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Abstract: 5p-Dihydrosteroids are produced by the reduction of A*-3-ketosteroids catalyzed by
steroid 53-reductase (AKR1D1). By analogy with steroid 5ca-reductase, genetic deficiency exists
in AKR1D1 which leads to errors in newborn metabolism and in this case to bile acid deficiency.
Also, like the 5x-dihydrosteroids (e.g., 5x-dihydrotestosterone), the 53-dihydrosteroids produced by
AKRI1D1 are not inactive but regulate ligand access to nuclear receptors, can act as ligands for nuclear
and membrane-bound receptors, and regulate ion-channel opening. For example, 53-reduction of
cortisol and cortisone yields the corresponding 53-dihydroglucocorticoids which are inactive on the
glucocorticoid receptor (GR) and provides an additional mechanism of pre-receptor regulation of
ligands for the GR in liver cells. By contrast, 53-pregnanes can act as neuroactive steroids at the
GABA and NMDA receptors and at low-voltage-activated calcium channels, act as tocolytic agents,
have analgesic activity and act as ligands for PXR, while bile acids act as ligands for FXR and thereby
control cholesterol homeostasis. The 53-androstanes also have potent vasodilatory properties and
work through blockade of Ca* channels. Thus, a preference for 5p-dihydrosteroids to work at the
membrane level exists via a variety of mechanisms. This article reviews the field and identifies gaps
in knowledge to be addressed in future research.

Keywords: bile acids; farnesoid X receptor; neuroactive steroids; pregnane X receptor; smooth muscle
relaxation; tocolysis

1. Introduction

5B-Dihydrosteroids are products of the reduction of A*-3-ketosteroids catalyzed by
steroid 53-reductase (represented in humans by aldo-keto reductase 1D1 (AKR1D1)). The
A*-3-ketosteroid functionality is found in all steroid hormones except the estrogens, mean-
ing that 53-dihydroglucocorticoids, 53-dihydropregnanes, and 53-dihydroandrostanes
exist. In addition, the A*-3-ketosteroid is present in cholestenes (e.g., 7a-hydroxy-cholesten-
3-one) and are important intermediates in bile acid biosynthesis. 53-Dihydrosteroids
have unique structural properties in that the A/B rings of the steroid are now in the
cis-configuration which converts the planar steroid structure to one that has a 90° bend,
Figure 1.

A*-3-ketosteroids are metabolized by steroid 5a-reductases (SRD5A1 and SRD5A2)
to give rise to 5x-dihydrosteroids [1], and by steroid 53-reductase [2] to give rise to 5f3-
dihydrosteroids, thus as a result of double bond reduction, two isomers arise. The corre-
sponding 5x- and 53-dihydrosteroids all share a 3-ketone group which can then be further
reduced by 3«- or 33-hydroxysteroid dehydrogenases to give rise to four stereoisomeric
tetrahydrosteroids: 3a,5x-, 33,5¢-, 3,53- and 3f3,5p3-tetrahydrosteroids. The 3x- or 3f3-
hydroxysteroid dehydrogenases responsible for 3-ketosteroid reduction are also members
of the AKR superfamily, and these reactions are catalyzed by AKR1C1 and AKR1C2, re-
spectively. In the case of liver metabolism, AKR1C4 is also prominent in the formation of
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the 3a,53-tetrahydrosteroids [3,4]. This means that each A*-3-ketosteroid can give rise to
six metabolites, Figure 2.
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Figure 1. Bent steroid configuration seen in 53-dihydrosteroids.
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Figure 2. Metabolism of A*-3-ketosteroids to tetrahydrosteroids. The sequential role of aldo-keto
reductases is illustrated. Reproduced with permission from Endocrine Society [5].

A large portion of the literature has focused on the formation of 5x-dihydrotestosterone
in peripheral tissues since it has a higher potency for the androgen receptor than testos-
terone [1]. In addition, SRD5A2 deficiency and SNPs have documented the importance
of Sa-reduction in genetic disorders in newborns [6,7]. By contrast, it was felt that 53-
dihydrosteroids and their tetrahydrosteroid metabolites were inert. However, steroid
5B-reductase plays a pivotal role in bile acid biosynthesis where bile acids are important
for the absorption of lipids and fat-soluble vitamins, and genetic deficiency in the AKR1D1
gene leads to bile acid deficiency [8-10]. Bile acids also act as ligands for FXR [11,12], which
controls cholesterol homeostasis as the major source of bile acids and act as ligands for
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PXR which regulates the expression of P450 enzymes [13]. Thus, just like SRD5A2 has
a well-documented genetic deficiency and regulates ligand access to a nuclear receptor,
the androgen receptor, AKR1D1 has an associated genetic deficiency and regulates ligand
access to the nuclear receptors, FXR and PXR.

The last review on AKR1D1 and 53-dihydrosteroids was published by one of our labora-
tories in 2014 and included an account of the cardiac glycosides and ecdysone [14]. This review
is focused on mammalian steroid 53-reductases required to synthesize 53-dihydrosteroids as
well as the biological functions of these steroids and their downstream metabolites.

2. Steroid 53-Reductase Gene

The human gene for AKR1D1 is located on chromosome 7. It consists of nine exons
which can give rise to four splice variants: AKR1D1-0002 (encodes for a protein of 326 amino
acids and is wild type or full length AKR1D1); AKR1D1-006 (encodes for a protein of
290 amino acids and lacks exon 8); AKR1D1-0001 (encodes for a protein of 285 amino
acids and lacks exon 5), and AKR1D-009 (encodes for a 96-amino acid truncated protein)
(Figure 3) [15]. Although these truncated proteins can be expressed in HEK-293 cells, they
are unable to metabolize cortisol or prednisolone [15]. The stability of these proteins could
be increased with a proteasome inhibitor MG-132 suggesting that they are targeted for
proteasomal degradation. The transcript for AKR1D1-0002 (wild type) is predominantly
expressed in the liver [15].

1 2 3 4 7 8

56 9

AKR1D1-002 5'UTR ] H-1 - —yum 3u%a
AKkr1D1-006 [ 11 1 11 1 ] 202

AKR1D1-001 1 11 1 | - %5
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Figure 3. AKR1D1 splice variants. Reproduced with permission from Steroids [14].

3. Steroid 5B-Reductase Enzymology

Rat A*-3-ketosteroid 5B-reductase was first purified to homogeneity from liver as a
37-kDa protein [16]. The cDNA for the corresponding human enzyme was subsequently
cloned, but initially characterized only in mammalian cell expression systems [17]. Sequenc-
ing of the cDNA showed that the enzyme was a member of the aldo-keto reductase (AKR)
superfamily of proteins and because of its low sequence identity (<60% with other members)
was assigned to its own sub-family and named AKR1D1 [18]. Rat and murine steroid 5f3-
reductase correspond to AKR1D2 and AKR1D4, respectively. Unlike other AKRs, AKR1D1
does not catalyze carbonyl reduction but instead catalyzes steroid double bond reduction
expanding the substrate specificity of this protein superfamily. Expression in E.coli led to
milligram amounts of the protein which provided sufficient protein to characterize its sub-
strate specificity which showed that a single enzyme could produce C19, C21, C24 and C27
53-dihydrosteroids [2]. A detailed purification scheme for AKR1D1 has been recently pub-
lished by one of our laboratories [19]. The abundance of the protein also permitted the elu-
cidation of X-ray crystal structures of ternary complexes of AKR1D1.NADP" testosterone,
AKR1D1.NADP*. progesterone, and AKR1D1.NADP* cortisone [20]. The latter two com-
plexes showed productive binding modes for the steroid and provided an explanation as
to why the enzyme catalyzed double bond reduction rather than carbonyl reduction. In
these structures, the catalytic H120 was replaced with E120. This substitution permitted the
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steroid to bind deeper into the steroid pocket so that C5 was in proximity to NADPH so
that it can receive a hydride ion from the C4 position of the cofactor. In addition, the side
chain of E120 was found to be in an anti-conformation and fully protonated, permitting it
to work as a superacid to promote enolization of the A*-3-ketosteroid and facilitate hydride
transfer [20,21]. The importance of 5p-dihydrosteroids in physiology is revealed in the
phenotype of 53-reductase deficiency and the phenotype of AKR1D4 knockout mice.

4. Steroid 5B3-Reductase Deficiency

Inherited AKR1D1 deficiency is an autosomal recessive disorder, which is now rec-
ognized as congenital bile acid synthesis defect type 2, CBAS 2 (OMIM 235555) [8-10].
AKR1D1 deficiency is fatal to neonates unless diagnosed early and underlines the impor-
tance of proper bile acid biosynthesis [22]. Bile acids have the A/B cis-ring configuration
to generate an amphipathic structure in which the 3-face is non-polar and the «-face is
polar, giving rise to their emulsifying properties. These properties are required for the
absorption of lipids and fat-soluble vitamins (A, D, E and K). In addition, the absence of
bile acids prevents the negative feed-back inhibition of the rate-limiting step in bile acid
synthesis catalyzed by cholesterol 7«-hydroxylase [23]. This leads to the accumulation of
Cyy bile acid precursors bearing intact A*-3-oxo groups, which, upon reduction by steroid
So-reductase, are converted to allo-bile acids [10]. This situation is also exacerbated by the
depletion of ligands for FXR which will result in an increase in cholesterol biosynthesis.
The allo-bile acids are hepatotoxic, cause cholestasis and their accumulation results in liver
failure. Steroid 53-reductase deficiency is characterized by seven single-point mutations in
the enzyme (L106F, P133R, P198L, G223E, D241V, R261C, and R266Q)) as well as one frame
shift mutation and two nonsense mutations [9,10,24,25]. The seven point mutations occur in
evolutionary conserved positions on the (oc/ 3)g barrel in the AKR superfamily, suggesting
that they play roles in stabilizing the protein fold. When these amino acid substitutions
are mapped to the available crystal structures of AKR1D1, they are not found at the active
site, the NADPH binding site, or the steroid binding site. Instead, these mutations appear
to affect enzyme stability, as judged by the difficulty in expressing their corresponding
c¢DNAs in E. coli and HEK-293 cells [26]. The exception was the P133R mutant which could
be purified to homogeneity and was shown to cause a 40-fold increase in Ky values for the
NADP(H) cofactors [27].

The defect in bile acid biosynthesis can be corrected by the oral supplementation
of bile acids in the diet of affected individuals [28]. However, in one case the bile acid
supplementation could be discontinued, suggesting an adaptative response [29]. Whereas
it is known that the microbiota play an important role in the synthesis of secondary bile
acids (deoxycholic acid and lithocholic acid), it is unknown whether the microbiota were
able to compensate for the defect in primary bile acid synthesis or whether they express
their own steroid 53-reductase.

5. AKR1D4 Knockout Mice

The murine homolog of 53-reductase is known as AKR1D4, and the importance of
its physiological function may be inferred by its genetic knockdown [30]. Mature (30
week) male and female AKR1D4~/~ mice had decreased total hepatic and serum bile acids
as expected. AKR1D4~/~ mice showed a sexually dimorphic effect on hepatic bile-acid
metabolizing genes that was reflected in the levels of bile acid intermediates. When male
AKR1D4~/~ mice were challenged with a high-fat diet, they were more insulin tolerant and
liver and adipose tissue had less lipid accumulation but had increases in serum triglyceride
and increased intramuscular triacylglycerol [30]. 12a-Hydroxylase (Cyp8b1) expression
increased in females but not in males and was accompanied by increases in the AKR1D4
substrates 7«,12-dihydroxy-4-cholest-3-one and 7«-hydroxy-4-cholest-3-one. A reduction
in 12-hydroxylated bile acids as noted in male mice may provide an explanation for their
improved insulin tolerance.
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6. Glucocorticoids and 5p-dihydroglucocorticoids

AKRI1DI1 can play an important role in glucocorticoid clearance by producing 5f3-
dihydroglucocorticoids, suggesting that it may control ligand access to the glucocorticoid
receptor (GR) [31]. The conversion of cortisone (inactive hormone) to cortisol (active
hormone) is governed by 11(3-hydroxysteroid dehydrogenase type 1 (11HSDB1) while the
reverse reaction is catalyzed by 113-hydroxysteroid dehydrogenase type 2 (11HSDB?2) [32].
These enzymes are regarded as the molecular switches that are involved in the pre-receptor
regulation of ligands for GR. However, both cortisol and cortisone can be converted to
5B-dihydrocortisol and 53-dihydrocortisone which provides another mechanism of ligand
control, Figure 4 [31]. AKR1D1 can regulate GR action in both HepG2 cells and HEK-293
cells in reporter gene assays. However, the effect in HepG2 cells was quite modest. By
contrast, si-RNA for AKR1D1 reduced cortisone clearance in HepG2 cells, substantially
supporting its role in the pre-receptor regulation of GR in liver cells.

Cortisol Cortisol
GR
b e
(0]
HO,
V'OH  11BHSD2
11BHSD1
(0}
Cortisol Cortisone
AKR1D1 AKR1D1
HsC
0
HO "'OH
o H

5B-dihydrocortisol

5pB-dihydrocortisone

Figure 4. Control of ligand access to the glucocorticoid receptor in liver cells.

Expression of the AKRID1 gene is also repressed by dexamethasone and can drive
changes in gluconeogenesis and glycogen synthesis [33]. The effects of dexamethasone
on AKR1D1 gene expression are mirrored by genetic knockdown of AKR1D1. These
findings suggest that downregulation of AKR1D1 would increase hepatic glucose output
and exacerbate type 2 diabetes [33]. The ability of synthetic glucocorticoids to repress
AKRI1D1 expression raises the possibility that steroidal anti-inflammatory drugs may
potentiate their pharmacological effects by inhibiting their own metabolism. This concept
was examined in rat liver extracts almost 40 years ago where, even in the presence of
indomethacin which inhibited 3o-hydroxysteroid dehydrogenase by over 90%, 53-reduced
glucocorticoids were still rapidly metabolized to the tetrahydrosteroids [34]. These kinetic
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3a-Hydroxy-5@-pregnane-20-one  3fi-Hydroxy-5f-pregnane-20-one
Pregnanolone

measurements indicate that even in the presence of low steroid 53-reductase, the flux favors
the formation of the tetrahydrosteroids.

Unexpectedly, 53-dihydrocortisol potentiates the action of dexamethasone to increase
intraocular pressure in rabbits and in humans and may contribute to primary open angle
glaucoma (POAG) [35,36]. Importantly, 3c,53-tetrahydrocortisol was found to be a natural
antagonist of this effect [37]. It is likely that this physiological antagonism is mediated by
an increase in the relaxation of the trabecular meshwork to allow drainage of the aqueous
humor. A small clinical trial showed that 3,53-tetrahydrocortisol was effective in lowering
intraocular pressure in patients with POAG [37]. The hypotensive effect takes 3-7 days to
occur. This was one of the earlier reports of membrane effects of 53-dihydrosteroids and
others followed.

7. Progestins and 53-Pregnanes
7.1. Neuroactive Steroids

5B-Pregnanes derived from progesterone can act as neuroactive steroids (NAS) [38,39].
The term NAS is preferred over neurosteroids which would imply that 53-pregnanes would
be biosynthesized in the CNS via neurosteroidogenesis [40,41], when there is no evidence
for the expression of AKR1D1 in human brain. The involvement of AKR1C enzymes in the
subsequent formation of 53-pregnanes, pregnanolone and pregnanediol, and their epimers
has been elucidated using recombinant enzymes and product profiling by mass spectrome-
try and steady state kinetic measurements, Figure 5 [42]. Since progesterone can be con-
verted to 20x-hydroxyprogesterone by AKR1C1, 3«,53- and 33,53-tetrahydropregnanes
are possible from 53-dihydroprogesterone, and 3«,53- and 33,53-tetrahydropregnanes are
also possible from 20o-hydroxy-5p-pregnane-3,20-dione giving rise to four isomers. If this
process is repeated for 203-hydroxyprogesterone, another four isomers can be produced re-
sulting in eight steroids in total. Although there is little evidence for a 203-HSD in humans,
there is a synthetic opportunity to make these steroids and determine their bioactivity.

} fo
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[" -
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Progesterone 20a-Hydroxy-Progesterone
AKR1D1 AKR1D1
' \
AKRIC1 1l )
5p-Dinydroprogesterone 20a-Hydroxy-5(-dinydroprogesterone
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Eplpregnanalane Epipregnanediol
Figure 5. Biosynthesis of 53-pregnanes from progesterone.

Structures of bioactive 53-dihydrosteroids including pharmacological agents are
shown in Figure 6. Depending on their structures, 53-pregnanes can potentiate chlo-
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ride conductance at GABA 4 receptors and potentiate the inhibitory effects of GABA [43].
Whereas pregnenolone-SOy (PES) is known to stimulate N-methyl-D-aspartate (NMDA)
receptors and potentiate the excitatory effects of glutamate [44], the opposite is true for
pregnanolone-SOy4 (PAS) [45]. 5p3-Pregnanes can also modulate the activity of the mus-
carinic acetylcholine receptors (mAcHR) [46].

Primary Bile Acids

COOH

HO H OH
Chenodeoxychalic acid Cholic Acid
Bioactive 5(-dihydrosteroids
(o] 1 ;;=D H
HO OH o
o
H o H 0” ilf
5f-dihydrocortisol 5f-dihydroprogesterone 5p-dihydrotestosterone
Increases intraocular GABA, receptor potentiation Hypotensive agent
pressure Tocolytic hormone Blocks I-type Ca2+ channels
Bioactive 5f-tetrahydosteroids
o o]
HO™ ™4 HO'
3a,5p-tetrahydrocortisol Pregnanolone Epiandrosterone
decreases intraocular GABA,, receptor potentiation Activates Inflammasome
pressure Steroid fever
0 Heme Biosynthesis
H
0550 H
Pregnanolone S0,
Modulates NMDA receptors
o]
HO
H
Epipregnanolone

Blocks T-type Low voltage Ca2+ channels

Figure 6. Bioactive 53-dihydrosteroids.
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Both the synaptic and extrasynaptic GABA 5 receptors contain an allosteric steroid
site that binds allopregnanolone (3x-hydroxy-5«-pregnane-20-one) to increase chloride
conductance and increase anxiolytic activity [47]. The ability to work on both types of
receptors may provide an advantage over the benzodiazepines that exert their activity only
on certain types of synaptic GABA, receptors.

The GABA 5 heteropentameric receptor consists of five subunits selected from 19 differ-
ent subunits, but most often consists of two a-subunits, two 3-subunits and one y-subunit.
One prominent isoform is composed of «l, 32, and y2 subunits which are arranged
v2B2x1B2x1 counterclockwise around a central pore. NAS that are positive allosteric mod-
ulators bind to the x-subunit and at the 3+/«- subunit interface whereas benzodiazepines
bind to the v/ «-subunit interface [48].

Structure activity relationships demonstrate that the presence of the 3o-hydroxy group
is preferred for GABA, receptor activity [38]. However, both 53-dihydroprogesterone and
3o, 5B-tetrahydroprogesterone can modulate the GABA 5 receptor as well. The resulting
chloride currents seen with 53-dihydroprogesterone were potentiated by diazepam and
phenobarbital and attenuated by bicuculline, a GABA-receptor antagonist [43]. Structure
activity relationships showed that 3x,5p-tetrahydroprogesterone (pregnanolone) had a
less potentiating effect than allopregnanolone on flunitrazepam binding, Figure 6 [38]. In
TBPS (tert-butylbicyclophosphorothionate) displacement assays, allopregnanolone and
pregnanolone were essentially equipotent [49], and both bind to the same intersubunit
binding site on the GABA 4 receptor [50]. To exploit this finding, a formulation of preg-
nanolone (eltanolone) was evaluated as a general anesthetic but was not carried forward for
clinical use [51]. These findings are consistent with the view that the configuration at C5 is
less critical for GABA receptor activity than the presence of the 3x-hydroxyl group. SAGE
pharmaceuticals has developed an active NAS program and their clinically approved drug
SAGE-217 (zuranolone 3x-hydroxy-3f-methyl-21-(4-cyano-1H-pyrazol-1-yl)-19-nor-543-
pregnan-20-one) for the treatment of post-partum depression has a 53-configuration [52].
By contrast, epipregnanolone (33-hydroxy-53-pregnan-20-one) can exert potent periph-
eral analgesia and blocks T-type (low-voltage activated) calcium channels while sparing
the GABA 4 receptor, showing that it is possible to separate out these two activities with
isomers of 5p3-pregnanes [53].

NAS not only potentiate the effects of the inhibitory neurotransmitter GABA but also
modulate the effects of the excitatory neurotransmitter receptors: ax-amino-3-hydroxy-5-
methyl-4-isoxazoepeorpionic acid (AMPA) and N-methyl-D-aspartate (NMDA) glutamate
receptors. NMDA receptors are heterotetramers and are composed of different combi-
nations of GluN1, GluN2 (A-D) and GluN3 (A-B) subunits [54]. Pregnanolone and PAS
potentiate the presynaptic release of glutamate [55]. Pregnanolone sulfate also reduces
single channel opening from individual GluN1/GluN2 receptors, providing a mechanism
for desensitization of NMDA receptors [56]. In the model proposed, resting GluN1/GluN2
receptors have no affinity for PAS; however, exposure to glutamate transitions the receptors
to an active state that binds PAS which leads to reduced channel opening [56]. The ability of
pregnanolone-3-conjugates to act as NAS has led to medicinal chemistry efforts to modulate
the activity of NMDA receptors. This effort led to the synthesis of 4-(20-oxo-5p3-pregnan-
3B3-yl)-butanoic acid (EPA-But) which could act with PAS in an additive manner suggesting
they interact differently with NMDA receptors [57]. These findings are consistent with the
requirement for the bent steroid structure in 53-pregnanes for NMDA inhibition, whereas
the more planar ring structure associated with pregnenolone and PES favors potentiation
of NMDA-mediated Ca?* increases and neuronal cell death. Hemiesters of various lengths
can substitute for the sulfate group of the positive modulator PES and the negative regulator
PAS [45].

5B3-Dihydropregnanes can also bind to the muscarinic (M1, M2, M4) AcHR with
affinities around 100 nM and are lower than that observed for their 5x-dihydro analogues.
Pregnanolone binds to the M1, M2 and M4 receptors and epipregnanolone binds to the
M4 receptor with affinities between 200-350 nM [46]. This property is also conserved with
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the 53-dihydroandrostanes. Thus, steroidal MS-112 (17-methylene-53-androstan-3x-yl-3-
hemiglutarate) binds to the allosteric site with a Kj of 16 nM: a value obtained with the
displacement of radiolabeled N-methyl-[*H] scopolamine in cell membranes from rat brain
tissues [46].

The neuromodulatory activity of endogenous 53-reduced pregnanes may depend on
whether they are produced in different brain regions and would require the expression
of AKR1D1 as well as the corresponding 3x-hydroxysteroid dehydrogenase (AKR1C2) to
produce the 30,53-tetrahydrosteroid. In the case of pregnanolone sulfate, the corresponding
sulfotransferase would also need to be expressed but the evidence that all these enzymes
are expressed in the CNS to synthesize 53-pregnanes is not strong [58]. However, these
steroids would be present in the systemic circulation and could cross the blood-brain barrier
to influence receptor activity.

Information relating to the SAR for the 53-configuration to exert NAS activity comes
from detailed studies on synthetic ent-steroids [59]. ent-Steroids, unlike the diastereomers
(allopregnanolone and pregnanolone) are mirror images of these natural steroids, they do
not occur naturally and require total synthesis, Figure 7. Nevertheless, they are important
structural probes to distinguish between enantioselective actions (often receptor-mediated)
versus those that are due to identical physio-chemical properties shared by the natural
steroid and the ent-steroid. Thus, potentiation of GABA and GABA( receptors, and
inhibition of T-type (low voltage-activated) calcium channels is enantioselective as might
be expected from receptor binding. In some instances, these activities can be separated using
synthetic NAS. For example, 33-Hydroxy-53-androstane-173-carbonitrile does not directly
modulate neuronal GABA 4 receptors but blocks T-type calcium channels [39]. However,
effects on lipid bilayers, plasma membrane accumulation, intracellular accumulation in the
Golgi, neuroprotection, and pregnane X-receptor activation are all non-enantioselective,

Figure 8.

Allopregnanoclone Pregnanolone

ent-Allopregnanolone ent-Pregnanolone

Figure 7. Allopregnanolone, ent-allopregnanolone and pregnanolone, ent-pregnanolone. The plane
of the page is the mirror plane with allopregnanolone and pregnanolone behind the plane of the page
and the ent-allopregnanolone and ent-pregnanolone in front of the plane of the page. Overlay of the
respective enantiomer pairs would superimpose the A and C rings as well as the 18 and 19 methyl
groups in each enantiomer pair.
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AlloP Enantioselectivity

* Enantioselective Effects (nat > ent)
* Potentiation of GABA,Rs = anesthesia
* Potentiation of GABA.Rs
* T-channel inhibition < anti-nociception

* Non-Enantioselective Effects (ent = nat)
+ Effects on lipid bilayers
* Plasma membrane accumulation
* Intracellular accumulation in Golgi
* Neuroprotection & anti-inflammation
* Pregnane X receptor activation
* Axon & neuroprotection (retina)
* Autophagy activation (retina)

Figure 8. Properties of ent-steroids. The figure summarizes various effects where the enantiomers of
AlloP (allopregnanolone) have been compared, including effects with enantioselectivity (nat > ent),
and effects where the enantiomers are equivalent (nat = ent). Reproduced with permission from
Neuroscience Biohav. Res [60].

7.2. Tocolytic Hormones

5p-Dihydroprogesterone is also produced in the uterus. Steroid 53-reductase mRNA is
expressed in rat and human uterus, and 53-dihydroprogesterone was found to cause rapid
relaxation of uterine smooth muscle suggesting a role for this metabolite as a tocolytic hor-
mone in human pregnancy. The authors concluded that 53-dihydroprogesterone increased
iNOS-modulated uterine tone [61]. However, others showed that 53-dihydroprogesterone
could inhibit oxytocin-mediated contraction when applied to uterine smooth muscle strips.
5B-Dihydroprogesterone was shown to bind directly to the oxytocin receptor in competitive
binding assays and replace [*H]-oxytocin. Importantly, this effect was observed only with
the human oxytocin receptor and not the rat receptor, see Table 1 [62]. It was also found that
serum levels of 53-dihydroprogesterone as measured by LC-MS fell in women undergoing
the onset of spontaneous labor and this correlated with a decrease in AKR1D1 expression
in human placenta [63,64]. Others showed that oxytocin modulates iNOS in human fetal
membranes at term, suggesting that iNOS was ultimately responsible [65].

Table 1. 53-Steroid ligands that bind to the oxytocin receptor (OTR).

Inhibition of [*H] Oxytocin Binding to OTR by Progesterone Derivatives

Steroid Compound K; (nM) *
Rat OTR Human OTR
Progesterone 19+3 None *
R5020 59 +7 None
RU486 46 £5 None *
5B-pregnane-3,20-dione None 32+5

* Membranes derived from CHO cells expressing either the rat or the human OTR were incubated with 2 nM [*H]
oxytocin and the effect of steroids on oxytocin binding was expressed as the inhibition constant, Ki (mean & SEM).
* No inhibition was observable at concentrations up to 10 uM. Taken from [62].
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7.3. Platelet Activation

Another unexpected property of the 53-pregnanes was their ability to stimulate Ca2*
influx into human platelets leading to their activation, see Table 2 [66]. Structure-activity
relationships demonstrate that pregnanediol (53-Pregnane-3c,20x-diol) was more effica-
cious than isopregnanediol (5a-Pregnane-3[3,20c-diol) indicating that the configuration of
the tetrahydrosteroid was important for maximal activity. One caveat to these experiments
was the relatively high concentrations of steroids (10 uM) used to observe these effects,
which questions their physiologic significance.

Table 2. Effect of progesterone metabolites (10.0 uM) to increase [CaZ*]i (nM) in platelets.

Progesterone Metabolite nM
4-Pregnene-3,20-dione (progesterone) 5+4
5«-Pregnane-3«,21-diol-20-one (allo THDOC) 21 +2
5a-Pregnane-3,20-dione (5a-dihydroprogesterone) 26 +5
5«-Pregnan-3x-ol-20-one (allopregnanolone) 26 £4
4-Pregnen-20c-ol-3-one (20x-hydroxyprogesterone) 28+ 4
5p3-Pregnane-3«, 21-diol-20-one (THDOC) 44 £5
5«-Pregnan-3[3-ol-20-one (isopregnanolone) 58 £19
5B-Pregnane-3,20-dione (53-dihydroprogesterone) 68 +14
5a-Pregnane-3x,20x-diol (allo-pregnanediol) 100 £ 10
5p3-Pregnan-33-ol-20-one (epipregnanolone) 107 £ 13
5B-Pregnan-3x-ol-20-one (pregnanolone) 142 £+ 20
5a-Pregnane-3f3,20x-diol (isopregnanediol) 215+ 18
5p-Pregnane-3c,20x-diol (pregnanediol) 413 £ 116
Thrombin (0.01 U/mL) 417 £31

Data are expressed as increase in [Ca?*]i above basal [Ca?*]i in nM (mean + S.E.M. from between three and six
separate experiments). The effect of progesterone to increase [Ca®*]i was not significant (p > 0.05), all the other
steroids in the table produced significant increases in [Ca?*] i (p < 0.05). All steroid concentrations were 10 pM.
Taken from [66].

8. 53-Androstanes

5p3-Dihydrotestosterone (53-DHT) was found to produce substantial systemic hy-
potensive and antihypertensive responses in normotensive and hypertensive male rats
and similar effects were seen in a model of preeclampsia [67]. These findings suggest that
53-DHT may be an important regulator of blood pressure during pregnancy [65]. 53-DHT
may be derived from AKR1D1 expression in the placenta and from the fetal liver. 53-DHT
was a potent vasodilator in isolated aortas of hypertensive pregnant rats and isolated
aortas of normotensive rats. Concentration response curves indicated that vasorelaxation
of KCl-induced contraction was more sensitive to androgens in the 0.1-100 pM range
than phenylephrine, suggesting blockade on L-VOCCs (low voltage-operated calcium
currents) [67].

The relaxation of blood vessels observed with 53-DHT is consistent with findings in
human umbilical artery, rat aorta, canine coronary and femoral artery and the saphenous
vein [65]. The ability of 53-DHT to relax smooth muscle cells is not limited to blood ves-
sels. 53-DHT displays non-genomic rapid relaxation of carbachol or antigenic challenge
in pre-contracted guinea pig airway smooth muscle [66], suggesting a potential role in
the modulation of asthmatic symptoms. A proposed mechanism of smooth muscle relax-
ation involves blockade of L-type voltage-dependent Ca®* channels, stored operated Ca?*
channels, IP3 receptors and promotion of PGE; synthesis [68].

The 3x,53-androgen etiocholanolone (3x-hydroxy-53-androstane-17-one), also known
as 5p3-epiandrosterone, has been used as a biomarker in serum measurements to detect
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steroid 5a-reductase deficiency which is accompanied by a decrease in androsterone:53-
epiandrosterone ratios [69]. Knowing that indomethacin inhibits AKR1C3, increases in
urinary androsterone:5[3-epiandrosterone and 5x-Adiol:53-Adiol ratios were noted in anti-
doping laboratories in individuals on NSAIDs most likely due to enhanced reduction of
5a/5B-androstane-3,17-dione by AKR1C2 [70]. Etiocholanolone has biological properties
of its own. It is known to induce steroid fever by activating the inflammasome [71]. In
addition, it plays an indirect role in erythropoiesis mediated by androgens, where it induces
heme biosynthesis in the liver through the induction of d-aminolevulinate synthase [72,73].
Etiocholanolone-like pregnanolone can also regulate the activity of the GABA, receptor
and can act as an anticonvulsant for epileptic seizures [49,66]. The enantiomer (ent-steroid)
of etiocholanolone has enhanced activity relative to etiocholanolone as a positive allosteric
modulator of the GABA 4 receptors and has been shown to have anticonvulsant activity in
mice [49,74].

9. Farnesoid X Receptor (FXR) Ligands

5p-Dihydrosteroids can also act as ligands for the nuclear receptor FXR. Chenodeoxy-
cholate (53-cholanic acid 3«,7x-diol), cholic acid (53-cholanic acid 3«,7«,12-triol), deoxy-
cholic acid (5p3-cholanic acid 3&,12c-diol) and lithocholic acid (3x-hydroxy-53-cholanic
acid) activate FXR [11,12,75]. During their transit to the small intestine, chenodeoxycholate
and cholic acid undergo 7x-dehydroxylation and are converted to the secondary bile
acids lithocholic acid and deoxycholic acid, respectively. Structure activity relationships
demonstrate that the configuration of the substituent at the 7-position is crucial so that
bile acids show the following rank order: 7a-OH >> 7-keto >> 7(3-hydroxy for the activa-
tion of FXR [76]. The ligand-activated FXR recruits a co-activator which in turn leads to
the induction of a repressor of the transcriptional activity of the oxysterol receptor LXR
which is a positive regulator of CYP7a (7x-hydroxylase), the rate-limiting step in bile
acid biosynthesis. This provides a mechanism of positive feedback inhibition of bile-acid
production [76,77]. Enantiomeric forms of lithocholic acid, chenodeoxycholate, and deoxy-
cholate have been synthesized and their properties compared to the natural bile acids. Both
ent-bile acids and natural bile acids gave similar critical micelle concentrations showing
their physio-chemical properties to be similar. However, they had differential effects on
bile-acid induced apoptosis in colon cells, where the natural bile acids were better inducers
of apoptosis [78].

10. Pregnane X Receptor (PXR) Ligands

53-Dihydrosteroids can act as ligands for the nuclear receptor PXR. PXR is a xenosen-
sor that is in the nucleus, and when ligands bind, its corepressors dissociate to enable
transcription of target genes in the liver [79]. One of the most upregulated genes is
CYP3A4 [79], which mediates the metabolism of 50% of all drugs. PXR also regulates the
expression of other genes involved in xenobiotic metabolism, including CYP3A4, CYP2Bo6,
CYP2C9 [80,81], as well as genes critical to bile acid metabolism. The most potent ligands
for PXR are C21 steroids (pregnanes), such as 53-pregnane-3,20-dione, Table 3 [82]. 583-
Androstan-3x-ol is even more potent and is as efficacious as 53-pregnane-3,20-dione but it
is not an endogenous steroid. Of the bile acid ligands, the secondary bile acids lithocholic
acid and lithocholic acetate are among the most potent and efficacious, raising the prospect
that 53-steroid metabolites produced in the microbiota can regulate drug metabolism in the
liver. However, there are distinct differences in PXR ligand specificity depending on species.
For example, 53-cholestane-3«,7x,12a-triol is a potent PXR ligand only in mice [79], and it
accumulates in cyp27 deficiency in mice leading to overexpression of cyp3a4.
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Table 3. 53-Steroid ligands that activate the human PXR !.

5B-Steroid ECs¢ (uM) % Efficacy/100
5B-pregnane-3,20-dione 26 +£0.2 0.97
5B3-pregnane-3«,203-diol 3.81+0.3 0.94
5@-androstan-3c-ol 1.41 +£0.01 1.12
Lithocholic acid acetate 1.2+02 0.54
Lithocholic acid 10.0 £ 0.1 0.15
7-Ketolithocholic acid 21.5+14 0.58
12-Ketolithocholic acid 31.3£5.38 0.86
Taurochenodeoxycholate 104 £ 0.8 0.5
5B-cholan-3,7«,12 ¢, 24-tetrol >100 0

1 Taken from [82].

11. Discussion

5B-Dihydrosteroids are not inert metabolites and display a range of bioactivities. Often
this activity is rapid and involves non-genomic signaling. Moreover, evidence that these
effects are mediated by the now-accepted membrane-bound steroid hormone receptors is
not strong, but in part may be related to the scarcity of studies to determine whether the
53-dihydrosteroids can mediate effects through these receptors.

NAS have the capacity to bind to allosteric sites on membrane-associated receptors
that control channel opening and can have opposite effects depending on whether they
bind to the GABA receptor to promote chloride conductance in the presence of GABA
(e.g., allopregnanolone) [47], or stimulate the NMDA ionotrophic glutamate receptor (e.g.,
pregnenolone-SOy) to increase Ca?* channel opening. 53-Pregnanes can also act as allosteric
regulators of GABA, (e.g., pregnanolone) or in this instance inhibit the NMDA receptor
(e.g., pregnanolone and pregnanolone-SOy). Evidence for the de novo synthesis of A*-3-
ketosteroids to form NAS has been controversial. This may not occur in the human temporal
lobe and limbic system due to the lack of cytochrome P45017c and 33-HSD/isomerase
expression, but reduction of 53-dihydrosteroids to the corresponding tetrahydrosteroids
may occur due to the local expression of either AKR1C enzymes or other 3-ketosteroid
reductases [58]. Others have demonstrated the presence of steroidogenic enzymes at the
mRNA, and protein level and in some cases measured activity in brain slices [40].

To synthesize neuroactive 53-dihydrosteroids in the CNS the presence of AKR1D1
would be required. Thus far evidence supports AKR1D1 expression in the liver and
placenta suggesting that the neuroactive 53-pregnanes would have to originate from these
sources and enter the systemic circulation and then cross the blood-brain barrier. The fact
that 53-pregnanes could originate from the placenta suggests there may be some gender
differences in neuronal activity, not unlike changes seen in allopregnanolone production
post-partum. Many of these uncertainties could be tackled by the precise and accurate
measurement of 5x- and 53-pregnane metabolites of progesterone in discrete brain regions
and in the CSE, but this would require the development of LC-MS strategies to separate out
the large number of regio- and stereoisomers that could potentially form.

In some instances, other membrane receptors can be engaged, for example 53-
dihydroprogesterone can bind to the oxytocin receptor and antagonize the effect of oxy-
tocin to prevent uterine smooth muscle contraction. This property seems unique to 543-
dihydroprogesterone but the number of 53-pregnane metabolites that mediate Ca®* uptake
in platelets is many. Thus, a gap in knowledge exists in not knowing how many 53-
pregnanes may have biological activity without a more systematic approach.

When these receptors are engaged, structure-activity studies suggest that stereochem-
istry of the steroid is important. 53-Dihydrosteroids have a bent shape, and this physico-
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chemical property may result in membrane perturbation and affect ion channel opening
without receptor interaction. These non-receptor-mediated effects can be distinguished
from the receptor-mediated effects using the elegant ent-steroid approach developed by the
Covey laboratory [59]. The potential therapeutic actions of NAS including enf-steroids has
been recently reviewed [60].

Apart from working at the membrane, 53-dihydrosteroids can act as ligands for FXR
and PXR which regulate cholesterol homeostasis and work as xenosensors to regulate drug
metabolism, respectively.

Collectively, these studies suggest that 53-dihydrosteroids and analogs of their down-
stream metabolites have therapeutic potential. The development of brexanolone (cyclodex-
trin formulation of allopregnanolone for post-partum depression) led to the development
of zuranolone for use in major depressive disorder (SAGE Therapeutics). Unlike allopreg-
nanolone, zuranolone is a 3a-hydroxysteroid with a 5@-configuration. Other synthetic
opportunities exist to fully explore the properties of 53-dihydrosteroids and their down-
stream metabolites. For example, non-metabolizable 53-dihydroprogesterone analogs
could be developed to maintain pregnancy and act as tocolytics. In addition, the synthesis
of hemiesters of 33,53-tetrahydropregnanes with different aliphatic side chains could be
further explored to modulate NMDA and GABAy receptor activity as described for 17c-
hydroxypregnanolone-3-glutamate [83]. The possibility that 53-pregnane-3«/ 3, «/ 3-diols
may have their own pharmacology remains to be explored. Finally, the most potent PXR
ligand is the unnatural steroid 5@-androstan-3x-ol, but the structural space around this
lead has not been fully developed. Such ligands could be developed to induce CYP3A4 to
prevent drug-induced liver injury.

Another frontier is to elucidate the pharmacology of 53-reduced metabolites of anabolic
steroids (17x-methyl-testosterone, fluoxymestrone and norethandrolone) and synthetic
progestins (norethindrone and norgestrel) widely used in the oral contraceptive pill.

Author Contributions: TM.P. and D.F.C. co-authored this review. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by National Institutes of Health grant number P30-ES013508
awarded to TMP and by 1 P50 MH122379 awarded to DFC.

Acknowledgments: The authors thank contributions from graduate students, postdoctoral fellows
and collaborators whose work is reviewed.

Conflicts of Interest: Penning is a member of the Expert Panel Research Institute for Fragrance
Materials, founder of Penzymes, LLC and has been a consultant for SAGE Therapeutics and Propella.
Covey has equity in SAGE Therapeutics.

References

1. Russell, D.W,; Wilson, ].D. Steroid 5x-reductase: Two genes/two enzymes. Annu. Rev. Biochem. 1994, 63, 25-61. [CrossRef]
[PubMed]

2. Chen, M,; Drury, ].E.; Penning, T.M. Substrate specificity and inhibitor analyses of human steroid 53-reductase (AKR1D1). Steroids
2011, 76, 484-490. [CrossRef] [PubMed]

3. Penning, TM.; Burczynski, M.E.; Jez, ] M.; Hung, C.F; Lin, HK.; Ma, H.; Moore, M.; Palackal, N.; Ratnam, K. Human 3«-
hydroxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the aldo-keto reductase superfamily: Functional plasticity and
tissue distribution reveals roles in the inactivation and formation of male and female sex hormones. Biochem. J. 2000, 351, 67-77.
[CrossRef] [PubMed]

4.  Steckelbroeck, S.; Jin, Y.; Gopishetty, S.; Oyesanmi, B.; Penning, TM. Human cytosolic 3a-hydroxysteroid dehydrogenases of the
aldo-keto reductase superfamily display significant 33-hydroxysteroid dehydrogenase activity: Implications for steroid hormone
metabolism and action. J. Biol. Chem. 2004, 279, 10784-10795. [CrossRef] [PubMed]

5. Penning, T.M.; Wangtrakuldee, P.; Auchus, R.J. Structural and Functional Biology of Aldo-Keto Reductase Steroid-Transforming
Enzymes. Endocr. Rev. 2019, 40, 447-475. [CrossRef] [PubMed]

6. Batista, R.L.; Mendonca, B.B. The Molecular Basis of 5x-Reductase Type 2 Deficiency. Sex. Dev. 2022, 16, 171-183. [CrossRef]
[PubMed]

7. Mendonca, B.B.; Batista, R.L.; Domenice, S.; Costa, E.M.; Arnhold, L.].; Russell, D.W.; Wilson, ].D. Steroid 5x-reductase 2 deficiency.

J. Steroid Biochem. Mol. Biol. 2016, 163, 206-211. [CrossRef]


https://doi.org/10.1146/annurev.bi.63.070194.000325
https://www.ncbi.nlm.nih.gov/pubmed/7979239
https://doi.org/10.1016/j.steroids.2011.01.003
https://www.ncbi.nlm.nih.gov/pubmed/21255593
https://doi.org/10.1042/bj3510067
https://www.ncbi.nlm.nih.gov/pubmed/10998348
https://doi.org/10.1074/jbc.M313308200
https://www.ncbi.nlm.nih.gov/pubmed/14672942
https://doi.org/10.1210/er.2018-00089
https://www.ncbi.nlm.nih.gov/pubmed/30137266
https://doi.org/10.1159/000525119
https://www.ncbi.nlm.nih.gov/pubmed/35793650
https://doi.org/10.1016/j.jsbmb.2016.05.020

Int. J. Mol. Sci. 2024, 25, 8857 150f 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Daugherty, C.C.; Setchell, K.D.; Heubi, J.E.; Balistreri, W.E. Resolution of liver biopsy alterations in three siblings with bile acid
treatment of an inborn error of bile acid metabolism (delta-4-3-oxosteroid 53-reductase deficiency). Hepatology 1993, 18, 1096-1101.
[CrossRef] [PubMed]

Lemonde, H.A.; Custard, E.J.; Bouquet, J.; Duran, M.; Overmars, H.; Scambler, PJ.; Clayton, P.T. Mutations in SRD5B1 (AKR1D1),
the gene encoding delta(4)-3-oxosteroid 53-reductase, in hepatitis and liver failure in infancy. Gut 2003, 52, 1494-1499. [CrossRef]
[PubMed]

Setchell, K.D.; Suchy, E]J.; Welsh, M.B.; Zimmer-Nechemias, L.; Heubi, J.; Balistreri, W.F. Delta-4-3-oxosteroid 5 3-reductase
deficiency described in identical twins with neonatal hepatitis. A new inborn error in bile acid synthesis. . Clin. Investig. 1988,
82,2148-2157. [CrossRef]

Makishima, M.; Okamoto, A.Y.; Repa, ].].; Tu, H.; Learned, R.M.; Luk, A.; Hull, M.V,; Lustig, K.D.; Mangelsdorf, D.J.; Shan, B.
Identification of a nuclear receptor for bile acids. Science 1999, 284, 1362-1365. [CrossRef] [PubMed]

Parks, D.]J.; Blanchard, S.G.; Bledsoe, R.K.; Chandra, G.; Consler, T.G.; Kliewer, S.A.; Stimmel, ].B.; Willson, T.M.; Zavacki, A.M.;
Moore, D.D,; et al. Bile acids: Natural ligands for an orphan nuclear receptor. Science 1999, 284, 1365-1368. [CrossRef] [PubMed]
Jufica, J.; Dovrtélova, G.; Noskova, K.; Zendulka, O. Bile acids, nuclear receptors and cytochrome P450. Physiol. Res. 2016,
65, 5427-5440. [CrossRef] [PubMed]

Chen, M.; Penning, T.M. 53-Reduced steroids and human A(4)-3-ketosteroid 53-reductase (AKR1D1). Steroids 2014, 83, 17-26.
[CrossRef] [PubMed]

Appanna, N.; Gibson, H.; Gangitano, E.; Dempster, N.J.; Morris, K.; George, S.; Arvaniti, A.; Gathercole, L.L.; Keevil, B.; Penning,
T.M,; et al. Differential activity and expression of human 53-reductase (AKR1D1) splice variants. J. Mol. Endocrinol. 2021,
66, 181-194. [CrossRef] [PubMed]

Okuda, A.; Okuda, K. Purification and characterization of delta 4-3-ketosteroid 5 3-reductase. J. Biol. Chem. 1984, 259, 7519-7524.
[CrossRef] [PubMed]

Kondo, K.H.; Kai, M.H.; Setoguchi, Y.; Eggertsen, G.; Sjoblom, P,; Setoguchi, T.; Okuda, K.I.; Bjorkhem, I. Cloning and expression
of cDNA of human delta 4-3-oxosteroid 5 3-reductase and substrate specificity of the expressed enzyme. Eur. ]. Biochem. 1994,
219, 357-363. [CrossRef] [PubMed]

Jez, ].M.; Bennett, M.].; Schlegel, B.P.; Lewis, M.; Penning, T.M. Comparative anatomy of the aldo-keto reductase superfamily.
Biochem. |. 1997, 326(Part 3), 625-636. [CrossRef] [PubMed]

Penning, T.M. Steroid 5B-reductase (AKR1D1): Purification and characterization. Methods Enzymol. 2023, 689, 277-301. [CrossRef]
[PubMed]

Di Costanzo, L.; Drury, J.E.; Penning, T.M.; Christianson, D.W. Crystal structure of human liver Delta4-3-ketosteroid 53-reductase
(AKR1D1) and implications for substrate binding and catalysis. J. Biol. Chem. 2008, 283, 16830-16839. [CrossRef] [PubMed]

Di Costanzo, L.; Drury, J.E.; Christianson, D.W.; Penning, T.M. Structure and catalytic mechanism of human steroid 5@3-reductase
(AKR1D1). Mol. Cell Endocrinol. 2009, 301, 191-198. [CrossRef] [PubMed]

Shneider, B.L.; Setchell, K.D.; Whitington, P.F.; Neilson, K.A.; Suchy, EJ. Delta 4-3-oxosteroid 5 3-reductase deficiency causing
neonatal liver failure and hemochromatosis. J. Pediatr. 1994, 124, 234-238. [CrossRef] [PubMed]

Andreou, E.R.; Prokipcak, R.D. Analysis of human CYP7A1 mRNA decay in HepG2 cells by reverse transcription-polymerase
chain reaction. Arch. Biochem. Biophys. 1998, 357, 137-146. [CrossRef]

Gonzales, E.; Cresteil, D.; Baussan, C.; Dabadie, A.; Gerhardt, M.E; Jacquemin, E. SRD5B1 (AKR1D1) gene analysis in delta(4)-3-
oxosteroid 53-reductase deficiency: Evidence for primary genetic defect. J. Hepatol. 2004, 40, 716-718. [CrossRef] [PubMed]
Ueki, I; Kimura, A.; Chen, H.L.; Yorifuji, T.; Mori, J.; Itoh, S.; Maruyama, K.; Ishige, T.; Takei, H.; Nittono, H.; et al. SRD5B1 gene
analysis needed for the accurate diagnosis of primary 3-oxo-Delta4-steroid 53-reductase deficiency. J. Gastroenterol. Hepatol. 2009,
24,776-785. [CrossRef] [PubMed]

Drury, J.E.; Mindnich, R.; Penning, T.M. Characterization of disease-related 53-reductase (AKR1D1) mutations reveals their
potential to cause bile acid deficiency. . Biol. Chem. 2010, 285, 24529-24537. [CrossRef]

Chen, M.; Jin, Y.; Penning, T.M. In-Depth Dissection of the P133R Mutation in Steroid 53-Reductase (AKR1D1): A Molecular
Basis of Bile Acid Deficiency. Biochemistry 2015, 54, 6343-6351. [CrossRef] [PubMed]

Gardin, A.; Ruiz, M.; Beime, J.; Cananzi, M.; Rathert, M.; Rohmer, B.; Grabhorn, E.; Almes, M.; Logarajah, V.; Pefia-Quintana, L.;
et al. A(4)-3-oxo-53-reductase deficiency: Favorable outcome in 16 patients treated with cholic acid. Orphanet ]. Rare Dis. 2023,
18, 383. [CrossRef] [PubMed]

Kimura, A.; Mori, J.; Pham, A.N,; Thi, K.B.; Takei, H.; Murai, T.; Hayashi, H.; Nittono, H. Healthy Patients with AKR1D1 Mutation
Not Requiring Primary Bile Acid Therapy: A Case Series. [PGN Rep. 2023, 4, e372. [CrossRef] [PubMed]

Gathercole, L.L.; Nikolaou, N.; Harris, S.E.; Arvaniti, A.; Poolman, T.M.; Hazlehurst, ].M.; Kratschmar, D.V.; Todorcevié, M.;
Moolla, A.; Dempster, N.; et al. AKR1D1 knockout mice develop a sex-dependent metabolic phenotype. J. Endocrinol. 2022,
253,97-113. [CrossRef] [PubMed]

Nikolaou, N.; Gathercole, L.L.; Kirkwood, L.; Dunford, J.E.; Hughes, B.A.; Gilligan, L.C.; Oppermann, U.; Penning, TM.; Arlt, W,;
Hodson, L.; et al. AKR1D1 regulates glucocorticoid availability and glucocorticoid receptor activation in human hepatoma cells.
J. Steroid Biochem. Mol. Biol. 2019, 189, 218-227. [CrossRef] [PubMed]

Stewart, PM.; Krozowski, Z.S. 11 3-Hydroxysteroid dehydrogenase. Vitam. Horm. 1999, 57, 249-324. [PubMed]


https://doi.org/10.1002/hep.1840180513
https://www.ncbi.nlm.nih.gov/pubmed/8225213
https://doi.org/10.1136/gut.52.10.1494
https://www.ncbi.nlm.nih.gov/pubmed/12970144
https://doi.org/10.1172/JCI113837
https://doi.org/10.1126/science.284.5418.1362
https://www.ncbi.nlm.nih.gov/pubmed/10334992
https://doi.org/10.1126/science.284.5418.1365
https://www.ncbi.nlm.nih.gov/pubmed/10334993
https://doi.org/10.33549/physiolres.933512
https://www.ncbi.nlm.nih.gov/pubmed/28006925
https://doi.org/10.1016/j.steroids.2014.01.013
https://www.ncbi.nlm.nih.gov/pubmed/24513054
https://doi.org/10.1530/JME-20-0160
https://www.ncbi.nlm.nih.gov/pubmed/33502336
https://doi.org/10.1016/S0021-9258(17)42821-3
https://www.ncbi.nlm.nih.gov/pubmed/6736016
https://doi.org/10.1111/j.1432-1033.1994.tb19947.x
https://www.ncbi.nlm.nih.gov/pubmed/7508385
https://doi.org/10.1042/bj3260625
https://www.ncbi.nlm.nih.gov/pubmed/9307009
https://doi.org/10.1016/bs.mie.2023.04.012
https://www.ncbi.nlm.nih.gov/pubmed/37802574
https://doi.org/10.1074/jbc.M801778200
https://www.ncbi.nlm.nih.gov/pubmed/18407998
https://doi.org/10.1016/j.mce.2008.09.013
https://www.ncbi.nlm.nih.gov/pubmed/18848863
https://doi.org/10.1016/S0022-3476(94)70310-8
https://www.ncbi.nlm.nih.gov/pubmed/8301429
https://doi.org/10.1006/abbi.1998.0792
https://doi.org/10.1016/j.jhep.2003.12.024
https://www.ncbi.nlm.nih.gov/pubmed/15030995
https://doi.org/10.1111/j.1440-1746.2008.05669.x
https://www.ncbi.nlm.nih.gov/pubmed/19175828
https://doi.org/10.1074/jbc.M110.127779
https://doi.org/10.1021/acs.biochem.5b00816
https://www.ncbi.nlm.nih.gov/pubmed/26418565
https://doi.org/10.1186/s13023-023-02984-z
https://www.ncbi.nlm.nih.gov/pubmed/38062451
https://doi.org/10.1097/PG9.0000000000000372
https://www.ncbi.nlm.nih.gov/pubmed/38034430
https://doi.org/10.1530/JOE-21-0280
https://www.ncbi.nlm.nih.gov/pubmed/35318963
https://doi.org/10.1016/j.jsbmb.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30769091
https://www.ncbi.nlm.nih.gov/pubmed/10232052

Int. J. Mol. Sci. 2024, 25, 8857 16 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Nikolaou, N.; Arvaniti, A.; Appanna, N.; Sharp, A.; Hughes, B.A.; Digweed, D.; Whitaker, M.].; Ross, R.; Arlt, W.; Penning, T.M.;
et al. Glucocorticoids regulate AKR1D1 activity in human liver in vitro and in vivo. J. Endocrinol. 2020, 245, 207-218. [CrossRef]
[PubMed]

Penning, T.M. Indomethacin and glucocorticoid metabolism in rat liver cytosol. Biochem. Pharmacol. 1986, 35, 4203-4209.
[CrossRef] [PubMed]

Southren, A.L.; Gordon, G.G.; 'Hommedieu, D.; Ravikumar, S.; Dunn, M.W.; Weinstein, B.I. 53-Dihydrocortisol: Possible
mediator of the ocular hypertension in glaucoma. Investig. Ophthalmol. Vis. Sci. 1985, 26, 393-395.

Weinstein, B.I.; Gordon, G.G.; Southren, A.L. Potentiation of glucocorticoid activity by 53-dihydrocortisol: Its role in glaucoma.
Science 1983, 222, 172-173. [CrossRef] [PubMed]

Southren, A.L.; 'Hommedieu, D.; Gordon, G.G.; Weinstein, B.I. Intraocular hypotensive effect of a topically applied cortisol
metabolite: 3«, 53-tetrahydrocortisol. Investig. Ophthalmol. Vis. Sci. 1987, 28, 901-903.

Lan, N.C.; Gee, K.W.; Bolger, M.B.; Chen, ].S. Differential responses of expressed recombinant human gamma-aminobutyric acidA
receptors to neurosteroids. J. Neurochem. 1991, 57, 1818-1821. [CrossRef]

Manzella, EM.; Cabrera, O.H.; Wilkey, D.; Fine-Raquet, B.; Klawitter, J.; Krishnan, K.; Covey, D.E; Jevtovic-Todorovic, V.;
Todorovic, S.M. Sex-specific hypnotic effects of the neuroactive steroid (3$3,53,17)-3-hydroxyandrostane-17-carbonitrile are
mediated by peripheral metabolism into an active hypnotic steroid. Br. J. Anaesth. 2023, 130, 154-164. [CrossRef] [PubMed]
Mensah-Nyagan, A.G.; Do-Rego, J.L.; Beaujean, D.; Luu-The, V.; Pelletier, G.; Vaudry, H. Neurosteroids: Expression of steroido-
genic enzymes and regulation of steroid biosynthesis in the central nervous system. Pharmacol. Rev. 1999, 51, 63-81. [PubMed]
Robel, P; Baulieu, E.E. Neurosteroids Biosynthesis and function. Trends Endocrinol. Metab. 1994, 5, 1-8. [CrossRef] [PubMed]
Jin, Y.; Mesaros, A.C.; Blair, I.A.; Penning, T.M. Stereospecific reduction of 53-reduced steroids by human ketosteroid reductases
of the AKR (aldo-keto reductase) superfamily: Role of AKR1C1-AKR1C4 in the metabolism of testosterone and progesterone via
the 5p-reductase pathway. Biochem. J. 2011, 437, 53-61. [CrossRef] [PubMed]

Callachan, H.; Cottrell, G.A.; Hather, N.Y.; Lambert, ].J.; Nooney, ] M.; Peters, ].A. Modulation of the GABAA receptor by
progesterone metabolites. Proc. R. Soc. Lond. B Biol. Sci. 1987, 231, 359-369. [CrossRef] [PubMed]

Wu, ES,; Gibbs, T.T.; Farb, D.H. Pregnenolone sulfate: A positive allosteric modulator at the N-methyl-D-aspartate receptor.
Mol. Pharmacol. 1991, 40, 333-336. [PubMed]

Weaver, C.E.; Land, M.B.; Purdy, R.H.; Richards, K.G.; Gibbs, T.T.; Farb, D.H. Geometry and charge determine pharmacological
effects of steroids on N-methyl-D-aspartate receptor-induced Ca(2+) accumulation and cell death. J. Pharmacol. Exp. Ther. 2000,
293, 747-754.

Szczurowska, E.; Szanti-Pinter, E.; Randakova, A.; Jakubik, J.; Kudova, E. Allosteric Modulation of Muscarinic Receptors by
Cholesterol, Neurosteroids and Neuroactive Steroids. Int. J. Mol. Sci. 2022, 23, 13075. [CrossRef] [PubMed]

Majewska, M.D.; Harrison, N.L.; Schwartz, R.D.; Barker, J.L.; Paul, S.M. Steroid hormone metabolites are barbiturate-like
modulators of the GABA receptor. Science 1986, 232, 1004-1007. [CrossRef] [PubMed]

Ghit, A.; Assal, D.; Al-Shami, A.S.; Hussein, D.E.E. GABA(A) receptors: Structure, function, pharmacology, and related disorders.
J. Genet. Eng. Biotechnol. 2021, 19, 123. [CrossRef] [PubMed]

Katona, B.W.,; Krishnan, K.; Cai, Z.Y.; Manion, B.D.; Benz, A.; Taylor, A.; Evers, A.S.; Zorumski, C.E; Mennerick, S.; Covey, D.F.
Neurosteroid analogues. 12. Potent enhancement of GABA-mediated chloride currents at GABAA receptors by ent-androgens.
Eur. ]J. Med. Chem. 2008, 43, 107-113. [CrossRef] [PubMed]

Tateiwa, H.; Chintala, S.M.; Chen, Z.; Wang, L.; Amtashar, F.; Bracamontes, J.; Germann, A.L.; Pierce, S.R.; Covey, D.F; AKk, G,;
et al. The Mechanism of Enantioselective Neurosteroid Actions on GABA(A) Receptors. Biomolecules 2023, 13, 341. [CrossRef]
[PubMed]

Hering, W.J.; Inmsen, H.; Langer, H.; Uhrlau, C.; Dinkel, M.; Geisslinger, G.; Schiittler, ]. Pharmacokinetic-pharmacodynamic
modeling of the new steroid hypnotic eltanolone in healthy volunteers. Anesthesiology 1996, 85, 1290-1299. [CrossRef]

Martinez Botella, G.; Salituro, EG.; Harrison, B.L.; Beresis, R.T.; Bai, Z.; Blanco, M.].; Belfort, G.M.; Dai, J.; Loya, C.M.; Ackley, M.A;
et al. Neuroactive Steroids. 2. 3x-Hydroxy-33-methyl-21-(4-cyano-1H-pyrazol-1’-yl)-19-nor-53-pregnan-20-one (SAGE-217): A
Clinical Next Generation Neuroactive Steroid Positive Allosteric Modulator of the (gamma-Aminobutyric Acid)(A) Receptor.
J. Med. Chem. 2017, 60, 7810-7819. [CrossRef] [PubMed]

Coulter, I.; Timic Stamenic, T.; Eggan, P.; Fine, B.R.; Corrigan, T.; Covey, D.F; Yang, L.; Pan, ].Q.; Todorovic, S.M. Different roles of
T-type calcium channel isoforms in hypnosis induced by an endogenous neurosteroid epipregnanolone. Neuropharmacology 2021,
197, 108739. [CrossRef] [PubMed]

Vyklicky, V.; Korinek, M.; Smejkalova, T.; Balik, A.; Krausova, B.; Kaniakova, M.; Lichnerova, K.; Cerny, J.; Krusek, J.; Dittert, L;
et al. Structure, function, and pharmacology of NMDA receptor channels. Physiol. Res. 2014, 63 (Suppl. 1), 5191-5203. [CrossRef]
[PubMed]

Smejkalova, T.; Korinek, M.; Krusek, J.; Hrcka Krausova, B.; Candelas Serra, M.; Hajdukovic, D.; Kudova, E.; Chodounska, H.;
Vyklicky, L. Endogenous neurosteroids pregnanolone and pregnanolone sulfate potentiate presynaptic glutamate release through
distinct mechanisms. Br. J. Pharmacol. 2021, 178, 3888-3904. [CrossRef] [PubMed]

Kussius, C.L.; Kaur, N.; Popescu, G.K. Pregnanolone sulfate promotes desensitization of activated NMDA receptors. J. Neurosci.
2009, 29, 6819-6827. [CrossRef]


https://doi.org/10.1530/JOE-19-0473
https://www.ncbi.nlm.nih.gov/pubmed/32106090
https://doi.org/10.1016/0006-2952(86)90696-9
https://www.ncbi.nlm.nih.gov/pubmed/3466590
https://doi.org/10.1126/science.6623065
https://www.ncbi.nlm.nih.gov/pubmed/6623065
https://doi.org/10.1111/j.1471-4159.1991.tb06388.x
https://doi.org/10.1016/j.bja.2022.09.025
https://www.ncbi.nlm.nih.gov/pubmed/36428160
https://www.ncbi.nlm.nih.gov/pubmed/10049998
https://doi.org/10.1016/1043-2760(94)90114-7
https://www.ncbi.nlm.nih.gov/pubmed/18407181
https://doi.org/10.1042/BJ20101804
https://www.ncbi.nlm.nih.gov/pubmed/21521174
https://doi.org/10.1098/rspb.1987.0049
https://www.ncbi.nlm.nih.gov/pubmed/2888123
https://www.ncbi.nlm.nih.gov/pubmed/1654510
https://doi.org/10.3390/ijms232113075
https://www.ncbi.nlm.nih.gov/pubmed/36361865
https://doi.org/10.1126/science.2422758
https://www.ncbi.nlm.nih.gov/pubmed/2422758
https://doi.org/10.1186/s43141-021-00224-0
https://www.ncbi.nlm.nih.gov/pubmed/34417930
https://doi.org/10.1016/j.ejmech.2007.02.017
https://www.ncbi.nlm.nih.gov/pubmed/17434649
https://doi.org/10.3390/biom13020341
https://www.ncbi.nlm.nih.gov/pubmed/36830708
https://doi.org/10.1097/00000542-199612000-00010
https://doi.org/10.1021/acs.jmedchem.7b00846
https://www.ncbi.nlm.nih.gov/pubmed/28753313
https://doi.org/10.1016/j.neuropharm.2021.108739
https://www.ncbi.nlm.nih.gov/pubmed/34339750
https://doi.org/10.33549/physiolres.932678
https://www.ncbi.nlm.nih.gov/pubmed/24564659
https://doi.org/10.1111/bph.15529
https://www.ncbi.nlm.nih.gov/pubmed/33988248
https://doi.org/10.1523/jneurosci.0281-09.2009

Int. J. Mol. Sci. 2024, 25, 8857 17 of 18

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kysilov, B.; Hrcka Krausova, B.; Vyklicky, V.; Smejkalova, T.; Korinek, M.; Horak, M.; Chodounska, H.; Kudova, E.; Cerny,
J.; Vyklicky, L. Pregnane-based steroids are novel positive NMDA receptor modulators that may compensate for the effect of
loss-of-function disease-associated GRIN mutations. Br. J. Pharmacol. 2022, 179, 3970-3990. [CrossRef] [PubMed]

Steckelbroeck, S.; Liitjohann, D.; Bauman, D.R.; Ludwig, M.; Friedl, A.; Hans, V.H.; Penning, T.M.; Klingmdiller, D. Non-stereo-
selective cytosolic human brain tissue 3-ketosteroid reductase is refractory to inhibition by AKR1C inhibitors. Biochim. Biophys.
Acta 2010, 1801, 1221-1231. [CrossRef] [PubMed]

Covey, D.E ent-Steroids: Novel tools for studies of signaling pathways. Steroids 2009, 74, 577-585. [CrossRef] [PubMed]

Covey, D.E; Evers, A.S.; Izumi, Y.; Maguire, ].L.; Mennerick, S.J.; Zorumski, C.F. Neurosteroid enantiomers as potentially novel
neurotherapeutics. Neurosci. Biobehav. Rev. 2023, 149, 105191. [CrossRef] [PubMed]

Mitchell, B.E; Mitchell, ].M.; Chowdhury, J.; Tougas, M.; Engelen, S.M.; Senff, N.; Heijnen, I.; Moore, ].T.; Goodwin, B.; Wong, S.;
et al. Metabolites of progesterone and the pregnane X receptor: A novel pathway regulating uterine contractility in pregnancy?
Am. ]. Obstet. Gynecol. 2005, 192, 1304-1313; discussion 1313-1305. [CrossRef] [PubMed]

Grazzini, E.; Guillon, G.; Mouillac, B.; Zingg, H.H. Inhibition of oxytocin receptor function by direct binding of progesterone.
Nature 1998, 392, 509-512. [CrossRef] [PubMed]

Sheehan, PM. A possible role for progesterone metabolites in human parturition. Aust. N. Z. ]. Obstet. Gynaecol. 2006, 46, 159-163.
[CrossRef] [PubMed]

Sheehan, PM.; Rice, G.E.; Moses, E.K.; Brennecke, S.P. 53-dihydroprogesterone and steroid 53-reductase decrease in association
with human parturition at term. Mol. Hum. Reprod. 2005, 11, 495-501. [CrossRef] [PubMed]

Ticconi, C.; Zicari, A.; Realacci, M.; Di Vito, M.; Denora, P.; Narcisi, M.; Russo, M. A ; Piccione, E. Oxytocin modulates nitric oxide
generation by human fetal membranes at term pregnancy. Am. J. Reprod. Immunol. 2004, 52, 185-191. [CrossRef] [PubMed]
Blackmore, PF. Progesterone metabolites rapidly stimulate calcium influx in human platelets by a src-dependent pathway. Steroids
2008, 73, 738-750. [CrossRef] [PubMed]

Perusquia, M.; Hanson, A.E.; Meza, C.M.; Kubli, C.; Herrera, N.; Stallone, ].N. Antihypertensive responses of vasoactive
androgens in an in vivo experimental model of preeclampsia. J. Steroid Biochem. Mol. Biol. 2018, 178, 65-72. [CrossRef] [PubMed]
Montano, L.M.; Flores-Soto, E.; Sommer, B.; Solis-Chagoyan, H.; Perusquia, M. Androgens are effective bronchodilators with
anti-inflammatory properties: A potential alternative for asthma therapy. Steroids 2020, 153, 108509. [CrossRef] [PubMed]
Imperato-McGinley, J.; Peterson, R.E.; Gautier, T.; Arthur, A.; Shackleton, C. Decreased urinary C19 and C21 steroid 5x-metabolites
in parents of male pseudohermaphrodites with 5x-reductase deficiency: Detection of carriers. J. Clin. Endocrinol. Metab. 1985,
60, 553-558. [CrossRef] [PubMed]

Stoll, A.; lannone, M.; De Gregorio, G.; Molaioni, F; de la Torre, X.; Botre, F.; Parr, M.K. Influence of Indomethacin on Steroid
Metabolism: Endocrine Disruption and Confounding Effects in Urinary Steroid Profiling of Anti-Doping Analyses. Metabolites
2020, 10, 463. [CrossRef] [PubMed]

Magnotti, F.; Chirita, D.; Dalmon, S.; Martin, A.; Bronnec, P.; Sousa, J.; Helynck, O.; Lee, W.; Kastner, D.L.; Chae, ].J.; et al. Steroid
hormone catabolites activate the pyrin inflammasome through a non-canonical mechanism. Cell Rep. 2022, 41, 111472. [CrossRef]
[PubMed]

Incefy, G.S.; Kappas, A. Enhancement of RNA synthesis in avian liver cell cultures by a 5p3-steroid metabolite during induction of
d-aminolevulinate synthase. Proc. Natl. Acad. Sci. USA 1974, 71, 2290-2294. [CrossRef] [PubMed]

Levere, R.D.; Granick, S. Control of hemoglobin synthesis in the cultured chick blastoderm. J. Biol. Chem. 1967, 242, 1903-1911.
[CrossRef] [PubMed]

Zolkowska, D.; Dhir, A.; Krishnan, K.; Covey, D.F.; Rogawski, M.A. Anticonvulsant potencies of the enantiomers of the
neurosteroids androsterone and etiocholanolone exceed those of the natural forms. Psychopharmacology 2014, 231, 3325-3332.
[CrossRef]

Tu, H.; Okamoto, A.Y.; Shan, B. FXR, a bile acid receptor and biological sensor. Trends Cardiovasc. Med. 2000, 10, 30-35. [CrossRef]
[PubMed]

Wang, H.; Chen, J.; Hollister, K.; Sowers, L.C.; Forman, B.M. Endogenous bile acids are ligands for the nuclear receptor FXR/BAR.
Mol. Cell 1999, 3, 543-553. [CrossRef] [PubMed]

Lu, T.T.; Makishima, M.; Repa, J.J.; Schoonjans, K.; Kerr, T.A.; Auwerx, J.; Mangelsdorf, D.]. Molecular basis for feedback
regulation of bile acid synthesis by nuclear receptors. Mol. Cell 2000, 6, 507-515. [CrossRef] [PubMed]

Katona, B.W.; Anant, S.; Covey, D.F,; Stenson, W.E. Characterization of enantiomeric bile acid-induced apoptosis in colon cancer
cell lines. . Biol. Chem. 2009, 284, 3354-3364. [CrossRef] [PubMed]

Dussault, I.; Yoo, H.D.; Lin, M.; Wang, E.; Fan, M.; Batta, A K,; Salen, G.; Erickson, S.K.; Forman, B.M. Identification of an
endogenous ligand that activates pregnane X receptor-mediated sterol clearance. Proc. Natl. Acad. Sci. USA 2003, 100, 833-838.
[CrossRef] [PubMed]

Drocourt, L.; Pascussi, ].M.; Assenat, E.; Fabre, ].M.; Maurel, P.; Vilarem, M.]. Calcium channel modulators of the dihydropyridine
family are human pregnane X receptor activators and inducers of CYP3A, CYP2B, and CYP2C in human hepatocytes. Drug Metab.
Dispos. 2001, 29, 1325-1331. [PubMed]

Waxman, D.J. P450 gene induction by structurally diverse xenochemicals: Central role of nuclear receptors CAR, PXR, and PPAR.
Arch. Biochem. Biophys. 1999, 369, 11-23. [CrossRef] [PubMed]


https://doi.org/10.1111/bph.15841
https://www.ncbi.nlm.nih.gov/pubmed/35318645
https://doi.org/10.1016/j.bbalip.2010.07.005
https://www.ncbi.nlm.nih.gov/pubmed/20673851
https://doi.org/10.1016/j.steroids.2008.11.019
https://www.ncbi.nlm.nih.gov/pubmed/19103212
https://doi.org/10.1016/j.neubiorev.2023.105191
https://www.ncbi.nlm.nih.gov/pubmed/37085023
https://doi.org/10.1016/j.ajog.2005.01.040
https://www.ncbi.nlm.nih.gov/pubmed/15846226
https://doi.org/10.1038/33176
https://www.ncbi.nlm.nih.gov/pubmed/9548257
https://doi.org/10.1111/j.1479-828X.2006.00548.x
https://www.ncbi.nlm.nih.gov/pubmed/16638041
https://doi.org/10.1093/molehr/gah201
https://www.ncbi.nlm.nih.gov/pubmed/16123077
https://doi.org/10.1111/j.1600-0897.2004.00199.x
https://www.ncbi.nlm.nih.gov/pubmed/15373757
https://doi.org/10.1016/j.steroids.2008.02.008
https://www.ncbi.nlm.nih.gov/pubmed/18395237
https://doi.org/10.1016/j.jsbmb.2017.11.001
https://www.ncbi.nlm.nih.gov/pubmed/29113921
https://doi.org/10.1016/j.steroids.2019.108509
https://www.ncbi.nlm.nih.gov/pubmed/31586608
https://doi.org/10.1210/jcem-60-3-553
https://www.ncbi.nlm.nih.gov/pubmed/3972966
https://doi.org/10.3390/metabo10110463
https://www.ncbi.nlm.nih.gov/pubmed/33202527
https://doi.org/10.1016/j.celrep.2022.111472
https://www.ncbi.nlm.nih.gov/pubmed/36223753
https://doi.org/10.1073/pnas.71.6.2290
https://www.ncbi.nlm.nih.gov/pubmed/4526207
https://doi.org/10.1016/S0021-9258(18)96086-2
https://www.ncbi.nlm.nih.gov/pubmed/6024779
https://doi.org/10.1007/s00213-014-3546-x
https://doi.org/10.1016/S1050-1738(00)00043-8
https://www.ncbi.nlm.nih.gov/pubmed/11150726
https://doi.org/10.1016/S1097-2765(00)80348-2
https://www.ncbi.nlm.nih.gov/pubmed/10360171
https://doi.org/10.1016/S1097-2765(00)00050-2
https://www.ncbi.nlm.nih.gov/pubmed/11030331
https://doi.org/10.1074/jbc.M805804200
https://www.ncbi.nlm.nih.gov/pubmed/19054763
https://doi.org/10.1073/pnas.0336235100
https://www.ncbi.nlm.nih.gov/pubmed/12569201
https://www.ncbi.nlm.nih.gov/pubmed/11560876
https://doi.org/10.1006/abbi.1999.1351
https://www.ncbi.nlm.nih.gov/pubmed/10462436

Int. J. Mol. Sci. 2024, 25, 8857 18 of 18

82. Ekins, S.; Chang, C.; Mani, S.; Krasowski, M.D.; Reschly, E.J.; Iyer, M.; Kholodovych, V.; Ai, N.; Welsh, WJ.; Sinz, M.; et al. Human
pregnane X receptor antagonists and agonists define molecular requirements for different binding sites. Mol. Pharmacol. 2007,
72,592-603. [CrossRef] [PubMed]

83. Abramova, V.; Leal Alvarado, V.; Hill, M.; Smejkalova, T.; Maly, M.; Vales, K,; Dittert, I.; Bozikova, P; Kysilov, B.; Hrcka Krausova,
B.; et al. Effects of Pregnanolone Glutamate and Its Metabolites on GABA(A) and NMDA Receptors and Zebrafish Behavior.
ACS Chem. Neurosci. 2023, 14, 1870-1883. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1124/mol.107.038398
https://www.ncbi.nlm.nih.gov/pubmed/17576789
https://doi.org/10.1021/acschemneuro.3c00131
https://www.ncbi.nlm.nih.gov/pubmed/37126803

	Introduction 
	Steroid 5-Reductase Gene 
	Steroid 5-Reductase Enzymology 
	Steroid 5-Reductase Deficiency 
	AKR1D4 Knockout Mice 
	Glucocorticoids and 5-dihydroglucocorticoids 
	Progestins and 5-Pregnanes 
	Neuroactive Steroids 
	Tocolytic Hormones 
	Platelet Activation 

	5-Androstanes 
	Farnesoid X Receptor (FXR) Ligands 
	Pregnane X Receptor (PXR) Ligands 
	Discussion 
	References

