolites
formed in nontumorous and tumorous breast tissue have opposite effects on breast cell proliferation and adhesion. Cancer Res.
2000, 60, 936–943. [PubMed]

16. Wiebe, J.P.; Lewis, M.J.; Cialacu, V.; Pawlak, K.J.; Zhang, G. The role of progesterone metabolites in breast cancer: Potential for
new diagnostics and therapeutics. J. Steroid Biochem. Mol. Biol. 2005, 93, 201–208. [CrossRef]

17. Wiebe, J.P.; Beausoleil, M.; Zhang, G.; Cialacu, V. Opposing actions of the progesterone metabolites, 5α-dihydroprogesterone
(5αP) and 3α-dihydroprogesterone (3αHP) on mitosis, apoptosis, and expression of Bcl-2, Bax and p21 in human breast cell lines.
J. Steroid Biochem. Mol. Biol. 2010, 118, 125–132. [CrossRef]

18. Pautasso, M. Ten Simple Rules for Writing a Literature Review. PLoS Comput. Biol. 2013, 9, 7–10. [CrossRef]
19. Liang, J.J.; Rasmusson, A.M. Overview of the Molecular Steps in Steroidogenesis of the GABAergic Neurosteroids Allopreg-

nanolone and Pregnanolone. Chronic Stress 2018, 2, 247054701881855. [CrossRef]

BioRender.com
http://doi.org/10.1016/j.bpobgyn.2020.07.012
http://www.ncbi.nlm.nih.gov/pubmed/32943346
http://doi.org/10.1021/ja01283a006
http://doi.org/10.1210/endo-30-3-437
http://doi.org/10.1080/13697137.2018.1462792
http://www.ncbi.nlm.nih.gov/pubmed/29806794
http://doi.org/10.33549/physiolres.932077
http://doi.org/10.1111/j.1365-2826.2011.02219.x
http://doi.org/10.1194/jlr.RA119000479
http://doi.org/10.1038/s41398-021-01266-1
http://doi.org/10.1016/j.expneurol.2004.06.008
http://doi.org/10.1111/jnc.13951
http://doi.org/10.1523/JNEUROSCI.4520-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15888646
http://doi.org/10.3389/fnins.2019.00503
http://www.ncbi.nlm.nih.gov/pubmed/31156378
http://doi.org/10.3390/ijms21239000
http://www.ncbi.nlm.nih.gov/pubmed/33256238
http://www.ncbi.nlm.nih.gov/pubmed/10706108
http://doi.org/10.1016/j.jsbmb.2004.12.003
http://doi.org/10.1016/j.jsbmb.2009.11.005
http://doi.org/10.1371/journal.pcbi.1003149
http://doi.org/10.1177/2470547018818555


Int. J. Mol. Sci. 2023, 24, 560 16 of 21

20. Rone, M.B.; Midzak, A.S.; Issop, L.; Rammouz, G.; Jagannathan, S.; Fan, J.; Ye, X.; Blonder, J.; Veenstra, T.; Papadopoulos, V.
Identification of a dynamic mitochondrial protein complex driving cholesterol import, trafficking, and metabolism to steroid
hormones. Mol. Endocrinol. 2012, 26, 1868–1882. [CrossRef]

21. Morel, Y.; Roucher, F.; Plotton, I.; Goursaud, C.; Tardy, V.; Mallet, D. Evolution of steroids during pregnancy: Maternal, placental
and fetal synthesis. Ann. Endocrinol. 2016, 77, 82–89. [CrossRef]

22. Elustondo, P.; Martin, L.A.; Karten, B. Mitochondrial cholesterol import. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2017, 1862,
90–101. [CrossRef] [PubMed]

23. Clark, B.J. The mammalian START domain protein family in lipid transport in health and disease. J. Endocrinol. 2012, 212, 257–275.
[CrossRef] [PubMed]

24. Bose, H.S.; Lingappa, V.R.; Miller, W.L. The steroidogenic acute regulatory protein, StAR, works only at the outer mitochondrial
membrane. Endocr. Res. 2002, 28, 295–308. [CrossRef]

25. Gatta, A.T.; Wong, L.H.; Sere, Y.Y.; Calder, D.M.; Cockcroft, S.; Menon, A.K.; Levine, T.P. A new family of StART domain proteins
at membrane contact sites has a role in ER-PM sterol transport. eLife 2015, 4, e07253. [CrossRef] [PubMed]

26. Artemenko, I.P.; Zhao, D.; Hales, D.B.; Hales, K.H.; Jefcoate, C.R. Mitochondrial Processing of Newly Synthesized Steroidogenic
Acute Regulatory Protein (StAR), but Not Total StAR, Mediates Cholesterol Transfer to Cytochrome P450 Side Chain Cleavage
Enzyme in Adrenal Cells. J. Biol. Chem. 2001, 276, 46583–46596. [CrossRef] [PubMed]

27. Sluchanko, N.N.; Tugaeva, K.V.; Maksimov, E.G. Solution structure of human steroidogenic acute regulatory protein STARD1
studied by small-angle X-ray scattering. Biochem. Biophys. Res. Commun. 2017, 489, 445–450. [CrossRef]

28. Li, H.; Papadopoulos, V. Peripheral-type benzodiazepine receptor function in cholesterol transport. Identification of a putative
cholesterol recognition/interaction amino acid sequence and consensus pattern. Endocrinology 1998, 139, 4991–4997. [CrossRef]
[PubMed]

29. Tu, L.N.; Zhao, A.H.; Hussein, M.; Stocco, D.M.; Selvaraj, V. Translocator Protein (TSPO) Affects Mitochondrial Fatty Acid
Oxidation in Steroidogenic Cells. Endocrinology 2016, 157, 1110–1121. [CrossRef] [PubMed]

30. Frye, C.A.; Koonce, C.J.; Walf, A.A. The pregnane xenobiotic receptor, a prominent liver factor, has actions in the midbrain for
neurosteroid synthesis and behavioral/neural plasticity of female rats. Front. Syst. Neurosci. 2014, 8, 60. [CrossRef]

31. Lang, L.; Loveless, R.; Teng, Y. Emerging links between control of mitochondrial protein atad3a and cancer. Int. J. Mol. Sci. 2020,
21, 7917. [CrossRef]

32. Burstein, S.; Middleditch, B.S.; Gut, M. Mass spectrometric study of the enzymatic conversion of cholesterol to (22R) 22
hydroxycholesterol, (20R,22R) 20,22 dihydroxycholesterol, and pregnenolone, and of (22R) 22 hydroxycholesterol to the glycerol
and pregnenolone in bovine adrenocortical prepar. J. Biol. Chem. 1975, 250, 9028–9037. [CrossRef] [PubMed]

33. Slominski, A.T.; Li, W.; Kim, T.K.; Semak, I.; Wang, J.; Zjawiony, J.K.; Tuckey, R.C. Novel activities of CYP11A1 and their potential
physiological significance. J. Steroid Biochem. Mol. Biol. 2015, 151, 25–37. [CrossRef] [PubMed]

34. Lin, Y.C.; Cheung, G.; Porter, E.; Papadopoulos, V. The neurosteroid pregnenolone is synthesized by a mitochondrial P450 enzyme
other than CYP11A1 in human glial cells. J. Biol. Chem. 2022, 298, 102110. [CrossRef] [PubMed]

35. Berchtold, J.P. Ultracytochemical demonstration and probable localization of 3β-hydroxysteroid dehydrogenase activity with a
ferricyanide technique. Histochemistry 1977, 50, 175–190. [CrossRef] [PubMed]

36. Prasad, M.; Thomas, J.L.; Whittal, R.M.; Bose, H.S. Mitochondrial 3β-hydroxysteroid dehydrogenase enzyme activity requires
reversible pH-dependent conformational change at the intermembrane space. J. Biol. Chem. 2012, 287, 9534–9546. [CrossRef]

37. McNatty, K.P.; Makris, A.; Degrazia, C.; Osathanondh, R.; Ryan, K.J. The production of progesterone, androgens, and estrogens
by granulosa cells, thecal tissue, and stromal tissue from human ovaries in vitro. J. Clin. Endocrinol. Metab. 1979, 49, 687–699.
[CrossRef]

38. Lachance, Y.; Luu-The, V.; Labrie, C.; Simard, J.; Dumont, M.; De Launoit, Y.; Guerin, S.; Leblanc, G.; Labrie, F. Characterization of
human 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase gene and its expression in mammalian cells. J. Biol. Chem. 1990, 265,
20469–20475. [CrossRef] [PubMed]

39. Labrie, F.; Simard, J.; Luu-The, V.; Bélanger, A.; Pelletier, G. Structure, function and tissue-specific gene expression of 3β-
hydroxysteroid dehydrogenase/5-ene-4-ene isomerase enzymes in classical and peripheral intracrine steroidogenic tissues. J.
Steroid Biochem. Mol. Biol. 1992, 43, 805–826. [CrossRef]

40. Milewich, L.; Shaw, C.E.; Ian Mason, J.; Carr, B.R.; Blomquist, C.H.; Thomas, J.L. 3B-Hydroxysteroid Dehydrogenase Activity in
Tissues of the Human Fetus Determined with 5A-Androstane-3B,17B-Diol and Dehydroepiandrosterone As Substrates. J. Steroid
Biochem. Mol. Biol. 1993, 45, 525–537. [CrossRef]

41. Martel, C.; Meiner, M.H.; Gagné, D.; Simarda, J.; Labrie, F. Widespread tissue distribution of steroid sulfatase, 3β-hydroxysteroid
dehydrogenase/∆5-∆4 isomerase (3β-HSD), 17β-HSD 5α-reductase and aromatase activities in the rhesus monkey. Mol. Cell.
Endocrinol. 1994, 104, 103–111. [CrossRef]

42. Cantagrel, V.; Lefeber, D.J.; Ng, B.G.; Guan, Z.; Silhavy, J.L.; Bielas, S.L.; Lehle, L.; Hombauer, H.; Adamowicz, M.;
Swiezewska, E.; et al. SRD5A3 is required for converting polyprenol to dolichol and is mutated in a congenital glycosylation
disorder. Cell 2010, 142, 203–217. [CrossRef] [PubMed]

43. Stiles, A.R.; Russell, D.W. SRD5A3: A surprising role in glycosylation. Cell 2010, 142, 196–198. [CrossRef] [PubMed]
44. Azzouni, F.; Godoy, A.; Li, Y.; Mohler, J. The 5 alpha-reductase isozyme family: A review of basic biology and their role in human

diseases. Adv. Urol. 2012, 2012, 530121. [CrossRef] [PubMed]

http://doi.org/10.1210/me.2012-1159
http://doi.org/10.1016/j.ando.2016.04.023
http://doi.org/10.1016/j.bbalip.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27565112
http://doi.org/10.1530/JOE-11-0313
http://www.ncbi.nlm.nih.gov/pubmed/21965545
http://doi.org/10.1081/ERC-120016800
http://doi.org/10.7554/eLife.07253
http://www.ncbi.nlm.nih.gov/pubmed/26001273
http://doi.org/10.1074/jbc.M107815200
http://www.ncbi.nlm.nih.gov/pubmed/11579102
http://doi.org/10.1016/j.bbrc.2017.05.167
http://doi.org/10.1210/endo.139.12.6390
http://www.ncbi.nlm.nih.gov/pubmed/9832438
http://doi.org/10.1210/en.2015-1795
http://www.ncbi.nlm.nih.gov/pubmed/26741196
http://doi.org/10.3389/fnsys.2014.00060
http://doi.org/10.3390/ijms21217917
http://doi.org/10.1016/S0021-9258(19)40689-3
http://www.ncbi.nlm.nih.gov/pubmed/1238395
http://doi.org/10.1016/j.jsbmb.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25448732
http://doi.org/10.1016/j.jbc.2022.102110
http://www.ncbi.nlm.nih.gov/pubmed/35688208
http://doi.org/10.1007/BF00491065
http://www.ncbi.nlm.nih.gov/pubmed/833007
http://doi.org/10.1074/jbc.M111.333278
http://doi.org/10.1210/jcem-49-5-687
http://doi.org/10.1016/S0021-9258(17)30528-8
http://www.ncbi.nlm.nih.gov/pubmed/2243100
http://doi.org/10.1016/0960-0760(92)90308-6
http://doi.org/10.1016/0960-0760(93)90169-W
http://doi.org/10.1016/0303-7207(94)90056-6
http://doi.org/10.1016/j.cell.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20637498
http://doi.org/10.1016/j.cell.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20655462
http://doi.org/10.1155/2012/530121
http://www.ncbi.nlm.nih.gov/pubmed/22235201


Int. J. Mol. Sci. 2023, 24, 560 17 of 21

45. Silvia, G.; Silvia, D.; Cosimo, M.R. Key players in progesterone and testosterone action: The metabolizing enzymes. Curr. Opin.
Endocr. Metab. Res. 2022, 23, 100319. [CrossRef]

46. Robitaille, J.; Langlois, V.S. Consequences of steroid-5α-reductase deficiency and inhibition in vertebrates. Gen. Comp. Endocrinol.
2020, 290, 113400. [CrossRef]

47. Chetyrkin, S.V.; Hu, J.; Gough, W.H.; Dumaual, N.; Kedishvili, N.Y. Further characterization of human microsomal 3α-
hydroxysteroid dehydrogenase. Arch. Biochem. Biophys. 2001, 386, 1–10. [CrossRef]

48. Andersson, S.; Russell, D.W. Structural and biochemical properties of cloned and expressed human and rat steroid 5α-reductases.
Proc. Natl. Acad. Sci. USA 1990, 87, 3640–3644. [CrossRef]

49. Xiao, Q.; Wang, L.; Supekar, S.; Shen, T.; Liu, H.; Ye, F.; Huang, J.; Fan, H.; Wei, Z.; Zhang, C. Structure of human steroid
5α-reductase 2 with the anti-androgen drug finasteride. Nat. Commun. 2020, 11, 5430. [CrossRef]

50. Makridakis, N.M.; Di Salle, E.; Reichardt, J.K.V. Biochemical and pharmacogenetic dissection of human steroid 5α-reductase type
II. Pharmacogenetics 2000, 10, 407–413. [CrossRef]

51. Russell, D.W.; Wilson, J.D. Steroid 5alpha-Reductase: Two Genes/Two Enzymes. Annu. Rev. Biochem. 1994, 63, 25–61. [CrossRef]
52. Normington, K.; Russell, D.W. Tissue distribution and kinetic characteristics of rat steroid 5α- reductase isozymes. Evidence for

distinct physiological functions. J. Biol. Chem. 1992, 267, 19548–19554. [CrossRef] [PubMed]
53. Nonneman, D.J.; Wise, T.H.; Ford, J.J.; Kuehn, L.A.; Rohrer, G.A. Characterization of the aldo-keto reductase 1C gene cluster on

pig chromosome 10: Possible associations with reproductive traits. BMC Vet. Res. 2006, 2, 28. [CrossRef] [PubMed]
54. Penning, T.M.; Drury, J.E. Human aldo-keto reductases: Function, gene regulation, and single nucleotide polymorphisms. Arch.

Biochem. Biophys. 2007, 464, 241–250. [CrossRef] [PubMed]
55. Rižner, T.L.; Lin, H.K.; Peehl, D.M.; Steckelbroeck, S.; Bauman, D.R.; Penning, T.M. Human type 3 3α-hydroxysteroid dehydro-

genase (aldo-keto reductase 1C2) and androgen metabolism in prostate cells. Endocrinology 2003, 144, 2922–2932. [CrossRef]
[PubMed]
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