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ABSTRACT 

Advances in neuroendocrinology have led to major discoveries since the 19th century, 

identifying adaptive loops for maintaining homeostasis. One of the most remarkable 

discoveries was the concept of neurosteroids, according to which the brain is not only a target 

but also a source of steroid production. The identification of new membrane steroid targets 

now underpins the neuromodulatory effects of neurosteroids such as pregnenolone, which is 

involved in functions mediated by the GPCR CB1 receptor. Structural analysis of steroids is a 

key feature of their interactions with the phospholipid membrane, receptors and resulting 

activity. Therefore, mass spectrometry-based methods have been developed to elucidate the 

metabolic pathways of steroids, the ultimate approach being metabolomics, which allows the 

identification of a large number of metabolites in a single sample. This approach should 

enable us to make progress in understanding the role of neurosteroids in the functioning of 

physiological and pathological processes. 

 

1. Introduction 

Steroid-brain interactions are involved in a wide range of neurofunctional processes, and 

the consideration of regulatory loops has led to a better understanding of the action of 

hormone steroids on adaptive processes. The study of these interactions has become one of 

the most innovative chapters in modern neuroendocrinology. Classically, these interactions 

have been attributed to steroids synthesized in the periphery and acting in the brain. However, 

there is now evidence that some steroids can be neosynthesized in the brain (in neurons and 

glial cells) independently of peripheral sources. This discovery led to the concept of 

“neurosteroids”. Thus, the nervous system is the target of two types of steroids, distinguished 

by the site of production: steroids synthesized by peripheral tissues and neurosteroids 

synthesized directly by nerve cells. In parallel with this discovery, the term “neuroactive 

steroids” was proposed to describe the relatively rapid neuromodulatory action of steroids on 
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membrane targets. Since the concept of neurosteroids was postulated, numerous studies have 

sought to understand the functional role of neurosteroids by investigating their synthetic 

pathways, targets of action, and neuromodulatory effects. In addition, considerable effort has 

been devoted in recent years to the development and validation of neurosteroid assays in the 

nervous system, with particular emphasis on measuring changes in endogenous neurosteroids 

under physiological and pathological conditions. Thus, metabolomic approaches, including 

lipidomics and steroidomics, are increasingly being studied to identify possible imbalances in 

lipid and steroid metabolism in relation to specific pathologies. 

These approaches revealed a new role for neurosteroids, and in particular for 

pregnenolone, long thought to be an inactive precursor of neurosteroids. 

2. Current dogmas in neuroendocrinology: update on sites of steroid production and 

molecular targets  

2.1. Brief history of advances in neuroendocrinology 

The history of the field of neuroendocrinology has been described in several reviews 

(Coen, 2015; Fink, 2015; Kreier and Swaab, 2010; Meites, 1992; Modlin et al., 2006; Plant, 

2015; Tsutsui, 2016; Watts, 2015a). Table 1 provides a brief overview of the major advances 

in neuroendocrine research.  The recognition of the brain as a hormone-secreting gland is tied 

to the emergence of the concept of homeostasis, first described by Claude Bernard (1813–

1878) and then expanded and formulated by Walter Bradford Cannon (1871-1945) (Cannon, 

1939). This concept refers to the state of maintaining an internal environment (“milieu 

intérieur”) close to constancy in the face of external perturbations, as well as to the 

implemented self-regulation process (Cooper, 2008; Libretti and Puckett, 2023). More 

recently, homeostasis has been described as a dynamic disequilibrium (Billman, 2020). The 

scope of neuroendocrinology then includes neuroendocrine adaptations to maintain or restore 



4 
 

homeostasis through neuroendocrine responses to external challenges, as well as 

neuroendocrine feedback and feedforward regulation. 

Neuroendocrinology initially focused on the control of pituitary hormone secretion by the 

hypothalamus and then on the study of bidirectional interactions between neurons and 

endocrine glands. The history of neuroendocrinology begins in the 2nd century with the 

theory of Claudius Galenus (131-216 AD), which was developed in the 16th century by 

Andreas Vesalius (1514-1564), who postulated that the brain excreted a waste residue (called 

pituita) from animal spirits that was distributed throughout the body by the nerves (Oakes et 

al., 2016a, 2016b). At the same time, the hypothalamus-pituitary region has been a source of 

inspiration for a number of Renaissance artists, including Leonardo da Vinci (1508-1509) and 

Michelangelo Buonarroti (1475-1564), who used the brain diagram (including hypothalamus, 

pituitary and brainstem) as the background for his painting 'The Creation of Adam' on the 

ceiling of the Sistine Chapel in the Vatican (Rome, Italy) (Lechan and Toni, 2000).  

The mid-1950s was a period of debate about how the brain controlled the pituitary. 

Neuroendocrinology as a neuroscientific perspective emerged with the spatial representation 

of function in the brain, including neuroendocrine control of the hypothalamic-pituitary-

gonadal axis (Harris, 1955). Harris's work was at the origin of the discipline of 

neuroendocrinology as he stated that “it is clear that the interplay between the central nervous 

system and the endocrine glands... is one of reciprocity” . His work was recognized with the 

award of the Dale Medal by the Society for Endocrinology in 1971 (Harris, 1972). During the 

same period, the journal Neuroendocrinology was founded in 1967 and the Nobel Prize in 

Medicine was awarded in 1977 to Andrzej Wiktor Shally and Roger Guillemin for their 

discoveries of peptide hormone production in the brain (hypothalamic peptide releasing 

factors) (Guillemin and Rosenberg, 1955; Saffran et al., 1955). These neuropeptides are 

conserved across species and are essential for physiological functions. Then, following the 
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work of pioneers Hans Selye (1907-1982) and Claude Fortier (1921-1986), the hypothalamic-

pituitary-adrenal (HPA) axis was described (Jackson, 2014; Rosténe, 2005; Selye, 1946; Vale 

et al., 1981). Later, technical advances helped to determine the organization and localization 

of hypothalamic neuroendocrine neurons, as well as the content of neuropeptides and 

neurotransmitters (Everitt et al., 1986; Hökfelt et al., 1986; Swanson, 1983). 

Women were also pioneers in the establishment of neuroendocrinology (Breathnach and 

Moynihan, 2013). The recognition of women in science came after the Nobel Prizes in 

physics in 1903 and in chemistry in 1911, awarded to Marie Sklodowska Curie (1867-1934) 

and to Irene Joliot-Curie (1897-1956) in chemistry in 1935. In the field of 

neuroendocrinology, the concept of control theory in homeostatic mechanisms was 

strengthened by the work of women scientists such as Mary Pickford (1902-2002) and Berta 

Scharrer (1906-1995), with the discovery that the posterior pituitary gland was not only a 

gland, but the site of release of vasopressin and oxytocin into the circulation from fibers in the 

hypothalamic-hypophysial tract (Pickford, 1975; Scharrer, 1975). In addition, the major 

discoveries of Dora Jacobsohn (1908-1983), Dorothy Price (1899-1980) and Martha Vogt 

(1903-2003) include the regulation of the anterior pituitary, the feedback of steroid hormones 

to the pituitary (Jacobson, 1975; Price, 1975; Vogt, 1975). In 1977, the Nobel Prize was 

awarded to Rosalyn Yalow (1921-2011) for the development of radioimmunoassays for the 

measurement of small biological molecules in fluids (Yalow, 1973). 

Further advances in neuroendocrinology were made with the characterization and brain 

localization of G protein-coupled receptors (GPCRs) involved in the endocrine action of 

hypothalamic releasing factors to mediate neuroendocrine responses to environmental and 

physiological challenges (van den Burg and Neumann, 2011). Then, in 2012, the Nobel Prize 

in Chemistry was awarded to Brian Kobilka (1955-) and Robert Lefkowitz (1943-) for their 

work on understanding the structure/function of GPCRs, which formed the basis of GPCR 
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molecular endocrinology, unravelling the mechanisms of hormone and neurotransmitter 

recognition (Bockaert, 2012; Hausch and Holsboer, 2012). In addition to understanding the 

mechanisms involved in the regulation of the endocrine system and peptide synthesis, 

neuroendocrinology has evolved into the clinical diagnosis and treatment of neuroendocrine-

related diseases (Fink, 2015). 

The field of neuroendocrinology has been, and still is, based on several axes involving 

relationships between the brain and the production of peripheral steroid hormones through 

feedback loops. The emergence of the concept of neurosteroids, based on the production of 

steroids “by the brain for the brain”, is a major advance in the history of neuroendocrinology. 

2.2. Sites of steroidogenesis: including the brain  

2.2.1. Steroid production from cholesterol 

In all steroidogenic tissues, including the brain, the initial steps of de novo steroid 

biosynthesis involve the mobilization of cholesterol into the outer and then inner 

mitochondrial membranes (OMM and IMM, respectively) (Poderoso et al., 2009) and its 

subsequent cleavage to pregnenolone by the cytochrome P450 side chain cleavage enzyme, 

P450scc (encoded by the gene Cyp11a1) (Papadopoulos and Miller, 2012; Payne and Hales, 

2004). This first step in the conversion of cholesterol to pregnenolone is conserved across 

species - present from amphibians to mammals - and is common to all sites of 

steroidogenesis, where it is a prerequisite for the design of a new source of steroid production 

(Bassi et al., 2021; Payne and Hales, 2004) (see graphical abstract). 

The production of pregnenolone from cholesterol involves several stages, including the 

availability of free cholesterol, its transport across mitochondrial membranes to the 

mitochondrial matrix and its subsequent cleavage to pregnenolone (see Figure 1 for 

steroidogenic brain cells). Cholesterol is an essential and tightly regulated component of 

membranes, maintaining membrane fluidity. The excess cholesterol of membrane lipids, 
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referred to as active or free cholesterol, constitutes the pool of available substrate for 

steroidogenesis after its uptake into intracellular membranes (Miller and Bose, 2011). General 

steroid biosynthesis is derived from approximately 2% of the daily cholesterol pool in 

humans, derived from dietary sources and de novo synthesis from acetyl-CoA. To initiate and 

maintain steroidogenesis, a constant supply of cholesterol must be available within the cell 

and delivered to mitochondrial membranes, which have a relatively low cholesterol content 

(Kraemer et al., 2017). There are several sources of cholesterol for steroidogenesis. The best-

characterized sources of cholesterol in steroidogenic cells have been described in the adrenals 

and gonads. First, cholesterol can be de novo synthesized from acetate in the endoplasmic 

reticulum (ER) and transported from the ER to the plasma membrane and then to the OMM. 

Secondly, cholesterol contained in lipoprotein-derived cholesteryl esters (low and high-

density lipoproteins, LDL and HDL, respectively) can be delivered to cells. Free cholesterol 

can be produced by the endocytic pathway within lysosomes or by the hydrolysis of 

cholesteryl esters stored in lipid droplets via the hormone-sensitive lipase (HSL) encoded by 

the LIPE gene (Sierra, 2004; Slominski et al., 2015). 

Brain cholesterol, however, originates mainly from local synthesis in neuronal and glial 

cells as the blood-brain barrier prevents the entry of circulating lipoproteins carrying 

cholesterol (Ito and Yokoyama, 2003; Jeske and Dietschy, 1980). Brain cholesterol represents 

25% of body cholesterol, mainly (99.5%) in the unesterified form, and is present in 70% of 

myelin and 30% of the plasma membrane of astrocytes and neurons (Björkhem and Meaney, 

2004). The steady-state concentration of cholesterol in the brain remains relatively constant 

under physiological conditions due to a tightly regulated synthesis and turnover process, with 

a pool fraction constantly being replaced (Zhang and Liu, 2015). Production of cholesterol 

from acetyl-CoA occurs in the ER of astrocytes and neurons, where the presence of the 

enzyme HMG-CoA reductase is the rate-limiting step in cholesterol synthesis (Elustondo et 
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al., 2017; Martín et al., 2014; Zhang and Liu, 2015) (Figure 1). In addition, cholesterol import 

into neurons may occur with the uptake of apolipoprotein E-containing cholesterol from 

astrocytes, which is then converted to free cholesterol in endosomes/lysosomes. Excess 

cholesterol in cells can be regulated in several ways. One turnover in neurons involves the 

esterification/hydroxylation of cholesterol with a storage in lipid droplets as an esterified 

form. The major metabolic pathway of brain cholesterol, which occurs primarily in neurons, 

is the production of 24S-hydroxycholesterol by cholesterol 24-hydroxylase encoded by 

CYP46A1 and its excretion into plasma by crossing the blood-brain barrier (BBB). 

Cholesterol can also be released from the cell as a complex with apolipoprotein-containing 

lipoprotein via the ATP-binding cassette (ABC) transporter at the membrane of astrocytes and 

neurons (Martín et al., 2014; Zhang and Liu, 2015).  

The intracellular trafficking of free cholesterol in steroidogenic cells has not been fully 

elucidated. Transfer of free cholesterol to mitochondria may involve several pathways, 

including direct interactions between the mitochondria and intracellular organelles (ER, lipid 

droplets, lysosomes/endosomes), transport by cytosolic proteins, and interaction with a multi-

protein complex at the OMM (Figure 1). Coordination processes for cholesterol mobilization 

to the OMM may involve the steroidogenic acute regulatory (StAR) protein in conjunction 

with the translocator protein (18 kDa) TSPO (formerly known as peripheral benzodiazepine 

receptor, PBR) together with TSPO-associated proteins (Papadopoulos et al., 2006; 

Papadopoulos and Miller, 2012). It has been proposed that these proteins form a complex and 

function as an outer mitochondrial signaling complex. This multi-protein complex includes 

OMM and IMM proteins and may be involved in the interaction with the IMM enzyme, 

P450scc (for the cleavage of cholesterol to pregnenolone) (Papadopoulos et al., 2015). In the 

brain, StAR is widely distributed in specific populations of neurons and glial cells, and StAR 

expression has been found in pyramidal neurons, granule cells, and the dentate gyrus of the 
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hippocampus. Neuronal and glial staining revealed a much wider distribution of StAR-

positive cells in the striatum, cerebellum, pons and thalamus. StAR protein was also detected, 

to a lesser extent, in neurons in the preoptic area and in the arcuate nucleus of the 

hypothalamus (Sierra, 2004). In addition, co-expression of StAR and the enzyme P450scc has 

been demonstrated in neuronal subpopulations in mouse and human brains (King et al., 2002). 

Since StAR-mediated transport appears to be low under basal conditions, it has been proposed 

that plasma membrane cholesterol may also be transported by START (StAR-related lipid 

transfer) proteins, which contain a lipid-binding domain homologous to the C-terminus of 

StAR (Reitz et al., 2008). This homology led to the renaming of StAR to STARD1 for 

steroidogenic acute regulatory protein-related lipid transfer domain containing protein 1 

(Elustondo et al., 2017). Several START domain proteins, such as STARD4, have been 

proposed to play a role in intracellular cholesterol transfer, but several lines of evidence, such 

as the absence of alterations in steroidogenesis in StarD4 knockout mice, support a role for 

STARD4 family proteins in cholesterol delivery to the OMM in most cell types, although 

possibly not in steroidogenic cells (Miller and Auchus, 2011). 

Along with StAR, TSPO is another potential member of the cholesterol transport protein 

complex. TSPO is a ubiquitous mitochondrial protein localized in the OMM, abundant in 

steroidogenic tissues and well conserved across species (Papadopoulos and Miller, 2012). A 

consensus cholesterol recognition amino acid sequence (CRAC) has been identified in the C-

terminal region of TSPO/PBR (Georges et al., 2021; Li et al., 2001), which is consistent with 

the increase in pregnenolone production in response to TSPO drug ligands in in vitro models 

and in rats (Lejri et al., 2019; Liere et al., 2017; Papadopoulos et al., 2015, 2006), as well as 

its decrease following TSPO mutations in rats (Owen et al., 2017). However, the role of 

TSPO in steroidogenesis has been challenged (El Chemali et al., 2022). As an illustration, it 

was recently shown that the absence of TSPO in complete TSPO/PBR knock-out mice did not 
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alter the steroidome content, including pregnenolone, in adrenals, testes, plasma and brain 

under basal conditions, although cholesterol transport was not impaired (Liere et al., 2023).  

Following intracellular transport to the OMM, cholesterol is transferred from the OMM to 

the IMM (Poderoso et al., 2009) and converted to pregnenolone. The structural organization 

of cholesterol, in particular the C20-C22 region of its side chain, allows recognition and 

binding to the catalytic domain of the enzyme P450scc. P450scc is involved in three 

consecutive reactions to convert cholesterol to pregnenolone, including the hydroxylation of 

C22 and C20 and the subsequent cleavage of the C22-C20 bond. Expression of the P450scc 

enzyme has been demonstrated in brain astrocytes and neurons (Le Goascogne et al., 1987; 

Warner and Gustafsson, 1995) and in several rodent brain regions, including the cortex, 

amygdala, hippocampus and midbrain (Kimoto et al., 2001; King et al., 2002). Human 

P450scc is encoded by a single gene on chromosome 15, the CYP11A1 gene (Chung et al., 

1986). Its expression has been reported in the human temporal lobe, frontal lobe, 

hippocampus and cerebellum (Lin and Papadopoulos, 2021), but is much lower than in the 

adrenal glands, which express high levels of CYP11A1 mRNA (Stoffel-Wagner, 2003). 

Recently, a novel mitochondrial CYP450, CYP1B1, appears to be involved in pregnenolone 

synthesis in the brain, as its inhibition significantly reduced pregnenolone production in 

human glial cells, but not in human adrenocortical cells (Lin et al., 2023). 

2.2.2. Neurosteroidogenesis 

The innovative premise that steroids could be synthesized de novo "by the nervous system 

for the nervous system" (and so-called neurosteroids) (Baulieu, 1997; Corpéchot et al., 1981) 

has been well established over the past 30 years. The initial discovery of the neurosteroid 

concept was based on the detection of steroids in the brain of rodents several days after the 

removal of peripheral sources of steroids (Baulieu et al., 2001; Robel and Baulieu, 1994). In 

addition, steroid synthesis has been demonstrated in the spinal cord and peripheral nervous 
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system (Giatti et al., 2015; Melcangi et al., 2011; Mensah-Nyagan et al., 2008; Patte-Mensah 

et al., 2006). 

Neurosteroids are synthesized in the peripheral and central nervous systems, mainly in 

glial cells and neurons, from cholesterol or from precursor steroids imported from peripheral 

sources (Agis-Balboa et al., 2006; Baulieu et al., 2001; Compagnone and Mellon, 2000; 

Melcangi et al., 2008; Shibuya et al., 2003). Evidence for neurosteroidogenesis has been 

provided by experimental research in non-mammalian and mammalian brains, as well as in 

human brain and cerebrospinal fluid (CSF). This concept has been further validated by studies 

of the expression of steroidogenic enzymes for synthesis and metabolism, and of neurosteroid 

content in brain tissues and cells. The main pathways of steroid synthesis and metabolism of 

pregnenolone into the five main classes of steroids, progestogens, mineralocorticoids, 

glucocorticoids, androgens and estrogens, have been described in the brain (Raux et al., 

2022). Pregnenolone can be processed by several metabolic pathways, depending on the 

demands and needs of the cells. Firstly, pregnenolone can be converted either to progesterone 

or to 17-hydroxy-pregnenolone and DHEA. Pregnenolone and DHEA can be metabolized to 

7α-hydroxylated derivatives via the action of the enzyme Cyp7B, which is present in the 

mammalian brain (Akwa et al., 1992; Morfin and Stárka, 2001; Rose et al., 1997; Stapleton et 

al., 1995). Another alternative is the sulfation of the C3 hydroxyl group of pregnenolone to a 

3β-sulfated derivative by sulfotransferase enzymes in rodent and human brain (Smith et al., 

2014). However, the presence of sulfated pregnenolone, which has been reported in 

postmortem human brain tissue, is controversial in the rodent brain (Schumacher et al., 2008). 

We previously found that the level of pregnenolone sulfate (measured by RIA in 

collaboration with the laboratory of Prof E-E Baulieu, Le Kremlin-Bicêtre, France) in the 

hippocampus of aged male rats was inversely correlated with their cognitive performance 

(Vallée et al., 1997). Subsequent studies using highly sensitive steroid extraction and mass 
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spectrometry methods in several laboratories suggested that the brain pregnenolone sulfate 

measured was more likely to be lipid-bound pregnenolone and demonstrated the absence or 

very low levels of pregnenolone sulfate in the rodent brain (Higashi et al., 2003a, 2003b; 

Liere et al., 2004; Liu et al., 2003; Mitamura et al., 2005; Schumacher et al., 2008). These 

findings are consistent with the following observations: 1) the sulfated form of pregnenolone 

is unlikely to cross the BBB, which would require the presence of transporter proteins, as 

sulfated steroids are no longer lipophilic (Foster and Mueller, 2018; Qaiser et al., 2017); and 

2) although pregnenolone sulfate could be taken up across the BBB in rodents, it would be 

rapidly metabolized in favor of free pregnenolone (Qaiser et al., 2017). 

In addition, cholesterol sulfate has been detected in rodent brains (Ivanisevic et al., 2014; 

Liu et al., 2003; Vitku et al., 2022), suggesting that pregnenolone sulfate may be produced 

from cholesterol sulfate via the P450scc (Cyp11a1) enzyme. The 3β-sulfation of cholesterol 

and pregnenolone requires the sulfotransferase enzyme isoform SULT2B1 (Fuda et al., 2002), 

but there is still no consensus on whether this enzyme is present in the brain (Vitku et al., 

2022). In addition, cholesterol sulfate, but not pregnenolone sulfate and DHEA sulfate, was 

detected in the same rat brain samples (Liu et al., 2003). On the other hand, steroid sulfatase 

(STS) is present in the BBB as well as in some human brain regions such as the thalamus, 

hypothalamus, hippocampus and temporal lobe (Steckelbroeck et al., 2004). Further studies 

are needed to elucidate the role of sulfated steroids in the rodent and human brain, as 

imbalances in steroid sulfation/desulfation have been implicated in neurodegenerative 

diseases (Vitku et al., 2022). 

Another metabolic pathway from pregnenolone to progesterone requires the enzyme 3β-

hydroxysteroid dehydrogenase (3β-HSD), which is expressed in the rat and human brain 

(Brown et al., 2000; Guennoun, 2020; Guennoun et al., 1995; Schumacher et al., 2004; Yu et 

al., 2002). Two enzymes, 5α-reductase and 3α-hydroxysteroid dehydrogenase (3α-HSD) or 
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3α-hydroxysteroid oxido-reductase (3α-HSOR), which convert progesterone to its active 

metabolite, allopregnanolone (3α,5α-tetrahydroprogesterone), have been localized in major 

glutamatergic output neurons in the cortex, hippocampus and amygdala of mice and in the 

human brain. The conversion of pregnenolone to DHEA in the brain by 17-

hydroxylase/17,20-lyase (P450c17) is challenging because no expression of P450c17 has been 

detected in rat brain glia (Cascio et al., 2000), but adult rat brain and neurons and astrocytes in 

culture have been shown to convert pregnenolone to DHEA (Akwa et al., 1993; Schumacher 

et al., 2008). In the human brain, postmortem studies reported that P450c17 was not expressed 

in the temporal lobe and limbic system of adult humans (Steckelbroeck et al., 2001), but was 

present in the developing human fetal nervous system, suggesting that DHEA may be 

synthesized locally (Schonemann et al., 2012). Finally, in the rat and human brain, DHEA can 

be converted to androstenedione and then to testosterone, which can be metabolized by 

aromatase to estradiol (Melcangi et al., 1998; Steckelbroeck et al., 2001; Stoffel-Wagner, 

2003). Similarly, there is evidence that estradiol can be synthesized from pregnenolone in the 

rat hippocampus (Hojo et al., 2004). 

In addition to the multitude of pathways, the complexity and specificity of steroid 

metabolism in a given species also depends on the specific expression of steroidogenic 

enzymes in tissues and/or cells. For example, the delta 5 (involving the metabolism of 

pregnenolone to 17OH-pregnenolone) and delta 4 (involving the metabolism of pregnenolone 

to progesterone and then to 17OH-progesterone) pathways are predominant in the gonads of 

rodents and humans, respectively (Connan-Perrot et al., 2021). It should be noted that the 

same enzymes may be involved in several pathways, suggesting that the study of their 

expression is not sufficient to identify the main pathways involved, but also requires the 

determination of steroid content. 
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2.2.3. Other sites of steroid production 

Other tissues have also been classified as steroidogenic tissues because they express at 

least the enzyme P450scc, which initiates steroid synthesis by converting cholesterol to 

pregnenolone. Among them, adipocytes, intestine, gut, skin, retina and muscles have been 

reported as sites of steroidogenesis in mammals (see Graphical Abstract). Indeed, the 

presence of mitochondrial cholesterol transport and metabolism machinery, including STAR 

and/or P450scc, suggests that adipocytes (Byeon and Lee, 2016; Connan-Perrot et al., 2021; 

Li et al., 2014), gastrointestinal tissues (Bouguen et al., 2015; Mohibbi et al., 2017), skin 

(Hannen et al., 2011; Slominski et al., 2015, 2021), retina (Cascio et al., 2015; Jaliffa et al., 

2005) and skeletal muscle (Vechin et al., 2023) have the ability to synthesize pregnenolone de 

novo. In addition, most of the enzymes for the conversion of pregnenolone to other steroids 

have been discovered in mouse and human adipose and intestinal tissues (Bélanger et al., 

2002; Bouguen et al., 2015; Li et al., 2014; Sidler et al., 2011; Tchernof et al., 2015). 

Recently, the expression of enzymatic steps of steroidogenesis (StAR, P450scc, 3β-HSD, 5α-

reductase, 3α-HSOR and aromatase) and the content of steroids, including pregnenolone, 

DHEA, progesterone and testosterone, and their metabolites were detected in the colon of 

adult male rats, which may play a role in the brain-gut axis function (Diviccaro et al., 2022, 

2020). These findings provide additional insight into the distribution of steroids and the 

relationships that may exist between the different tissues of steroidogenesis, and warrant 

further studies of the steroid metabolome associated with specific physiological and/or 

pathological conditions. 

2.3 Neuromodulation and neurosteroid molecular targets: specificity of pregnenolone 

2.3.1. Genomic and non-genomic actions of steroids 

The distinction between genomic and non-genomic functional activity of steroids lies in 

the differences in onset of action and localization of target receptors and intracellular 
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trafficking (see Graphical abstract). Classically, the delayed (usually hours or days) biological 

processes of steroids have been associated with nuclear steroid receptors and transcriptional 

regulation (Beato et al., 1996; Cole et al., 2019; Evans, 1988; Levin and Hammes, 2016; 

Truss et al., 1992). In this context, steroid signaling refers to steroid receptors located as 

monomers in the cytoplasm (as for androgen and glucocorticoid receptors) or in the nucleus 

(as for estrogens). The dimerized nuclear receptors then bind to specific steroid response 

elements (SREs) and can interact with various co-regulators or bind to other transcription 

factors (such as activating protein-1, AP-1 or specific protein-1, SP-1) to modulate (either 

repress or activate) the transcription of specific genes. In contrast to this transcription-

dependent genomic effect, steroids have also been described to have faster (minutes, even 

seconds) and shorter non-genomic effects, probably mediated via specific membrane 

receptors. One of the earliest indications of a non-genomic mechanism of action of steroids 

was 80 years ago (with the first study on the anesthetic effects of steroids) (Selye, 1942) that 

steroids could elicit rapid responses that could not be explained by gene regulation. Since 

then, there has been increasing evidence that several steroid receptors actually reside in 

extranuclear cellular pools, including the plasma membrane (McEwen, 1991), and are 

involved in mediating rapid cell signaling that affects many aspects of cell biology (Levin and 

Hammes, 2016). It is important to note that the effects of steroids may be mediated by a 

multi-targeted mode of action via genomic and non-genomic pathways, which may influence 

each other and have complementary effects (Colciago et al., 2020; Szczurowska et al., 2022; 

Wilkenfeld et al., 2018). 

Recently, the exploration of the mechanisms involved in the neuromodulatory effects of 

neurosteroids, especially their non-genomic actions, has opened a new frontier in 

neuroendocrinology. This research includes the effects of steroids on the dynamics of single 

membrane receptor molecules and steroid-membrane interactions in model lipid membranes 
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(Atkovska et al., 2018; Barabás et al., 2018; Crowley et al., 2022). Barabás and co-workers 

used single-molecule tracking technology, which allows real-time recording of the 

movements of individual molecules on receptors in the cell membrane. They reported that 

steroids can interfere with the surface trafficking of membrane receptors, which subsequently 

determines their docking and ligand binding properties and hence downstream signaling 

(Barabás et al., 2018). These concepts were illustrated using the effects of glucocorticoids and 

estradiol on the surface diffusion of glutamate and GABAA receptors, respectively. 

In a complementary approach, Atkovska and colleagues reported that the interaction of 

steroids with phospholipid membranes can influence their binding to receptors (Atkovska et 

al., 2018; Crowley et al., 2022). Depending on the location of the binding site on the 

membrane receptors, the binding of steroids can be controlled by several factors, including 

their insertion properties (orientation and insertion depth) and the kinetics of the transition 

(flip-flop and exit) at the membrane (Atkovska et al., 2018). Steroids, being hydrophobic, can 

directly interfere with phospholipid bilayers and membranes. Interestingly, although steroids 

share a common structural tetracyclic core, they differ in their interaction with lipid 

membranes, mainly due to the type of functional groups at the C-3 and C-17 positions, 

representing the head and tail of the steroid, respectively. 

The position and orientation of steroids in the membrane are therefore key factors in their 

functional activity. Indeed, the activity of steroids at specific membrane receptor targets 

depends, among other factors, on the conformation of the steroids, including their orientation 

and insertion depth, both of which are related to the ability of the steroid functional groups to 

form hydrogen bonds (h-bonds) with the lipid membrane. In addition, the orientation of the 

steroids determines their ability to approach and dock to membrane-embedded binding sites. 

Thus, a favorable or unfavorable conformation of the steroid results in its high or low activity. 

For example, the presence of a hydroxyl (OH) group on C-3 (head) and an acetyl group on C-
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17 (tail) for pregnenolone facilitates and reduces the h-binding capacity, respectively. 

Therefore, the orientation of pregnenolone is favored in a vertical orientation with the tail 

inserted into the hydrophobic core and the head interacting with the head lipid groups of the 

phospholipid membrane (Atkovska et al., 2018). Furthermore, the authors reported that the 

kinetics of the steroid transition at the phospholipid membrane depends on the flip-flop and 

exit rates, which can be calculated as a function of the number of hydroxyl and carbonyl 

groups in the steroids. For example, the flip-flop rate is inversely proportional to the number 

of hydroxyl groups. 

In addition to the direct interaction of steroids with membrane receptors, non-genomic 

pathways may involve indirect mechanisms associated with the binding of steroids to the 

phospholipid membrane, which, at sufficiently high concentrations, may lead to changes in 

membrane structure or fluidity that can subsequently affect the receptor (Crowley et al., 

2022). 

The described steroid-phospholipid membrane dynamics were based on a model lipid 

membrane and should be extended to a more complex membrane cell in order to establish a 

reliable structure-activity relationship in steroid-membrane interactions, which could be 

useful in determining the physiological mechanism of action and potency of steroids 

(Crowley et al., 2022). Indeed, steroid-induced changes in membrane properties may be 

related to steroid concentration and lipid composition, as exemplified by the concentration-

dependent decrease in bilayer thickness upon the addition of cortisone, which can be reduced 

in the presence of cholesterol (Alsop et al., 2016; Khondker et al., 2019). Notably, in the 

above biophysical studies, steroid concentrations were used at levels corresponding to the 

increased local and temporal steroid concentrations achieved with pharmacological treatment. 
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2.3.2. The concept of neuroactive steroids and neurosteroids: an original class of 

messengers in the brain 

The term 'neuroactive steroids', coined by Paul and Purdy (Paul and Purdy, 1992), refers to 

steroid-based compounds of both natural and synthetic origin that can act rapidly on brain 

excitability at the membrane level without interacting with classical intracellular steroid 

receptors, but rather bind stereoselectively and with high affinity to membrane receptors 

(McEwen, 1991; Rupprecht, 2003; Tuem and Atey, 2017). It has been shown that 

neurosteroids and neuroactive steroids can act as neuromodulators to regulate brain-related 

functions (Compagnone and Mellon, 2000; Longone et al., 2011). Therefore, the terms 

neurosteroids and neuroactive steroids can be used interchangeably, although the term 

neuroactive steroids has also been used as an umbrella term to include both exogenous and 

endogenous steroids, including hormonal steroids and neurosteroids (Marwein et al., 2020). 

The term neurosteroids may therefore be preferred to refer to both their synthesis in the 

central nervous system and their neuromodulatory action via membrane receptors. 

Neurosteroids have thus been described as the 4th generation of messengers in the brain 

because of their rapid modulation of communication between neurons via neurotransmitter 

receptors (Kawato et al., 2003; Shibuya et al., 2003). Previous generations of 

neurotransmitters include first-generation neurotransmitters such as glutamate, GABA and 

acetylcholine, second-generation catecholamines (dopamine and serotonin) and some third-

generation neuropeptides such as enkephalin and substance P. Unlike the first three groups of 

messengers, which are stored in vesicles and released from presynapses, neurosteroids are 

produced in mitochondria and microsomes and are released into cells by passive diffusion due 

to their lipophilic properties. Neurosteroids can therefore have autocrine and paracrine effects, 

acting in the same cell or in neighboring cells. 



19 
 

2.3.3. Classical molecular targets and major neuromodulating effects of 

neurosteroids 

The non-genomic actions of neurosteroids have been best described through the 

modulation of two ionotropic membrane receptors, the GABA (gamma-aminobutyric acid) A 

receptors and the NMDA (N-methyl-D-aspartic acid) class of glutamate receptors (see 

Graphical abstract) (Belelli et al., 2002; Belelli and Lambert, 2005; Irwin et al., 1994; 

Lambert et al., 2009; Majewska, 1992; Rupprecht, 2003; Sedlácek et al., 2008), which are two 

of the major inhibitory and excitatory neurotransmitter receptor families involved in synaptic 

transmission in the brain (Sears and Hewett, 2021). Thus, two families of neurosteroids can 

emerge that act on the balance between inhibitory and excitatory brain inputs, based mainly 

on the chemical structure and conformation of the steroid (Park-Chung et al., 1999; Weaver et 

al., 2000) and the subunit composition of the receptor (Belelli et al., 2022; Cameron et al., 

2012). Among the inhibitory neuromodulators, allopregnanolone remains the most studied, as 

it is a potent positive allosteric modulator of the GABAA receptor that shows high potency at 

known binding sites (Hosie et al., 2006), resulting in rapid and physiologically relevant 

neuromodulatory control of brain excitability.  

A functional dichotomy has therefore been reported between the effects of excitatory, such 

as the sulfated derivatives of pregnenolone and DHEA (PREG-S and DHEA-S), and 

inhibitory (such as allopregnanolone) neurosteroids. Briefly, the former have mainly pro-

memory and anxiogenic properties, whereas the latter have more amnesic, anxiolytic and 

antidepressant effects (Alomary et al., 2003; Barbaccia et al., 2001; Brot et al., 1997; Khisti et 

al., 2000; Mathis et al., 1994; Tomaselli and Vallée, 2019; Vallée et al., 2003). In addition, 

synthetic analogs of PREG-S that differ in their modulatory effects on NMDA and GABAA 

receptors have different effects on memory in adult mice (Alomary et al., 2003; Vallée et al., 

2001a). 
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Other receptor targets have been described for neurosteroids, including the AMPA (α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) subtype of ionotropic glutamate 

membrane receptors and the intracellular sigma1 receptor (Maurice et al., 2001). Sigma1 

receptors are mainly localized to the membrane of the endoplasmic reticulum (ER) and at the 

level of the cholesterol-rich region of the ER mitochondria-associated membrane (MAM) 

(Hayashi, 2015; Mtchedlishvili and Kapur, 2003; Schverer et al., 2018). 

2.3.4. Molecular targets and major neuromodulating effects of pregnenolone 

Unlike other neurosteroids, pregnenolone has little or no affinity for GABAA, NMDA or 

sigma1 receptors (Gibbs et al., 2006; Maurice et al., 2006; Park-Chung et al., 1999; Weaver et 

al., 2000), which has long justified its designation as an inactive precursor steroid (or 

proneurosteroid).  

Hence, the functional activity of pregnenolone has been poorly studied, but some studies 

have reported that pregnenolone administration can modulate animal behavior (Eser et al., 

2008; Vallée, 2016; Zheng, 2009). For example, pregnenolone has antidepressant-like effects 

and dose-dependent anxiogenic or anxiolytic effects in rodents (Eser et al., 2008; Melchior 

and Ritzmann, 1994; Reddy and Kulkarni, 1998). In addition, pregnenolone can induce 

cognitive improvements in avoidance, food-motivated and working memory paradigms in 

mice and in a mouse model of schizophrenia (Flood et al., 1992; Isaacson et al., 1994; 

Melchior and Ritzmann, 1994; Wong et al., 2012). Pregnenolone may also have 

neuroprotective effects. Pregnenolone, like other neurosteroids, can be synthesized in 

Schwann cells (Leonelli et al., 2006; Melcangi et al., 2008; Patte-Mensah and Mensah-

Nyagan, 2008; Schumacher et al., 2004) and plays a regulatory role during myelination (Zhu 

and Glaser, 2008). Furthermore, in spinal cord injury, pregnenolone can reduce 

histopathological consequences, protect nerve tissue from secondary damage and improve 

recovery of motor function (Guth et al., 1994). 
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In the 2000s, a specific intracellular target for pregnenolone was discovered at the 

cytoplasmic microtubule site in brain extracts and in vitro (Mizota and Ueda, 2008; Murakami 

et al., 2000). Pregnenolone, together with DHEA, can bind and activate the microtubule-

associated protein MAP2 and the microtubule-binding protein CLIP-170 (Fontaine-Lenoir et 

al., 2006; Weng et al., 2013), families of proteins that are mainly expressed in neuronal cell 

bodies and dendrites, where they modulate the assembly and stabilization of microtubules and 

their growth during cell migration (Conde and Cáceres, 2009). In addition, in vitro studies 

have shown that pregnenolone can bind to the protein shugoshin 1 (sSgo1), which protects 

centriole cohesion (at the microtubule organization center of the cell) during mitosis 

(Hamasaki et al., 2014). Functional implications have been proposed for a synthetic derivative 

of pregnenolone, 3β-methoxypregnenolone (MAP4343), which acts on the MAP2 protein, 

with a protective role in spinal cord injury (Duchossoy et al., 2011) and against depression in 

animal models (Bianchi and Baulieu, 2012) and in humans (Barbiero et al., 2022; Daftary et 

al., 2017) (ClinicalTrials.gov identifier: NCT03870776). 

In the 2010s, we discovered a novel mechanism of action of pregnenolone involving 

cannabinoid type 1 receptors (CB1Rs) (Vallée et al., 2014) (see Graphical abstract), which are 

part of the metabotropic class A G-protein coupled receptors (GPCRs) (Leo and Abood, 

2021) and are the most highly expressed GPCRs in the brain (Howlett et al., 1990; 

Mechoulam and Parker, 2013). Computational experiments in the laboratory of Dr Patrizia 

Reggio (UNC Greensboro, North Carolina, USA), using the Forced-Biased Metropolis Monte 

Carlo (MMC) simulated annealing program for ligand-protein binding (Clark et al., 2006) in a 

CB1R model (Marcu et al., 2013), have shown that pregnenolone binds to a specific binding 

pocket formed by the transmembrane domains TMH1 and TMH7 associated with the C-

terminal intracellular helix 8 (Hx8) (Vallée et al., 2014). Each polar group of pregnenolone 

interacts with residue E.1.49 (for the ketone group at C17) or R7.65 (for the hydroxyl group at 
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C3) on the TMH1,7 and Hx8 regions, respectively. The localization of this binding site was 

confirmed by an in vitro experiment measuring mitochondrial respiration in cells transfected 

with a mutant human CB1R (hCB1Rp.E1.49G) in which the glutamate (E) residue at position 

1.49 has been replaced by glycine (G). In these cells, the inhibitory effect of pregnenolone on 

the THC-induced decrease in cellular respiration was absent, in contrast to what was observed 

in cells transfected with a wild-type hCB1R (Vallée et al., 2014).  

By evaluating the molecular processes, we have interestingly shown that pregnenolone is 

an endogenous biased negative allosteric modulator of CB1R, opening a great functional and 

therapeutic opportunity (Vallée et al., 2014). Thus, an innovative endogenous 

neuromodulatory mechanism has been revealed with the emergence of a regulatory loop 

between pregnenolone and the endocannabinoid system involving CB1R regulation (Raux et 

al., 2022; Raux and Vallée, 2022). This regulatory process can occur in numerous brain 

regions that contain both P450scc (Cyp11a1) and CB1Rs. In the CNS, CB1Rs are expressed 

at high levels in regions responsible for mental and physiological processes, such as the basal 

ganglia (movement), cerebellum (motor coordination), hippocampus (memory), cerebral 

cortex (cognition), hypothalamus (appetite), and amygdala (emotions), and to a lesser extent 

in the brainstem (respiratory and cardiac control) (Rezende et al., 2023; Tao et al., 2020). 

CB1Rs are found primarily, though not exclusively, in presynaptic terminals where they 

control retrograde inhibition of neurotransmission and maintain the excitatory/inhibitory 

balance in the brain. Thus, CB1R expression is a fine-tuning system of homeostasis, and CB1 

activation functions as an adaptive response to maintain homeostasis, but overstimulation of 

CB1Rs shifts them from their physiological roles to pathological states (Lutz, 2020). 

Therefore, the regulatory loop involving pregnenolone and CB1Rs is likely to arise in the 

adjustment of this imbalance. This is illustrated by the ability of pregnenolone to functionally 

reverse CB1-mediated outcomes associated with the toxic and psychotic effects of cannabis in 
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mouse models (Busquets-Garcia et al., 2017; Vallée et al., 2014), opening new therapeutic 

perspectives for pregnenolone (Vallée, 2016). However, to overcome the properties of 

pregnenolone, including short half-life, low oral bioavailability, and metabolism in 

downstream steroids, non-metabolized synthetic analogs of pregnenolone have been 

developed (www.aelisfarma.com). One of these, AEF0117, which targets the CB1R as a 

signaling specific inhibitor, was able to significantly reduce cannabis use and cannabis-related 

disorders in animal models and humans (Haney et al., 2023) (ClinicalTrials.gov identifiers: 

NCT03325595, NCT03443895 and NCT03717272). 

3. New insights from metabolomics approach 

3.1.  From pharmacological action to physiological function 

Treatment with endogenous molecules that are part of a metabolic pathway raises 

questions about the active metabolite responsible for the observed end-result. Therefore, to 

confirm the relationship between the pharmacological effects of exogenous neurosteroids and 

the physiological function of the specific neurosteroid, it is worthwhile to analyze the 

endogenous levels of the administered neurosteroid and its metabolites. In addition, the 

analysis of the profile of steroid metabolites (also known as the steroid metabolome) is even 

more promising when these metabolites may have different or even opposite effects, as is the 

case for the inhibitory and excitatory neuromodulation effects of some neurosteroids. 

3.2.  Neurosteroigenesis in biochemical research 

The knowledge of neurosteroid synthesis pathways and their molecular targets has paved 

the way for the discovery of their functional role as endogenous modulators in the brain. It is 

therefore interesting to assess their endogenous levels in relation to a defined function in order 

to better understand their physiological significance. In other words, knowledge of the 

endogenous steroid profile is a prerequisite for detecting alterations in steroidogenesis in 

healthy and diseased neuronal structures (Melcangi et al., 2008). This could help biomedical 
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research to elucidate the mechanisms involved in alterations in neurosteroidogenesis and to 

discover candidate biomarkers for the diagnosis of brain disorders, leading to the development 

of potential therapeutic strategies. Consequently, the research strategy of our laboratory and 

others has been based on the validation of methods coupling mass spectrometry and gas 

chromatography. It has been selected as the method of choice for determining low 

concentrations of multiple steroids in the same biological sample, in addition to more specific 

methods for extracting steroids from biological tissues (Alomary et al., 2001; George et al., 

2010; Matias et al., 2023; Vallée, 2014; Vallée et al., 2000). This technological development 

has allowed us to address some of the functional roles of neurosteroids, particularly for 

pregnenolone (Vallée et al., 2014). The basis for this strategy was the development of steroid 

research, which focused on the study of steroid metabolites rather than a single steroid. 

3.3. From a single steroid to a metabolic profile: benefiting from technological 

advances 

The concept that individuals might have a "metabolic profile" in their biological fluids was 

first introduced in the 1940s and then demonstrated in the 1970s by measuring compounds 

present in human urine and tissues (Novotny et al., 2008). Subsequently, the importance of 

metabolomics in determining changes in the brain profile of steroid metabolites in health and 

disease was emphasized (Griffiths and Wang, 2009; Melcangi et al., 2008). Metabolomics 

aims to identify and quantify a wide range of molecules (<1000 Da) in a sample. The classical 

steroid assay methods using immunoassays (IA), such as radioimmunoassay (RIA) and 

enzyme-linked immunosorbent assay (ELISA) techniques, which are based on antibody-

protein recognition, have some limitations for the quantification of steroid metabolites 

(Matias et al., 2023). First, ligand-binding assays are not available for all steroids. Second, 

when available, the antigen-antibody reaction presents a potential crossover between similar 

molecules, which in many cases reduces specificity and interassay reproducibility and leads to 
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potential false-positive results (Kaleta et al., 2021; Krassowski et al., 2020; Saitman et al., 

2014). The existence of steroid isomers with the same chemical structure but a different 

spatial conformation, which may act differently and be involved in different functions, makes 

them difficult to identify using AI methods. For example, we and others have reported that 

PREG-S and its 3α-isomer affect adult rodent memory differently (Akwa et al., 2001; M. 

Vallée et al., 2001b; Vallée et al., 2003). In addition, endogenous allopregnanolone isomers 

(at the C-3 and/or C-5 positions) may differ in their effects on the GABAA receptor and 

related functions (Tateiwa et al., 2023; Wang, 2011). Finally, because IAs primarily target 

one biomolecule, there is a lack of information on related metabolites that may have different 

molecular and/or cellular targets than the molecule of interest. Consequently, the IA 

methodology does not support the evaluation of steroid pathways and networks in the same 

sample (Figure 2). 

To overcome these challenges, mass spectrometry (MS)-based technologies have been 

developed and have challenged the field of analytical chemistry, to become an essential tool 

in metabolomics (Alseekh et al., 2021; Audano et al., 2021). The main advantages of MS 

techniques include the assessment of multiple molecules in a single biological sample during 

the same analytical run, allowing the assessment of a whole panel of compounds and pathway 

mapping (Figure 2). In addition, chromatographic separation, using gas chromatography and, 

increasingly, liquid chromatography coupled with MS, provides separation for the detection 

and measurement of similar molecules, such as isomers (Yu and Yao, 2017). Another 

advantage of this analytical technique is the use of internal standards, which provide high 

validity in terms of accuracy, precision and reproducibility (Duncan, 2017). Recently, 

advances in MS method development, such as tandem MS, have provided higher specificity 

along with improved sensitivity and specificity (Seger and Salzmann, 2020). 
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Advanced quantification methods have now been developed in several laboratories using 

state-of-the-art mass spectrometry coupled to chromatography methods, which allow the 

measurement of low concentrations of numerous steroids and metabolites (steroidome) in 

individual biological samples extracted from small rodent brain regions (Caruso et al., 2008; 

Concas et al., 2000; George et al., 2010; Griffiths and Wang, 2009; Higashi et al., 2005; Liere 

et al., 2023, 2017, 2000; Liu et al., 2003; Maldonado-Devincci et al., 2014a, 2014b; Marx et 

al., 2006b, 2006a; Marx et al., 2003; O’Dell et al., 2004; Park et al., 2017; Porcu et al., 2003; 

Uzunov et al., 1996; Vallée et al., 2014, 2000) and in human plasma, serum or cerebrospinal 

fluid (Caruso et al., 2015; George et al., 1994; Marx et al., 2006; Melcangi et al., 2013; 

Rasmusson et al., 2006; Ritsner et al., 2007, 2010; Romeo et al., 1996; Shibayama et al., 

2009; Uzunova et al., 1998; Weill-Engerer et al., 2002). 

3.4. Application of metabolomics in prognosis and medical diagnosis 

Over the past decade, numerous reviews have been published on metabolomics for clinical 

purposes, and metabolomics has been described as the "stethoscope for the 21st century" 

(Ashrafian et al., 2021). Metabolic profiling is emerging as an advanced diagnostic technique 

that analyses the presence/absence of endogenous or exogenous molecules, as well as 

variations in metabolite levels due to phenotypic changes and/or environmental factors that 

may indicate the onset or presence of disease. In addition, this approach would allow the 

identification of metabolic fingerprints rather than a single metabolic biomarker, leading to 

the discovery of biomarkers predictive of therapeutic response. Thus, comparative profiling 

analyses between health and disease states may reveal biomarkers as indicators of biological 

changes. Furthermore, this metabolomics approach has recently been extended to the 

assessment of target and non-target metabolites, corresponding to a priori known and 

unknown endogenous molecules, respectively, which may allow for better disease diagnosis 

(Matias et al., 2023; Sharp et al., 2018).  
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4. Conclusion and perspectives 

Advances in neuroendocrinology have been made possible by broadening our view of the 

regulatory loops between endogenous mediators, considering the brain first as a gateway and 

then as a key mediator. Indeed, a better understanding of steroid research has allowed us to 

elucidate additional sites of steroid production, including the brain, and new molecular targets 

involved in maintaining homeostasis in health and disease. This has recently been illustrated 

by neuromodulation through the interaction of pregnenolone with the CB1 receptor, which 

has led to innovative therapeutic beliefs in cannabis addiction and cannabis use disorders. 

In addition, technological advances in mass spectrometry approaches are enabling the 

emergence of translational metabolomics, which offers a promising bridge between research 

laboratory data and clinical therapeutic applications.  



28 
 

Acknowledgments 

This work was supported by INSERM, CNRS, University of Bordeaux, France, and by the 

Grant/Award Number: ANR-22-CE16-0017, PREGNENOID. 

References 

Agis-Balboa, R.C., Pinna, G., Zhubi, A., Maloku, E., Veldic, M., Costa, E., Guidotti, A., 2006. 

Characterization of brain neurons that express enzymes mediating neurosteroid biosynthesis. 

Proceedings of the National Academy of Sciences 103, 14602–14607. 

https://doi.org/10.1073/pnas.0606544103 

Akwa, Y., Ladurelle, N., Covey, D.F., Baulieu, E.E., 2001. The synthetic enantiomer of pregnenolone 

sulfate is very active on memory in rats and mice, even more so than its physiological neurosteroid 

counterpart: distinct mechanisms? Proc Natl Acad Sci U S A 98, 14033–14037. 

https://doi.org/10.1073/pnas.241503698 

Akwa, Y., Morfin, R.F., Robel, P., Baulieu, E.E., 1992. Neurosteroid metabolism. 7 alpha-Hydroxylation 

of dehydroepiandrosterone and pregnenolone by rat brain microsomes. Biochem J 288 ( Pt 3), 959–

964. https://doi.org/10.1042/bj2880959 

Akwa, Y., Sananès, N., Gouézou, M., Robel, P., Baulieu, E.E., Le Goascogne, C., 1993. Astrocytes and 

neurosteroids: metabolism of pregnenolone and dehydroepiandrosterone. Regulation by cell density. 

J Cell Biol 121, 135–143. https://doi.org/10.1083/jcb.121.1.135 

Alomary, A.A., Fitzgerald, R.L., Purdy, R.H., 2001. Neurosteroid analysis. Int Rev Neurobiol 46, 97–

115. https://doi.org/10.1016/s0074-7742(01)46060-0 

Alomary, A.A., Vallée, M., O’Dell, L.E., Koob, G.F., Purdy, R.H., Fitzgerald, R.L., 2003. Acutely 

administered ethanol participates in testosterone synthesis and increases testosterone in rat brain. 

Alcohol Clin Exp Res 27, 38–43. https://doi.org/10.1097/01.ALC.0000047304.28550.4F 

Alseekh, S., Aharoni, A., Brotman, Y., Contrepois, K., D’Auria, J., Ewald, J., C Ewald, J., Fraser, P.D., 

Giavalisco, P., Hall, R.D., Heinemann, M., Link, H., Luo, J., Neumann, S., Nielsen, J., Perez de Souza, L., 

Saito, K., Sauer, U., Schroeder, F.C., Schuster, S., Siuzdak, G., Skirycz, A., Sumner, L.W., Snyder, M.P., 

Tang, H., Tohge, T., Wang, Y., Wen, W., Wu, S., Xu, G., Zamboni, N., Fernie, A.R., 2021. Mass 

spectrometry-based metabolomics: a guide for annotation, quantification and best reporting 

practices. Nat Methods 18, 747–756. https://doi.org/10.1038/s41592-021-01197-1 

Alsop, R.J., Khondker, A., Hub, J.S., Rheinstädter, M.C., 2016. The Lipid Bilayer Provides a Site for 

Cortisone Crystallization at High Cortisone Concentrations. Sci Rep 6, 22425. 

https://doi.org/10.1038/srep22425 

Ashrafian, H., Sounderajah, V., Glen, R., Ebbels, T., Blaise, B.J., Kalra, D., Kultima, K., Spjuth, O., 

Tenori, L., Salek, R.M., Kale, N., Haug, K., Schober, D., Rocca-Serra, P., O’Donovan, C., Steinbeck, C., 

Cano, I., de Atauri, P., Cascante, M., 2021. Metabolomics: The Stethoscope for the Twenty-First 

Century. Med Princ Pract 30, 301–310. https://doi.org/10.1159/000513545 

Atkovska, K., Klingler, J., Oberwinkler, J., Keller, S., Hub, J.S., 2018. Rationalizing Steroid Interactions 

with Lipid Membranes: Conformations, Partitioning, and Kinetics. ACS Cent Sci 4, 1155–1165. 

https://doi.org/10.1021/acscentsci.8b00332 



29 
 

Audano, M., Pedretti, S., Ligorio, S., Giavarini, F., Caruso, D., Mitro, N., 2021. Investigating 

metabolism by mass spectrometry: From steady state to dynamic view. J Mass Spectrom 56, e4658. 

https://doi.org/10.1002/jms.4658 

Barabás, K., Godó, S., Lengyel, F., Ernszt, D., Pál, J., Ábrahám, I.M., 2018. Rapid non-classical effects of 

steroids on the membrane receptor dynamics and downstream signaling in neurons. Horm Behav 

104, 183–191. https://doi.org/10.1016/j.yhbeh.2018.05.008 

Barbaccia, M.L., Serra, M., Purdy, R.H., Biggio, G., 2001. Stress and neuroactive steroids. Int Rev 

Neurobiol 46, 243–272. https://doi.org/10.1016/s0074-7742(01)46065-x 

Barbiero, I., Bianchi, M., Kilstrup-Nielsen, C., 2022. Therapeutic potential of pregnenolone and 

pregnenolone methyl ether on depressive and CDKL5 deficiency disorders: Focus on microtubule 

targeting. J Neuroendocrinol 34, e13033. https://doi.org/10.1111/jne.13033 

Bassi, G., Sidhu, S.K., Mishra, S., 2021. The Expanding Role of Mitochondria, Autophagy and 

Lipophagy in Steroidogenesis. Cells 10, 1851. https://doi.org/10.3390/cells10081851 

Baulieu, E.E., 1997. Neurosteroids: of the nervous system, by the nervous system, for the nervous 

system. Recent Prog Horm Res 52, 1–32. 

Baulieu, E.E., Robel, P., Schumacher, M., 2001. Neurosteroids: Beginning of the story, in: 

International Review of Neurobiology. Elsevier, pp. 1–32. https://doi.org/10.1016/S0074-

7742(01)46057-0 

Beato, M., Chávez, S., Truss, M., 1996. Transcriptional regulation by steroid hormones. Steroids 61, 

240–251. https://doi.org/10.1016/0039-128x(96)00030-x 

Bélanger, C., Luu-The, V., Dupont, P., Tchernof, A., 2002. Adipose tissue intracrinology: potential 

importance of local androgen/estrogen metabolism in the regulation of adiposity. Horm Metab Res 

34, 737–745. https://doi.org/10.1055/s-2002-38265 

Belelli, D., Casula, A., Ling, A., Lambert, J.J., 2002. The influence of subunit composition on the 

interaction of neurosteroids with GABA(A) receptors. Neuropharmacology 43, 651–661. 

https://doi.org/10.1016/s0028-3908(02)00172-7 

Belelli, D., Lambert, J.J., 2005. Neurosteroids: endogenous regulators of the GABA(A) receptor. Nat 

Rev Neurosci 6, 565–575. https://doi.org/10.1038/nrn1703 

Belelli, D., Phillips, G.D., Atack, J.R., Lambert, J.J., 2022. Relating neurosteroid modulation of 

inhibitory neurotransmission to behaviour. J Neuroendocrinol 34, e13045. 

https://doi.org/10.1111/jne.13045 

Bianchi, M., Baulieu, E.-E., 2012. 3β-Methoxy-pregnenolone (MAP4343) as an innovative therapeutic 

approach for depressive disorders. Proc Natl Acad Sci U S A 109, 1713–1718. 

https://doi.org/10.1073/pnas.1121485109 

Billman, G.E., 2020. Homeostasis: The Underappreciated and Far Too Often Ignored Central 

Organizing Principle of Physiology. Front Physiol 11, 200. https://doi.org/10.3389/fphys.2020.00200 

Björkhem, I., Meaney, S., 2004. Brain cholesterol: long secret life behind a barrier. Arterioscler 

Thromb Vasc Biol 24, 806–815. https://doi.org/10.1161/01.ATV.0000120374.59826.1b 



30 
 

Bockaert, J., 2012. [G-protein coupled receptors. Nobel Prize 2012 for chemistry to Robert J. 

Lefkowitz and Brian Kobilka]. Med Sci (Paris) 28, 1133–1137. 

https://doi.org/10.1051/medsci/20122812026 

Bouguen, G., Dubuquoy, L., Desreumaux, P., Brunner, T., Bertin, B., 2015. Intestinal steroidogenesis. 

Steroids 103, 64–71. https://doi.org/10.1016/j.steroids.2014.12.022 

Breathnach, C.S., Moynihan, J.B., 2013. First ladies in laying the foundation of neuroendocrinology. Ir 

J Med Sci 182, 143–147. https://doi.org/10.1007/s11845-012-0830-9 

Brot, M.D., Akwa, Y., Purdy, R.H., Koob, G.F., Britton, K.T., 1997. The anxiolytic-like effects of the 

neurosteroid allopregnanolone: interactions with GABA(A) receptors. Eur J Pharmacol 325, 1–7. 

https://doi.org/10.1016/s0014-2999(97)00096-4 

Brown, R.C., Cascio, C., Papadopoulos, V., 2000. Pathways of neurosteroid biosynthesis in cell lines 

from human brain: regulation of dehydroepiandrosterone formation by oxidative stress and beta-

amyloid peptide. J Neurochem 74, 847–859. https://doi.org/10.1046/j.1471-4159.2000.740847.x 

Busquets-Garcia, A., Soria-Gómez, E., Redon, B., Mackenbach, Y., Vallée, M., Chaouloff, F., Varilh, M., 

Ferreira, G., Piazza, P.-V., Marsicano, G., 2017. Pregnenolone blocks cannabinoid-induced acute 

psychotic-like states in mice. Mol Psychiatry 22, 1594–1603. https://doi.org/10.1038/mp.2017.4 

Byeon, H.R., Lee, S.-H., 2016. Expression of Steroidogenesis-related Genes in Rat Adipose Tissues. 

Development & Reproduction 20, 197–205. https://doi.org/10.12717/DR.2016.20.3.197 

Cameron, K., Bartle, E., Roark, R., Fanelli, D., Pham, M., Pollard, B., Borkowski, B., Rhoads, S., Kim, J., 

Rocha, M., Kahlson, M., Kangala, M., Gentile, L., 2012. Neurosteroid binding to the amino terminal 

and glutamate binding domains of ionotropic glutamate receptors. Steroids 77, 774–779. 

https://doi.org/10.1016/j.steroids.2012.03.011 

Cannon, W.B., 1939. The Wisdom of the Body. W.W. Norton, Incorporated. 

Caruso, D., Abbiati, F., Giatti, S., Romano, S., Fusco, L., Cavaletti, G., Melcangi, R.C., 2015. Patients 

treated for male pattern hair with finasteride show, after discontinuation of the drug, altered levels 

of neuroactive steroids in cerebrospinal fluid and plasma. J Steroid Biochem Mol Biol 146, 74–79. 

https://doi.org/10.1016/j.jsbmb.2014.03.012 

Caruso, D., Scurati, S., Maschi, O., De Angelis, L., Roglio, I., Giatti, S., Garcia-Segura, L.M., Melcangi, 

R.C., 2008. Evaluation of neuroactive steroid levels by liquid chromatography-tandem mass 

spectrometry in central and peripheral nervous system: effect of diabetes. Neurochem Int 52, 560–

568. https://doi.org/10.1016/j.neuint.2007.06.004 

Cascio, C., Brown, R.C., Liu, Y., Han, Z., Hales, D.B., Papadopoulos, V., 2000. Pathways of 

dehydroepiandrosterone formation in rat brain glia. The Journal of Steroid Biochemistry and 

Molecular Biology 75, 177–186. https://doi.org/10.1016/S0960-0760(00)00163-1 

Cascio, C., Deidda, I., Russo, D., Guarneri, P., 2015. The estrogenic retina: The potential contribution 

to healthy aging and age-related neurodegenerative diseases of the retina. Steroids 103, 31–41. 

https://doi.org/10.1016/j.steroids.2015.08.002 

Chung, B.C., Matteson, K.J., Voutilainen, R., Mohandas, T.K., Miller, W.L., 1986. Human cholesterol 

side-chain cleavage enzyme, P450scc: cDNA cloning, assignment of the gene to chromosome 15, and 

expression in the placenta. Proc Natl Acad Sci U S A 83, 8962–8966. 

https://doi.org/10.1073/pnas.83.23.8962 



31 
 

Clark, M., Guarnieri, F., Shkurko, I., Wiseman, J., 2006. Grand Canonical Monte Carlo Simulation of 

Ligand−Protein Binding. J. Chem. Inf. Model. 46, 231–242. https://doi.org/10.1021/ci050268f 

Coen, C.W., 2015. 60 YEARS OF NEUROENDOCRINOLOGY: Celebrating the brain’s other output-input 

system and the monograph that defined neuroendocrinology. J Endocrinol 226, E3-6. 

https://doi.org/10.1530/JOE-15-0251 

Colciago, A., Bonalume, V., Melfi, V., Magnaghi, V., 2020. Genomic and Non-genomic Action of 

Neurosteroids in the Peripheral Nervous System. Front Neurosci 14, 796. 

https://doi.org/10.3389/fnins.2020.00796 

Cole, T.J., Short, K.L., Hooper, S.B., 2019. The science of steroids. Semin Fetal Neonatal Med 24, 170–

175. https://doi.org/10.1016/j.siny.2019.05.005 

Compagnone, N.A., Mellon, S.H., 2000. Neurosteroids: Biosynthesis and Function of These Novel 

Neuromodulators. Frontiers in Neuroendocrinology 21, 1–56. 

https://doi.org/10.1006/frne.1999.0188 

Concas, A., Porcu, P., Sogliano, C., Serra, M., Purdy, R.H., Biggio, G., 2000. Caffeine-induced increases 

in the brain and plasma concentrations of neuroactive steroids in the rat. Pharmacol Biochem Behav 

66, 39–45. https://doi.org/10.1016/s0091-3057(00)00237-9 

Conde, C., Cáceres, A., 2009. Microtubule assembly, organization and dynamics in axons and 

dendrites. Nat Rev Neurosci 10, 319–332. https://doi.org/10.1038/nrn2631 

Connan-Perrot, S., Léger, T., Lelandais, P., Desdoits-Lethimonier, C., David, A., Fowler, P.A., Mazaud-

Guittot, S., 2021. Six Decades of Research on Human Fetal Gonadal Steroids. Int J Mol Sci 22, 6681. 

https://doi.org/10.3390/ijms22136681 

Cooper, S.J., 2008. From Claude Bernard to Walter Cannon. Emergence of the concept of 

homeostasis. Appetite 51, 419–427. https://doi.org/10.1016/j.appet.2008.06.005 

Corpéchot, C., Robel, P., Axelson, M., Sjövall, J., Baulieu, E.E., 1981. Characterization and 

measurement of dehydroepiandrosterone sulfate in rat brain. Proc Natl Acad Sci U S A 78, 4704–

4707. https://doi.org/10.1073/pnas.78.8.4704 

Crowley, J., Withana, M., Deplazes, E., 2022. The interaction of steroids with phospholipid bilayers 

and membranes. Biophys Rev 14, 163–179. https://doi.org/10.1007/s12551-021-00918-2 

Daftary, S., Yon, J.-M., Choi, E.-K., Kim, Y.-B., Bice, C., Kulikova, A., Park, J., Sherwood Brown, E., 2017. 

Microtubule associated protein 2 in bipolar depression: Impact of pregnenolone. J Affect Disord 218, 

49–52. https://doi.org/10.1016/j.jad.2017.04.024 

Diviccaro, S., FitzGerald, J.A., Cioffi, L., Falvo, E., Crispie, F., Cotter, P.D., O’Mahony, S.M., Giatti, S., 

Caruso, D., Melcangi, R.C., 2022. Gut Steroids and Microbiota: Effect of Gonadectomy and Sex. 

Biomolecules 12, 767. https://doi.org/10.3390/biom12060767 

Diviccaro, S., Giatti, S., Borgo, F., Falvo, E., Caruso, D., Garcia-Segura, L.M., Melcangi, R.C., 2020. 

Steroidogenic machinery in the adult rat colon. J Steroid Biochem Mol Biol 203, 105732. 

https://doi.org/10.1016/j.jsbmb.2020.105732 

Duchossoy, Y., David, S., Baulieu, E.E., Robel, P., 2011. Treatment of experimental spinal cord injury 

with 3β-methoxy-pregnenolone. Brain Res 1403, 57–66. 

https://doi.org/10.1016/j.brainres.2011.05.065 



32 
 

Duncan, M.W., 2017. Primary Considerations in Quantitative Mass Spectrometry, in: Molecular 

Technologies for Detection of Chemical and Biological Agents, NATO Science for Peace and Security 

Series A: Chemistry and Biology. Springer Netherlands, Dordrecht, pp. 103–113. 

https://doi.org/10.1007/978-94-024-1113-3_6 

El Chemali, L., Akwa, Y., Massaad-Massade, L., 2022. The mitochondrial translocator protein (TSPO): a 

key multifunctional molecule in the nervous system. Biochem J 479, 1455–1466. 

https://doi.org/10.1042/BCJ20220050 

Elustondo, P., Martin, L.A., Karten, B., 2017. Mitochondrial cholesterol import. Biochimica et 

Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1862, 90–101. 

https://doi.org/10.1016/j.bbalip.2016.08.012 

Eser, D., Baghai, T., Schule, C., Nothdurfter, C., Rupprecht, R., 2008. Neuroactive Steroids as 

Endogenous Modulators of Anxiety. CPD 14, 3525–3533. 

https://doi.org/10.2174/138161208786848838 

Evans, R.M., 1988. The steroid and thyroid hormone receptor superfamily. Science 240, 889–895. 

https://doi.org/10.1126/science.3283939 

Everitt, B.J., Meister, B., Hökfelt, T., Melander, T., Terenius, L., Rökaeus, A., Theodorsson-Norheim, E., 

Dockray, G., Edwardson, J., Cuello, C., 1986. The hypothalamic arcuate nucleus-median eminence 

complex: immunohistochemistry of transmitters, peptides and DARPP-32 with special reference to 

coexistence in dopamine neurons. Brain Res 396, 97–155. https://doi.org/10.1016/s0006-

8993(86)80192-5 

Fink, G., 2015. 60 YEARS OF NEUROENDOCRINOLOGY: MEMOIR: Harris’ neuroendocrine revolution: 

of portal vessels and self-priming. J Endocrinol 226, T13-24. https://doi.org/10.1530/JOE-15-0130 

Flood, J.F., Morley, J.E., Roberts, E., 1992. Memory-enhancing effects in male mice of pregnenolone 

and steroids metabolically derived from it. Proc Natl Acad Sci U S A 89, 1567–1571. 

https://doi.org/10.1073/pnas.89.5.1567 

Fontaine-Lenoir, V., Chambraud, B., Fellous, A., David, S., Duchossoy, Y., Baulieu, E.-E., Robel, P., 

2006. Microtubule-associated protein 2 (MAP2) is a neurosteroid receptor. Proc Natl Acad Sci U S A 

103, 4711–4716. https://doi.org/10.1073/pnas.0600113103 

Foster, P.A., Mueller, J.W., 2018. SULFATION PATHWAYS: Insights into steroid sulfation and 

desulfation pathways. J Mol Endocrinol 61, T271–T283. https://doi.org/10.1530/JME-18-0086 

Fuda, H., Lee, Y.C., Shimizu, C., Javitt, N.B., Strott, C.A., 2002. Mutational analysis of human 

hydroxysteroid sulfotransferase SULT2B1 isoforms reveals that exon 1B of the SULT2B1 gene 

produces cholesterol sulfotransferase, whereas exon 1A yields pregnenolone sulfotransferase. J Biol 

Chem 277, 36161–36166. https://doi.org/10.1074/jbc.M207165200 

George, M.S., Guidotti, A., Rubinow, D., Pan, B., Mikalauskas, K., Post, R.M., 1994. CSF neuroactive 

steroids in affective disorders: pregnenolone, progesterone, and DBI. Biol Psychiatry 35, 775–780. 

https://doi.org/10.1016/0006-3223(94)91139-8 

George, O., Vallée, M., Vitiello, S., Le Moal, M., Piazza, P.-V., Mayo, W., 2010. Low Brain 

Allopregnanolone Levels Mediate Flattened Circadian Activity Associated with Memory Impairments 

in Aged Rats. Biological Psychiatry 68, 956–963. https://doi.org/10.1016/j.biopsych.2010.03.022 



33 
 

Georges, E., Sottas, C., Li, Y., Papadopoulos, V., 2021. Direct and specific binding of cholesterol to the 

mitochondrial translocator protein (TSPO) using PhotoClick cholesterol analogue. J Biochem 170, 

239–243. https://doi.org/10.1093/jb/mvab031 

Giatti, S., Garcia-Segura, L.M., Melcangi, R.C., 2015. New steps forward in the neuroactive steroid 

field. J Steroid Biochem Mol Biol 153, 127–134. https://doi.org/10.1016/j.jsbmb.2015.03.002 

Gibbs, T.T., Russek, S.J., Farb, D.H., 2006. Sulfated steroids as endogenous neuromodulators. 

Pharmacol Biochem Behav 84, 555–567. https://doi.org/10.1016/j.pbb.2006.07.031 

Griffiths, W.J., Wang, Y., 2009. Analysis of neurosterols by GC-MS and LC-MS/MS. J Chromatogr B 

Analyt Technol Biomed Life Sci 877, 2778–2805. https://doi.org/10.1016/j.jchromb.2009.05.017 

Guennoun, R., 2020. Progesterone in the Brain: Hormone, Neurosteroid and Neuroprotectant. IJMS 

21, 5271. https://doi.org/10.3390/ijms21155271 

Guennoun, R., Fiddes, R.J., Gouézou, M., Lombès, M., Baulieu, E.E., 1995. A key enzyme in the 

biosynthesis of neurosteroids, 3 beta-hydroxysteroid dehydrogenase/delta 5-delta 4-isomerase (3 

beta-HSD), is expressed in rat brain. Brain Res Mol Brain Res 30, 287–300. 

https://doi.org/10.1016/0169-328x(95)00016-l 

Guillemin, R., Rosenberg, B., 1955. Humoral hypothalamic control of anterior pituitary: a study with 

combined tissue cultures. Endocrinology 57, 599–607. https://doi.org/10.1210/endo-57-5-599 

Guth, L., Zhang, Z., Roberts, E., 1994. Key role for pregnenolone in combination therapy that 

promotes recovery after spinal cord injury. Proc Natl Acad Sci U S A 91, 12308–12312. 

https://doi.org/10.1073/pnas.91.25.12308 

Hamasaki, M., Matsumura, S., Satou, A., Takahashi, C., Oda, Y., Higashiura, C., Ishihama, Y., 

Toyoshima, F., 2014. Pregnenolone functions in centriole cohesion during mitosis. Chem Biol 21, 

1707–1721. https://doi.org/10.1016/j.chembiol.2014.11.005 

Haney, M., Vallée, M., Fabre, S., Collins Reed, S., Zanese, M., Campistron, G., Arout, C.A., Foltin, R.W., 

Cooper, Z.D., Kearney-Ramos, T., Metna, M., Justinova, Z., Schindler, C., Hebert-Chatelain, E., 

Bellocchio, L., Cathala, A., Bari, A., Serrat, R., Finlay, D.B., Caraci, F., Redon, B., Martín-García, E., 

Busquets-Garcia, A., Matias, I., Levin, F.R., Felpin, F.-X., Simon, N., Cota, D., Spampinato, U., 

Maldonado, R., Shaham, Y., Glass, M., Thomsen, L.L., Mengel, H., Marsicano, G., Monlezun, S., 

Revest, J.-M., Piazza, P.V., 2023. Signaling-specific inhibition of the CB1 receptor for cannabis use 

disorder: phase 1 and phase 2a randomized trials. Nat Med 29, 1487–1499. 

https://doi.org/10.1038/s41591-023-02381-w 

Hannen, R.F., Michael, A.E., Jaulim, A., Bhogal, R., Burrin, J.M., Philpott, M.P., 2011. Steroid synthesis 

by primary human keratinocytes; implications for skin disease. Biochem Biophys Res Commun 404, 

62–67. https://doi.org/10.1016/j.bbrc.2010.11.059 

Harris, G.W., 1972. Humours and hormones. J Endocrinol 53, 2–23. 

Harris, G.W., 1955. Neural control of the pituitary gland, Monographs of the Physiological Society. 

Eward Arnold (Publishers) LTD, London. 

Hausch, F., Holsboer, F., 2012. The seven pillars of molecular pharmacology: GPCR research honored 

with Nobel Prize for chemistry. Angew Chem Int Ed Engl 51, 12172–12175. 

https://doi.org/10.1002/anie.201208565 



34 
 

Hayashi, T., 2015. Sigma-1 receptor: the novel intracellular target of neuropsychotherapeutic drugs. J 

Pharmacol Sci 127, 2–5. https://doi.org/10.1016/j.jphs.2014.07.001 

Higashi, T., Daifu, Y., Ikeshima, T., Yagi, T., Shimada, K., 2003a. Studies on neurosteroids XV. 

Development of enzyme-linked immunosorbent assay for examining whether pregnenolone sulfate is 

a veritable neurosteroid. J Pharm Biomed Anal 30, 1907–1917. https://doi.org/10.1016/s0731-

7085(02)00534-4 

Higashi, T., Sugitani, H., Yagi, T., Shimada, K., 2003b. Studies on Neurosteroids XVI. Levels of 

Pregnenolone Sulfate in Rat Brains Determined by Enzyme-linked Immunosorbent Assay Not 

Requiring Solvolysis. Biological & Pharmaceutical Bulletin 26, 709–711. 

https://doi.org/10.1248/bpb.26.709 

Higashi, T., Takido, N., Shimada, K., 2005. Studies on neurosteroids XVII. Analysis of stress-induced 

changes in neurosteroid levels in rat brains using liquid chromatography-electron capture 

atmospheric pressure chemical ionization-mass spectrometry. Steroids 70, 1–11. 

https://doi.org/10.1016/j.steroids.2004.08.001 

Hojo, Y., Hattori, T. -a., Enami, T., Furukawa, A., Suzuki, K., Ishii, H. -t., Mukai, H., Morrison, J.H., 

Janssen, W.G.M., Kominami, S., Harada, N., Kimoto, T., Kawato, S., 2004. Adult male rat hippocampus 

synthesizes estradiol from pregnenolone by cytochromes P45017 and P450 aromatase localized in 

neurons. Proceedings of the National Academy of Sciences 101, 865–870. 

https://doi.org/10.1073/pnas.2630225100 

Hökfelt, T., Everitt, B., Meister, B., Melander, T., Schalling, M., Johansson, O., Lundberg, J.M., Hulting, 

A.L., Werner, S., Cuello, C., 1986. Neurons with multiple messengers with special reference in 

neuroendocrine systems. Recent Prog Horm Res 42, 1–70. https://doi.org/10.1016/b978-0-12-

571142-5.50005-7 

Hosie, A.M., Wilkins, M.E., da Silva, H.M.A., Smart, T.G., 2006. Endogenous neurosteroids regulate 

GABAA receptors through two discrete transmembrane sites. Nature 444, 486–489. 

https://doi.org/10.1038/nature05324 

Howlett, A.C., Bidaut-Russell, M., Devane, W.A., Melvin, L.S., Johnson, M.R., Herkenham, M., 1990. 

The cannabinoid receptor: biochemical, anatomical and behavioral characterization. Trends Neurosci 

13, 420–423. https://doi.org/10.1016/0166-2236(90)90124-s 

Irwin, P., Rogawski, A., Purdy, H., 1994. and Inhibition of N-Methyl-D-Aspartate Intracellular Ca 

Responses: Structure- 271, 6. 

Isaacson, R.L., Yoder, P.E., Varner, J., 1994. The effects of pregnenolone on acquisition and retention 

of a food search task. Behavioral and Neural Biology 61, 170–176. https://doi.org/10.1016/S0163-

1047(05)80071-8 

Ito, J., Yokoyama, S., 2003. Roles of glia cells in cholesterol homeostasis in the brain, in: Advances in 

Molecular and Cell Biology. Elsevier, pp. 519–534. https://doi.org/10.1016/S1569-2558(03)31023-9 

Ivanisevic, J., Epstein, A.A., Kurczy, M.E., Benton, P.H., Uritboonthai, W., Fox, H.S., Boska, M.D., 

Gendelman, H.E., Siuzdak, G., 2014. Brain region mapping using global metabolomics. Chem Biol 21, 

1575–1584. https://doi.org/10.1016/j.chembiol.2014.09.016 



35 
 

Jackson, M., 2014. Evaluating the Role of Hans Selye in the Modern History of Stress, in: Cantor, D., 

Ramsden, E. (Eds.), Stress, Shock, and Adaptation in the Twentieth Century, Wellcome Trust–Funded 

Monographs and Book Chapters. University of Rochester Press, Rochester (NY). 

Jacobson, B., 1975. , in: Neurosecretion and Its Role in Neurocrine Regulation. Meites J, Donovan BT, 

McCann SM (eds) Pioneers in Neuroendocrinology. Plenum Press, New York, pp. 257–265. 

Jaliffa, C.O., Howard, S., Hoijman, E., Salido, E., Sarmiento, M.I.K., Arias, P., Rosenstein, R.E., 2005. 

Effect of neurosteroids on the retinal gabaergic system and electroretinographic activity in the 

golden hamster. J Neurochem 94, 1666–1675. https://doi.org/10.1111/j.1471-4159.2005.03321.x 

Jeske, D.J., Dietschy, J.M., 1980. Regulation of rates of cholesterol synthesis in vivo in the liver and 

carcass of the rat measured using [3H]water. J Lipid Res 21, 364–376. 

Kaleta, M., Oklestkova, J., Novák, O., Strnad, M., 2021. Analytical Methods for the Determination of 

Neuroactive Steroids. Biomolecules 11, 553. https://doi.org/10.3390/biom11040553 

Kawato, S., Yamada, M., Kimoto, T., 2003. Brain neurosteroids are 4th generation neuromessengers 

in the brain: cell biophysical analysis of steroid signal transduction. Adv Biophys 37, 1–48. 

https://doi.org/10.1016/s0065-227x(03)80002-3 

Khisti, R.T., Chopde, C.T., Jain, S.P., 2000. Antidepressant-like effect of the neurosteroid 3alpha-

hydroxy-5alpha-pregnan-20-one in mice forced swim test. Pharmacol Biochem Behav 67, 137–143. 

https://doi.org/10.1016/s0091-3057(00)00300-2 

Khondker, A., Hub, J.S., Rheinstädter, M.C., 2019. Steroid-steroid interactions in biological 

membranes: Cholesterol and cortisone. Chem Phys Lipids 221, 193–197. 

https://doi.org/10.1016/j.chemphyslip.2019.04.003 

Kimoto, T., Tsurugizawa, T., Ohta, Y., Makino, J., Tamura Ho, Hojo, Y., Takata, N., Kawato, S., 2001. 

Neurosteroid synthesis by cytochrome p450-containing systems localized in the rat brain 

hippocampal neurons: N-methyl-D-aspartate and calcium-dependent synthesis. Endocrinology 142, 

3578–3589. https://doi.org/10.1210/endo.142.8.8327 

King, S.R., Manna, P.R., Ishii, T., Syapin, P.J., Ginsberg, S.D., Wilson, K., Walsh, L.P., Parker, K.L., 

Stocco, D.M., Smith, R.G., Lamb, D.J., 2002. An Essential Component in Steroid Synthesis, the 

Steroidogenic Acute Regulatory Protein, Is Expressed in Discrete Regions of the Brain. J. Neurosci. 22, 

10613–10620. https://doi.org/10.1523/JNEUROSCI.22-24-10613.2002 

Kraemer, F.B., Shen, W.-J., Azhar, S., 2017. SNAREs and cholesterol movement for steroidogenesis. 

Mol Cell Endocrinol 441, 17–21. https://doi.org/10.1016/j.mce.2016.07.034 

Krassowski, M., Das, V., Sahu, S.K., Misra, B.B., 2020. State of the Field in Multi-Omics Research: From 

Computational Needs to Data Mining and Sharing. Front Genet 11, 610798. 

https://doi.org/10.3389/fgene.2020.610798 

Kreier, F., Swaab, D.F., 2010. History of neuroendocrinology: “the spring of primitive existence,” in: 

Finger, S., Boller, F., Tyler, K.L. (Eds.), Handbook of Clinical Neurology. Elsevier, Amsterdam. 

Lambert, J.J., Cooper, M.A., Simmons, R.D.J., Weir, C.J., Belelli, D., 2009. Neurosteroids: endogenous 

allosteric modulators of GABA(A) receptors. Psychoneuroendocrinology 34 Suppl 1, S48-58. 

https://doi.org/10.1016/j.psyneuen.2009.08.009 



36 
 

Le Goascogne, C., Robel, P., Gouezou, M., Sananes, N., Baulieu, E., Waterman, M., 1987. 

Neurosteroids: cytochrome P-450scc in rat brain. Science 237, 1212–1215. 

https://doi.org/10.1126/science.3306919 

Lechan, R.M., Toni, R., 2000. Functional Anatomy of the Hypothalamus and Pituitary, in: Feingold, 

K.R., Anawalt, B., Blackman, M.R., Boyce, A., Chrousos, G., Corpas, E., de Herder, W.W., Dhatariya, K., 

Dungan, K., Hofland, J., Kalra, S., Kaltsas, G., Kapoor, N., Koch, C., Kopp, P., Korbonits, M., Kovacs, 

C.S., Kuohung, W., Laferrère, B., Levy, M., McGee, E.A., McLachlan, R., New, M., Purnell, J., Sahay, R., 

Singer, F., Sperling, M.A., Stratakis, C.A., Trence, D.L., Wilson, D.P. (Eds.), Endotext. MDText.com, Inc., 

South Dartmouth (MA). 

Lejri, I., Grimm, A., Hallé, F., Abarghaz, M., Klein, C., Maitre, M., Schmitt, M., Bourguignon, J.-J., 

Mensah-Nyagan, A.G., Bihel, F., Eckert, A., 2019. TSPO Ligands Boost Mitochondrial Function and 

Pregnenolone Synthesis. JAD 72, 1045–1058. https://doi.org/10.3233/JAD-190127 

Leo, L.M., Abood, M.E., 2021. CB1 Cannabinoid Receptor Signaling and Biased Signaling. Molecules 

26, 5413. https://doi.org/10.3390/molecules26175413 

Leonelli, E., Ballabio, M., Consoli, A., Roglio, I., Magnaghi, V., Melcangi, R.C., 2006. Neuroactive 

steroids: A therapeutic approach to maintain peripheral nerve integrity during neurodegenerative 

events. J Mol Neurosci 28, 65–76. https://doi.org/10.1385/jmn:28:1:65 

Levin, E.R., Hammes, S.R., 2016. Nuclear receptors outside the nucleus: extranuclear signalling by 

steroid receptors. Nat Rev Mol Cell Biol 17, 783–797. https://doi.org/10.1038/nrm.2016.122 

Li, H., Yao, Z., Degenhardt, B., Teper, G., Papadopoulos, V., 2001. Cholesterol binding at the 

cholesterol recognition/ interaction amino acid consensus (CRAC) of the peripheral-type 

benzodiazepine receptor and inhibition of steroidogenesis by an HIV TAT-CRAC peptide. Proc Natl 

Acad Sci U S A 98, 1267–1272. https://doi.org/10.1073/pnas.98.3.1267 

Li, J., Daly, E., Campioli, E., Wabitsch, M., Papadopoulos, V., 2014. De Novo Synthesis of Steroids and 

Oxysterols in Adipocytes. Journal of Biological Chemistry 289, 747–764. 

https://doi.org/10.1074/jbc.M113.534172 

Libretti, S., Puckett, Y., 2023. Physiology, Homeostasis, in: StatPearls. StatPearls Publishing, Treasure 

Island (FL). 

Liere, P., Akwa, Y., Weill-Engerer, S., Eychenne, B., Pianos, A., Robel, P., Sjövall, J., Schumacher, M., 

Baulieu, E.-E., 2000. Validation of an analytical procedure to measure trace amounts of neurosteroids 

in brain tissue by gas chromatography–mass spectrometry. Journal of Chromatography B: Biomedical 

Sciences and Applications 739, 301–312. https://doi.org/10.1016/S0378-4347(99)00563-0 

Liere, P., Liu, G.-J., Pianos, A., Middleton, R.J., Banati, R.B., Akwa, Y., 2023. The Comprehensive 

Steroidome in Complete TSPO/PBR Knockout Mice under Basal Conditions. Int J Mol Sci 24, 2474. 

https://doi.org/10.3390/ijms24032474 

Liere, P., Pianos, A., Eychenne, B., Cambourg, A., Liu, S., Griffiths, W., Schumacher, M., Sjövall, J., 

Baulieu, E.-E., 2004. Novel lipoidal derivatives of pregnenolone and dehydroepiandrosterone and 

absence of their sulfated counterparts in rodent brain. Journal of Lipid Research 45, 2287–2302. 

https://doi.org/10.1194/jlr.M400244-JLR200 

Liere, P., Pianos, A., Oudinet, J.-P., Schumacher, M., Akwa, Y., 2017. Differential effects of the 18-kDa 

translocator protein (TSPO) ligand etifoxine on steroidogenesis in rat brain, plasma and steroidogenic 



37 
 

glands: Pharmacodynamic studies. Psychoneuroendocrinology 83, 122–134. 

https://doi.org/10.1016/j.psyneuen.2017.05.022 

Lin, Y.C., Cheung, G., Zhang, Z., Papadopoulos, V., 2023. Mitochondrial cytochrome P450 1B1 is 

involved in pregnenolone synthesis in human brain cells. J Biol Chem 299, 105035. 

https://doi.org/10.1016/j.jbc.2023.105035 

Lin, Y.C., Papadopoulos, V., 2021. Neurosteroidogenic enzymes: CYP11A1 in the central nervous 

system. Front Neuroendocrinol 62, 100925. https://doi.org/10.1016/j.yfrne.2021.100925 

Liu, S., Sjövall, J., Griffiths, W.J., 2003. Neurosteroids in Rat Brain: Extraction, Isolation, and Analysis 

by Nanoscale Liquid Chromatography−Electrospray Mass Spectrometry. Anal. Chem. 75, 5835–5846. 

https://doi.org/10.1021/ac0346297 

Longone, P., di Michele, F., D’Agati, E., Romeo, E., Pasini, A., Rupprecht, R., 2011. Neurosteroids as 

neuromodulators in the treatment of anxiety disorders. Front Endocrinol (Lausanne) 2, 55. 

https://doi.org/10.3389/fendo.2011.00055 

Lutz, B., 2020. Neurobiology of cannabinoid receptor signaling. Dialogues Clin Neurosci 22, 207–222. 

https://doi.org/10.31887/DCNS.2020.22.3/blutz 

Majewska, M.D., 1992. Neurosteroids: endogenous bimodal modulators of the GABAA receptor. 

Mechanism of action and physiological significance. Prog Neurobiol 38, 379–395. 

https://doi.org/10.1016/0301-0082(92)90025-a 

Maldonado-Devincci, A.M., Beattie, M.C., Morrow, D.H., McKinley, R.E., Cook, J.B., O’Buckley, T.K., 

Morrow, A.L., 2014a. Reduction of circulating and selective limbic brain levels of (3α,5α)-3-hydroxy-

pregnan-20-one (3α,5α-THP) following forced swim stress in C57BL/6J mice. Psychopharmacology 

(Berl) 231, 3281–3292. https://doi.org/10.1007/s00213-014-3552-z 

Maldonado-Devincci, A.M., Cook, J.B., O’Buckley, T.K., Morrow, D.H., McKinley, R.E., Lopez, M.F., 

Becker, H.C., Morrow, A.L., 2014b. Chronic intermittent ethanol exposure and withdrawal alters 

(3α,5α)-3-hydroxy-pregnan-20-one immunostaining in cortical and limbic brain regions of C57BL/6J 

mice. Alcohol Clin Exp Res 38, 2561–2571. https://doi.org/10.1111/acer.12530 

Marcu, J., Shore, D.M., Kapur, A., Trznadel, M., Makriyannis, A., Reggio, P.H., Abood, M.E., 2013. 

Novel insights into CB1 cannabinoid receptor signaling: a key interaction identified between the 

extracellular-3 loop and transmembrane helix 2. J Pharmacol Exp Ther 345, 189–197. 

https://doi.org/10.1124/jpet.112.201046 

Martín, M.G., Pfrieger, F., Dotti, C.G., 2014. Cholesterol in brain disease: sometimes determinant and 

frequently implicated. EMBO Rep 15, 1036–1052. https://doi.org/10.15252/embr.201439225 

Marwein, S., Biswal, S., Acharya, 2020. Hormones and Steroids as Neurotransmitters, in: Frontiers in 

Pharmacology of Neurotransmitters. Springer Nature. 

Marx, Christine E., Shampine, L.J., Duncan, G.E., VanDoren, M.J., Grobin, A.C., Massing, M.W., 

Madison, R.D., Bradford, D.W., Butterfield, M.I., Lieberman, J.A., Morrow, A.L., 2006a. Clozapine 

markedly elevates pregnenolone in rat hippocampus, cerebral cortex, and serum: candidate 

mechanism for superior efficacy? Pharmacol Biochem Behav 84, 598–608. 

https://doi.org/10.1016/j.pbb.2006.07.026 

Marx, Christine E., Shampine, L.J., Khisti, R.T., Trost, W.T., Bradford, D.W., Grobin, A.C., Massing, 

M.W., Madison, R.D., Butterfield, M.I., Lieberman, J.A., Morrow, A.L., 2006b. Olanzapine and 



38 
 

fluoxetine administration and coadministration increase rat hippocampal pregnenolone, 

allopregnanolone and peripheral deoxycorticosterone: implications for therapeutic actions. 

Pharmacol Biochem Behav 84, 609–617. https://doi.org/10.1016/j.pbb.2006.07.032 

Marx, Christine E, Stevens, R.D., Shampine, L.J., Uzunova, V., Trost, W.T., Butterfield, M.I., Massing, 

M.W., Hamer, R.M., Morrow, A.L., Lieberman, J.A., 2006. Neuroactive Steroids are Altered in 

Schizophrenia and Bipolar Disorder: Relevance to Pathophysiology and Therapeutics. 

Neuropsychopharmacol 31, 1249–1263. https://doi.org/10.1038/sj.npp.1300952 

Marx, C.E., VanDoren, M.J., Duncan, G.E., Lieberman, J.A., Morrow, A.L., 2003. Olanzapine and 

clozapine increase the GABAergic neuroactive steroid allopregnanolone in rodents. 

Neuropsychopharmacology 28, 1–13. https://doi.org/10.1038/sj.npp.1300015 

Mathis, C., Paul, S.M., Crawley, J.N., 1994. The neurosteroid pregnenolone sulfate blocks NMDA 

antagonist-induced deficits in a passive avoidance memory task. Psychopharmacology (Berl) 116, 

201–206. https://doi.org/10.1007/BF02245063 

Matias, I., Belluomo, I., Raux, P.-L., Vallée, M., 2023. Applied Clinical Tandem Mass Spectrometry-

Based Quantification Methods for Lipid-Derived Biomarkers, Steroids and Cannabinoids: Fit-for-

Purpose Validation Methods. Biomolecules 13, 383. https://doi.org/10.3390/biom13020383 

Maurice, T., Grégoire, C., Espallergues, J., 2006. Neuro(active)steroids actions at the 

neuromodulatory sigma1 (sigma1) receptor: biochemical and physiological evidences, consequences 

in neuroprotection. Pharmacol Biochem Behav 84, 581–597. 

https://doi.org/10.1016/j.pbb.2006.07.009 

Maurice, T., Urani, A., Phan, V.L., Romieu, P., 2001. The interaction between neuroactive steroids and 

the sigma1 receptor function: behavioral consequences and therapeutic opportunities. Brain Res 

Brain Res Rev 37, 116–132. https://doi.org/10.1016/s0165-0173(01)00112-6 

McEwen, B.S., 1991. Non-genomic and genomic effects of steroids on neural activity. Trends 

Pharmacol Sci 12, 141–147. https://doi.org/10.1016/0165-6147(91)90531-v 

Mechoulam, R., Parker, L.A., 2013. The Endocannabinoid System and the Brain. Annu. Rev. Psychol. 

64, 21–47. https://doi.org/10.1146/annurev-psych-113011-143739 

Meites, J., 1992. Short history of neuroendocrinology and the International Society of 

Neuroendocrinology. Neuroendocrinology 56, 1–10. https://doi.org/10.1159/000126201 

Melcangi, R.C., Caruso, D., Abbiati, F., Giatti, S., Calabrese, D., Piazza, F., Cavaletti, G., 2013. 

Neuroactive steroid levels are modified in cerebrospinal fluid and plasma of post-finasteride patients 

showing persistent sexual side effects and anxious/depressive symptomatology. J Sex Med 10, 2598–

2603. https://doi.org/10.1111/jsm.12269 

Melcangi, R.C., Garcia-Segura, L.M., Mensah-Nyagan, A.G., 2008. Neuroactive steroids: State of the 

art and new perspectives. Cell. Mol. Life Sci. 65, 777–797. https://doi.org/10.1007/s00018-007-7403-

5 

Melcangi, R.C., Panzica, G., Garcia-Segura, L.M., 2011. Neuroactive steroids: focus on human brain. 

Neuroscience 191, 1–5. https://doi.org/10.1016/j.neuroscience.2011.06.024 

Melcangi, R.C., Poletti, A., Cavarretta, I., Celotti, F., Colciago, A., Magnaghi, V., Motta, M., Negri-Cesi, 

P., Martini, L., 1998. The 5alpha-reductase in the central nervous system: expression and modes of 

control. J Steroid Biochem Mol Biol 65, 295–299. https://doi.org/10.1016/s0960-0760(98)00030-2 



39 
 

Melchior, C.L., Ritzmann, R.F., 1994. Pregnenolone and pregnenolone sulfate, alone and with 

ethanol, in mice on the plus-maze. Pharmacology Biochemistry and Behavior 48, 893–897. 

https://doi.org/10.1016/0091-3057(94)90197-X 

Mensah-Nyagan, A.G., Kibaly, C., Schaeffer, V., Venard, C., Meyer, L., Patte-Mensah, C., 2008. 

Endogenous steroid production in the spinal cord and potential involvement in neuropathic pain 

modulation. J Steroid Biochem Mol Biol 109, 286–293. https://doi.org/10.1016/j.jsbmb.2008.03.002 

Miller, W.L., Auchus, R.J., 2011. The Molecular Biology, Biochemistry, and Physiology of Human 

Steroidogenesis and Its Disorders. Endocr Rev 32, 81–151. https://doi.org/10.1210/er.2010-0013 

Miller, W.L., Bose, H.S., 2011. Early steps in steroidogenesis: intracellular cholesterol trafficking. J 

Lipid Res 52, 2111–2135. https://doi.org/10.1194/jlr.R016675 

Mitamura, K., Ogasawara, C., Shiozawa, A., Terayama, E., Shimada, K., 2005. Determination method 

for steroid 5alpha-reductase activity using liquid chromatography/atmospheric pressure chemical 

ionization-mass spectrometry. Anal Sci 21, 1241–1244. https://doi.org/10.2116/analsci.21.1241 

Mizota, K., Ueda, H., 2008. N-terminus of MAP2C as a neurosteroid-binding site. Neuroreport 19, 

1529–1533. https://doi.org/10.1097/WNR.0b013e328310fe97 

Modlin, I.M., Champaneria, M.C., Bornschein, J., Kidd, M., 2006. Evolution of the diffuse 

neuroendocrine system--clear cells and cloudy origins. Neuroendocrinology 84, 69–82. 

https://doi.org/10.1159/000096997 

Mohibbi, H., Qasimi, M.I., Nagaoka, K., Watanabe, G., 2017. Steroidogenic enzyme expression in 

estrogen production in the goat gastrointestinal (GI) tract and the effect of castration. The Journal of 

Veterinary Medical Science 79, 1253–1260. https://doi.org/10.1292/jvms.17-0093 

Morfin, R., Stárka, L., 2001. Neurosteroid 7-hydroxylation products in the brain, in: International 

Review of Neurobiology. Elsevier, pp. 79–95. https://doi.org/10.1016/S0074-7742(01)46059-4 

Mtchedlishvili, Z., Kapur, J., 2003. A presynaptic action of the neurosteroid pregnenolone sulfate on 

GABAergic synaptic transmission. Mol Pharmacol 64, 857–864. https://doi.org/10.1124/mol.64.4.857 

Murakami, K., Fellous, A., Baulieu, E.-E., Robel, P., 2000. Pregnenolone binds to microtubule-

associated protein 2 and stimulates microtubule assembly. Proceedings of the National Academy of 

Sciences 97, 3579–3584. https://doi.org/10.1073/pnas.97.7.3579 

Novotny, M.V., Soini, H.A., Mechref, Y., 2008. Biochemical individuality reflected in chromatographic, 

electrophoretic and mass-spectrometric profiles. J Chromatogr B Analyt Technol Biomed Life Sci 866, 

26–47. https://doi.org/10.1016/j.jchromb.2007.10.007 

Oakes, P.C., Fisahn, C., Iwanaga, J., DiLorenzo, D., Oskouian, R.J., Tubbs, R.S., 2016a. A history of the 

autonomic nervous system: part I: from Galen to Bichat. Childs Nerv Syst 32, 2303–2308. 

https://doi.org/10.1007/s00381-016-3246-4 

Oakes, P.C., Fisahn, C., Iwanaga, J., DiLorenzo, D., Oskouian, R.J., Tubbs, R.S., 2016b. A history of the 

autonomic nervous system: part II: from Reil to the modern era. Childs Nerv Syst 32, 2309–2315. 

https://doi.org/10.1007/s00381-016-3247-3 

O’Dell, L.E., Alomary, A.A., Vallée, M., Koob, G.F., Fitzgerald, R.L., Purdy, R.H., 2004. Ethanol-induced 

increases in neuroactive steroids in the rat brain and plasma are absent in adrenalectomized and 

gonadectomized rats. Eur J Pharmacol 484, 241–247. https://doi.org/10.1016/j.ejphar.2003.11.031 



40 
 

Owen, D.R., Fan, J., Campioli, E., Venugopal, S., Midzak, A., Daly, E., Harlay, A., Issop, L., Libri, V., 

Kalogiannopoulou, D., Oliver, E., Gallego-Colon, E., Colasanti, A., Huson, L., Rabiner, E.A., Suppiah, P., 

Essagian, C., Matthews, P.M., Papadopoulos, V., 2017. TSPO mutations in rats and a human 

polymorphism impair the rate of steroid synthesis. Biochem J 474, 3985–3999. 

https://doi.org/10.1042/BCJ20170648 

Papadopoulos, V., Aghazadeh, Y., Fan, J., Campioli, E., Zirkin, B., Midzak, A., 2015. Translocator 

protein-mediated pharmacology of cholesterol transport and steroidogenesis. Mol Cell Endocrinol 

408, 90–98. https://doi.org/10.1016/j.mce.2015.03.014 

Papadopoulos, V., Lecanu, L., Brown, R.C., Han, Z., Yao, Z.-X., 2006. Peripheral-type benzodiazepine 

receptor in neurosteroid biosynthesis, neuropathology and neurological disorders. Neuroscience 138, 

749–756. https://doi.org/10.1016/j.neuroscience.2005.05.063 

Papadopoulos, V., Miller, W.L., 2012. Role of mitochondria in steroidogenesis. Best Pract Res Clin 

Endocrinol Metab 26, 771–790. https://doi.org/10.1016/j.beem.2012.05.002 

Park, M.H., Rehman, S.U., Kim, I.S., Choi, M.S., Yoo, H.H., 2017. Stress-induced changes of 

neurosteroid profiles in rat brain and plasma under immobilized condition. J Pharm Biomed Anal 138, 

92–99. https://doi.org/10.1016/j.jpba.2017.02.007 

Park-Chung, M., Malayev, A., Purdy, R.H., Gibbs, T.T., Farb, D.H., 1999. Sulfated and unsulfated 

steroids modulate gamma-aminobutyric acidA receptor function through distinct sites. Brain Res 830, 

72–87. https://doi.org/10.1016/s0006-8993(99)01381-5 

Patte-Mensah, C., Kibaly, C., Boudard, D., Schaeffer, V., Béglé, A., Saredi, S., Meyer, L., Mensah-

Nyagan, A.G., 2006. Neurogenic pain and steroid synthesis in the spinal cord. J Mol Neurosci 28, 17–

31. https://doi.org/10.1385/jmn:28:1:17 

Patte-Mensah, C., Mensah-Nyagan, A.G., 2008. Peripheral neuropathy and neurosteroid formation in 

the central nervous system. Brain Res Rev 57, 454–459. 

https://doi.org/10.1016/j.brainresrev.2007.05.007 

Paul, S.M., Purdy, R.H., 1992. Neuroactive steroids. FASEB J 6, 2311–2322. 

Payne, A.H., Hales, D.B., 2004. Overview of steroidogenic enzymes in the pathway from cholesterol 

to active steroid hormones. Endocr Rev 25, 947–970. https://doi.org/10.1210/er.2003-0030 

Pickford, M., 1975. The distribution time of intravenously injected raffinose and inulin in intact 

animals and the effect thereon of sex and infusion of oxytocin. J Physiol 247, 227–235. 

https://doi.org/10.1113/jphysiol.1975.sp010929 

Plant, T.M., 2015. 60 YEARS OF NEUROENDOCRINOLOGY: The hypothalamo-pituitary-gonadal axis. J 

Endocrinol 226, T41-54. https://doi.org/10.1530/JOE-15-0113 

Poderoso, C., Maloberti, P., Duarte, A., Neuman, I., Paz, C., Cornejo Maciel, F., Podesta, E.J., 2009. 

Hormonal activation of a kinase cascade localized at the mitochondria is required for StAR protein 

activity. Mol Cell Endocrinol 300, 37–42. https://doi.org/10.1016/j.mce.2008.10.009 

Porcu, P., Sogliano, C., Cinus, M., Purdy, R.H., Biggio, G., Concas, A., 2003. Nicotine-induced changes 

in cerebrocortical neuroactive steroids and plasma corticosterone concentrations in the rat. 

Pharmacol Biochem Behav 74, 683–690. https://doi.org/10.1016/s0091-3057(02)01065-1 



41 
 

Price, D.L., 1975. Feedback control of gonadal and hypophysial hormones: evolution of the concept. 

Meites J, Donovan BT, McCann SM (eds) Pioneers in Neuroendocrinology. Plenum Press, New York, 

pp. 219–238. 

Qaiser, M.Z., Dolman, D.E.M., Begley, D.J., Abbott, N.J., Cazacu-Davidescu, M., Corol, D.I., Fry, J.P., 

2017. Uptake and metabolism of sulphated steroids by the blood-brain barrier in the adult male rat. 

J. Neurochem. 142, 672–685. https://doi.org/10.1111/jnc.14117 

Rasmusson, A.M., Pinna, G., Paliwal, P., Weisman, D., Gottschalk, C., Charney, D., Krystal, J., Guidotti, 

A., 2006. Decreased cerebrospinal fluid allopregnanolone levels in women with posttraumatic stress 

disorder. Biol Psychiatry 60, 704–713. https://doi.org/10.1016/j.biopsych.2006.03.026 

Raux, P.-L., Drutel, G., Revest, J.-M., Vallée, M., 2022. New perspectives on the role of the 

neurosteroid pregnenolone as an endogenous regulator of type-1 cannabinoid receptor (CB1R) 

activity and function. J Neuroendocrinol 34, e13034. https://doi.org/10.1111/jne.13034 

Raux, P.-L., Vallée, M., 2022. Cross-talk between neurosteroid and endocannabinoid systems in 

cannabis addiction. J Neuroendocrinol e13191. https://doi.org/10.1111/jne.13191 

Reddy, D.S., Kulkarni, S.K., 1998. The effects of neurosteroids on acquisition and retention of a 

modified passive-avoidance learning task in mice. Brain Res 791, 108–116. 

https://doi.org/10.1016/s0006-8993(98)00085-7 

Reitz, J., Gehrig-Burger, K., Strauss, J.F., Gimpl, G., 2008. Cholesterol interaction with the related 

steroidogenic acute regulatory lipid-transfer (START) domains of StAR (STARD1) and MLN64 

(STARD3): Cholesterol binding of START proteins. FEBS Journal 275, 1790–1802. 

https://doi.org/10.1111/j.1742-4658.2008.06337.x 

Rezende, B., Alencar, A.K.N., de Bem, G.F., Fontes-Dantas, F.L., Montes, G.C., 2023. Endocannabinoid 

System: Chemical Characteristics and Biological Activity. Pharmaceuticals (Basel) 16, 148. 

https://doi.org/10.3390/ph16020148 

Ritsner, M., Maayan, R., Gibel, A., Weizman, A., 2007. Differences in blood pregnenolone and 

dehydroepiandrosterone levels between schizophrenia patients and healthy subjects. European 

Neuropsychopharmacology 17, 358–365. https://doi.org/10.1016/j.euroneuro.2006.10.001 

Ritsner, M.S., Gibel, A., Shleifer, T., Boguslavsky, I., Zayed, A., Maayan, R., Weizman, A., Lerner, V., 

2010. Pregnenolone and dehydroepiandrosterone as an adjunctive treatment in schizophrenia and 

schizoaffective disorder: an 8-week, double-blind, randomized, controlled, 2-center, parallel-group 

trial. J Clin Psychiatry 71, 1351–1362. https://doi.org/10.4088/JCP.09m05031yel 

Robel, P., Baulieu, E.-E., 1994. Neurosteroids: Biosynthesis and Function, in: Methods in 

Neurosciences. Elsevier, pp. 36–50. https://doi.org/10.1016/B978-0-12-185292-4.50009-7 

Romeo, E., Brancati, A., De Lorenzo, A., Fucci, P., Furnari, C., Pompili, E., Sasso, G.F., Spalletta, G., 

Troisi, A., Pasini, A., 1996. Marked decrease of plasma neuroactive steroids during alcohol 

withdrawal. Clin Neuropharmacol 19, 366–369. https://doi.org/10.1097/00002826-199619040-

00011 

Rose, K.A., Stapleton, G., Dott, K., Kieny, M.P., Best, R., Schwarz, M., Russell, D.W., Bjorkhem, I., 

Seckl, J., Lathe, R., 1997. Cyp7b, a novel brain cytochrome P450, catalyzes the synthesis of 

neurosteroids 7 -hydroxy dehydroepiandrosterone and 7 -hydroxy pregnenolone. Proceedings of the 

National Academy of Sciences 94, 4925–4930. https://doi.org/10.1073/pnas.94.10.4925 



42 
 

Rosténe, W., 2005. Claude Fortier : une grande histoire de la neuroendocrinologie. Med Sci (Paris) 21, 

551–555. https://doi.org/10.1051/medsci/2005215551 

Rupprecht, R., 2003. Neuroactive steroids: mechanisms of action and neuropsychopharmacological 

properties. Psychoneuroendocrinology 28, 139–168. https://doi.org/10.1016/s0306-4530(02)00064-

1 

Saffran, M., Schally, A.V., Benfey, B.G., 1955. Stimulation of the release of corticotropin from the 

adenohypophysis by a neurohypophysial factor. Endocrinology 57, 439–444. 

https://doi.org/10.1210/endo-57-4-439 

Saitman, A., Park, H.-D., Fitzgerald, R.L., 2014. False-positive interferences of common urine drug 

screen immunoassays: a review. J Anal Toxicol 38, 387–396. https://doi.org/10.1093/jat/bku075 

Scharrer, B., 1975. Neurosecretion and its role in neurocrine regulation. Meites J, Donovan BT, 

McCann SM (eds) Pioneers in Neuroendocrinology. Plenum Press, New York, pp. 257–265. 

Schonemann, M.D., Muench, M.O., Tee, M.K., Miller, W.L., Mellon, S.H., 2012. Expression of P450c17 

in the Human Fetal Nervous System. Endocrinology 153, 2494–2505. 

https://doi.org/10.1210/en.2011-1545 

Schumacher, M., Guennoun, R., Robert, F., Carelli, C., Gago, N., Ghoumari, A., Gonzalez Deniselle, 

M.C., Gonzalez, S.L., Ibanez, C., Labombarda, F., Coirini, H., Baulieu, E.-E., De Nicola, A.F., 2004. Local 

synthesis and dual actions of progesterone in the nervous system: neuroprotection and myelination. 

Growth Horm IGF Res 14 Suppl A, S18-33. https://doi.org/10.1016/j.ghir.2004.03.007 

Schumacher, M., Liere, P., Akwa, Y., Rajkowski, K., Griffiths, W., Bodin, K., Sjövall, J., Baulieu, E.-E., 

2008. Pregnenolone sulfate in the brain: A controversial neurosteroid. Neurochemistry International 

52, 522–540. https://doi.org/10.1016/j.neuint.2007.08.022 

Schverer, M., Lanfumey, L., Baulieu, E.-E., Froger, N., Villey, I., 2018. Neurosteroids: non-genomic 

pathways in neuroplasticity and involvement in neurological diseases. Pharmacology & Therapeutics 

191, 190–206. https://doi.org/10.1016/j.pharmthera.2018.06.011 

Sears, S.M., Hewett, S.J., 2021. Influence of glutamate and GABA transport on brain 

excitatory/inhibitory balance. Exp Biol Med (Maywood) 246, 1069–1083. 

https://doi.org/10.1177/1535370221989263 

Sedlácek, M., Korínek, M., Petrovic, M., Cais, O., Adamusová, E., Chodounská, H., Vyklický, L., 2008. 

Neurosteroid modulation of ionotropic glutamate receptors and excitatory synaptic transmission. 

Physiol Res 57 Suppl 3, S49–S57. https://doi.org/10.33549/physiolres.931600 

Seger, C., Salzmann, L., 2020. After another decade: LC-MS/MS became routine in clinical diagnostics. 

Clin Biochem 82, 2–11. https://doi.org/10.1016/j.clinbiochem.2020.03.004 

Selye, H., 1946. The general adaptation syndrome and the diseases of adaptation. J Clin Endocrinol 

Metab 6, 117–230. https://doi.org/10.1210/jcem-6-2-117 

Selye, H., 1942. Correlations between the chemical structure and the pharmacological actions of the 

steroids. Endocrinology 30, 437–453. https://doi.org/10.1210/endo-30-3-437 

Sharp, S., Mitchell, S.J., Vallée, M., Kuzmanova, E., Cooper, M., Belelli, D., Lambert, J.J., Huang, J.T.-J., 

2018. Isotope Dilution-Based Targeted and Nontargeted Carbonyl Neurosteroid/Steroid Profiling. 

Anal. Chem. 90, 5247–5255. https://doi.org/10.1021/acs.analchem.8b00055 



43 
 

Shibayama, Y., Higashi, T., Shimada, K., Odani, A., Mizokami, A., Konaka, H., Koh, E., Namiki, M., 2009. 

Simultaneous determination of salivary testosterone and dehydroepiandrosterone using LC-MS/MS: 

Method development and evaluation of applicability for diagnosis and medication for late-onset 

hypogonadism. J Chromatogr B Analyt Technol Biomed Life Sci 877, 2615–2623. 

https://doi.org/10.1016/j.jchromb.2008.10.051 

Shibuya, K., Takata, N., Hojo, Y., Furukawa, A., Yasumatsu, N., Kimoto, T., Enami, T., Suzuki, K., 

Tanabe, N., Ishii, H., Mukai, H., Takahashi, T., Hattori, T., Kawato, S., 2003. Hippocampal cytochrome 

P450s synthesize brain neurosteroids which are paracrine neuromodulators of synaptic signal 

transduction. Biochim Biophys Acta 1619, 301–316. https://doi.org/10.1016/s0304-4165(02)00489-0 

Sidler, D., Renzulli, P., Schnoz, C., Berger, B., Schneider-Jakob, S., Flück, C., Inderbitzin, D., Corazza, N., 

Candinas, D., Brunner, T., 2011. Colon cancer cells produce immunoregulatory glucocorticoids. 

Oncogene 30, 2411–2419. https://doi.org/10.1038/onc.2010.629 

Sierra, A., 2004. Neurosteroids: The StAR Protein in the Brain. J Neuroendocrinol 16, 787–793. 

https://doi.org/10.1111/j.1365-2826.2004.01226.x 

Slominski, A.T., Manna, P.R., Tuckey, R.C., 2015. On the role of skin in the regulation of local and 

systemic steroidogenic activities. Steroids 103, 72–88. 

https://doi.org/10.1016/j.steroids.2015.04.006 

Slominski, R., Raman, C., Elmets, C., Jetten, A., Slominski, A., Tuckey, R., 2021. The significance of 

CYP11A1 expression in skin physiology and pathology. Mol Cell Endocrinol 530, 111238. 

https://doi.org/10.1016/j.mce.2021.111238 

Smith, C.C., Gibbs, T.T., Farb, D.H., 2014. Pregnenolone sulfate as a modulator of synaptic plasticity. 

Psychopharmacology 231, 3537–3556. https://doi.org/10.1007/s00213-014-3643-x 

Stapleton, G., Steel, M., Richardson, M., Mason, J.O., Rose, K.A., Morris, R.G., Lathe, R., 1995. A novel 

cytochrome P450 expressed primarily in brain. J Biol Chem 270, 29739–29745. 

https://doi.org/10.1074/jbc.270.50.29739 

Steckelbroeck, S., Nassen, A., Ugele, B., Ludwig, M., Watzka, M., Reissinger, A., Clusmann, H., 

Lütjohann, D., Siekmann, L., Klingmüller, D., Hans, V.H., 2004. Steroid sulfatase (STS) expression in 

the human temporal lobe: enzyme activity, mRNA expression and immunohistochemistry study. J 

Neurochem 89, 403–417. https://doi.org/10.1046/j.1471-4159.2004.02336.x 

Steckelbroeck, S., Watzka, M., Reichelt, R., Hans, V.H., Stoffel-Wagner, B., Heidrich, D.D., Schramm, 

J., Bidlingmaier, F., Klingmüller, D., 2001. Characterization of the 5alpha-reductase-3alpha-

hydroxysteroid dehydrogenase complex in the human brain. J Clin Endocrinol Metab 86, 1324–1331. 

https://doi.org/10.1210/jcem.86.3.7325 

Stoffel-Wagner, B., 2003. Neurosteroid biosynthesis in the human brain and its clinical implications. 

Ann N Y Acad Sci 1007, 64–78. https://doi.org/10.1196/annals.1286.007 

Swanson, L.W., 1983. Techniques for tracing peptide-specific pathways. Methods Enzymol 103, 663–

669. https://doi.org/10.1016/s0076-6879(83)03047-5 

Szczurowska, E., Szánti-Pintér, E., Randáková, A., Jakubík, J., Kudova, E., 2022. Allosteric Modulation 

of Muscarinic Receptors by Cholesterol, Neurosteroids and Neuroactive Steroids. Int J Mol Sci 23, 

13075. https://doi.org/10.3390/ijms232113075 



44 
 

Tao, R., Li, C., Jaffe, A.E., Shin, J.H., Deep-Soboslay, A., Yamin, R., Weinberger, D.R., Hyde, T.M., 

Kleinman, J.E., 2020. Cannabinoid receptor CNR1 expression and DNA methylation in human 

prefrontal cortex, hippocampus and caudate in brain development and schizophrenia. Transl 

Psychiatry 10, 158. https://doi.org/10.1038/s41398-020-0832-8 

Tateiwa, H., Chintala, S.M., Chen, Z., Wang, L., Amtashar, F., Bracamontes, J., Germann, A.L., Pierce, 

S.R., Covey, D.F., Akk, G., Evers, A.S., 2023. The Mechanism of Enantioselective Neurosteroid Actions 

on GABAA Receptors. Biomolecules 13, 341. https://doi.org/10.3390/biom13020341 

Tchernof, A., Mansour, M.F., Pelletier, M., Boulet, M.-M., Nadeau, M., Luu-The, V., 2015. Updated 

survey of the steroid-converting enzymes in human adipose tissues. J Steroid Biochem Mol Biol 147, 

56–69. https://doi.org/10.1016/j.jsbmb.2014.11.011 

Tomaselli, G., Vallée, M., 2019. Stress and drug abuse-related disorders: The promising therapeutic 

value of neurosteroids focus on pregnenolone-progesterone-allopregnanolone pathway. Frontiers in 

Neuroendocrinology 55, 100789. https://doi.org/10.1016/j.yfrne.2019.100789 

Truss, M., Chalepakis, G., Piña, B., Barettino, D., Brüggemeier, U., Kalff, M., Slater, E.P., Beato, M., 

1992. Transcriptional control by steroid hormones. J Steroid Biochem Mol Biol 41, 241–248. 

https://doi.org/10.1016/0960-0760(92)90350-r 

Tsutsui, K., 2016. How to contribute to the progress of neuroendocrinology: New insights from 

discovering novel neuropeptides and neurosteroids regulating pituitary and brain functions. Gen 

Comp Endocrinol 227, 3–15. https://doi.org/10.1016/j.ygcen.2015.05.019 

Tuem, K.B., Atey, T.M., 2017. Neuroactive Steroids: Receptor Interactions and Responses. Front 

Neurol 8, 442. https://doi.org/10.3389/fneur.2017.00442 

Uzunov, D.P., Cooper, T.B., Costa, E., Guidotti, A., 1996. Fluoxetine-elicited changes in brain 

neurosteroid content measured by negative ion mass fragmentography. Proc Natl Acad Sci U S A 93, 

12599–12604. https://doi.org/10.1073/pnas.93.22.12599 

Uzunova, V., Sheline, Y., Davis, J.M., Rasmusson, A., Uzunov, D.P., Costa, E., Guidotti, A., 1998. 

Increase in the cerebrospinal fluid content of neurosteroids in patients with unipolar major 

depression who are receiving fluoxetine or fluvoxamine. Proc Natl Acad Sci U S A 95, 3239–3244. 

https://doi.org/10.1073/pnas.95.6.3239 

Vale, W., Spiess, J., Rivier, C., Rivier, J., 1981. Characterization of a 41-residue ovine hypothalamic 

peptide that stimulates secretion of corticotropin and beta-endorphin. Science 213, 1394–1397. 

https://doi.org/10.1126/science.6267699 

Vallée, M., 2016. Neurosteroids and potential therapeutics: Focus on pregnenolone. J Steroid 

Biochem Mol Biol 160, 78–87. https://doi.org/10.1016/j.jsbmb.2015.09.030 

Vallée, M., 2014. Structure-activity relationship studies on neuroactive steroids in memory, alcohol 

and stress-related functions: a crucial benefit from endogenous level analysis. Psychopharmacology 

(Berl) 231, 3243–3255. https://doi.org/10.1007/s00213-014-3593-3 

Vallée, M., Mayo, W., Darnaudéry, M., Corpéchot, C., Young, J., Koehl, M., Le Moal, M., Baulieu, E.E., 

Robel, P., Simon, H., 1997. Neurosteroids: deficient cognitive performance in aged rats depends on 

low pregnenolone sulfate levels in the hippocampus. Proc Natl Acad Sci U S A 94, 14865–14870. 

https://doi.org/10.1073/pnas.94.26.14865 



45 
 

Vallée, Monique, Mayo, W., Le Moal, M., 2001. Role of pregnenolone, dehydroepiandrosterone and 

their sulfate esters on learning and memory in cognitive aging. Brain Research Reviews 37, 301–312. 

https://doi.org/10.1016/S0165-0173(01)00135-7 

Vallée, M., Purdy, R.H., Mayo, W., Koob, G.F., Le Moal, M., 2003. Neuroactive steroids: new 

biomarkers of cognitive aging. J Steroid Biochem Mol Biol 85, 329–335. 

https://doi.org/10.1016/s0960-0760(03)00227-9 

Vallée, M., Rivera, J.D., Koob, G.F., Purdy, R.H., Fitzgerald, R.L., 2000. Quantification of neurosteroids 

in rat plasma and brain following swim stress and allopregnanolone administration using negative 

chemical ionization gas chromatography/mass spectrometry. Anal Biochem 287, 153–166. 

https://doi.org/10.1006/abio.2000.4841 

Vallée, M., Shen, W., Heinrichs, S.C., Zorumski, C.F., Covey, D.F., Koob, G.F., Purdy, R.H., 2001. Steroid 

structure and pharmacological properties determine the anti-amnesic effects of pregnenolone 

sulphate in the passive avoidance task in rats. Eur J Neurosci 14, 2003–2010. 

https://doi.org/10.1046/j.0953-816x.2001.01817.x 

Vallée, M., Vitiello, S., Bellocchio, L., Hébert-Chatelain, E., Monlezun, S., Martin-Garcia, E., Kasanetz, 

F., Baillie, G.L., Panin, F., Cathala, A., Roullot-Lacarrière, V., Fabre, S., Hurst, D.P., Lynch, D.L., Shore, 

D.M., Deroche-Gamonet, V., Spampinato, U., Revest, J.-M., Maldonado, R., Reggio, P.H., Ross, R.A., 

Marsicano, G., Piazza, P.V., 2014. Pregnenolone Can Protect the Brain from Cannabis Intoxication. 

Science 343, 94–98. https://doi.org/10.1126/science.1243985 

van den Burg, E.H., Neumann, I.D., 2011. Bridging the gap between GPCR activation and behaviour: 

oxytocin and prolactin signalling in the hypothalamus. J Mol Neurosci 43, 200–208. 

https://doi.org/10.1007/s12031-010-9452-8 

Vechin, F.C., Vingren, J.L., Telles, G.D., Conceicao, M.S., Libardi, C.A., Lixandrao, M.E., Damas, F., 

Cunha, T.F., Brum, P.C., Riani, L.A., Ugrinowitsch, C., 2023. Acute changes in serum and skeletal 

muscle steroids in resistance-trained men. Frontiers in Endocrinology 14. 

Vitku, J., Hill, M., Kolatorova, L., Kubala Havrdova, E., Kancheva, R., 2022. Steroid Sulfation in 

Neurodegenerative Diseases. Front Mol Biosci 9, 839887. 

https://doi.org/10.3389/fmolb.2022.839887 

Vogt, M., 1975. Nervous influences in neuroendocrine activity. Meites J, Donovan BT, McCann SM 

(eds) Pioneers in Neuroendocrinology. Plenum Press, New York, pp. 315–321. 

Wang, M., 2011. Neurosteroids and GABA-A Receptor Function. Front Endocrinol (Lausanne) 2, 44. 

https://doi.org/10.3389/fendo.2011.00044 

Warner, M., Gustafsson, J.A., 1995. Cytochrome P450 in the brain: neuroendocrine functions. Front 

Neuroendocrinol 16, 224–236. https://doi.org/10.1006/frne.1995.1008 

Watts, A.G., 2015a. 60 YEARS OF NEUROENDOCRINOLOGY: The structure of the neuroendocrine 

hypothalamus: the neuroanatomical legacy of Geoffrey Harris. J Endocrinol 226, T25-39. 

https://doi.org/10.1530/JOE-15-0157 

Watts, A.G., 2015b. The Structure of the Neuroendocrine Hypothalamus: The Neuroanatomical 

Legacy of Geoffrey Harris. J Endocrinol 226, T25–T39. https://doi.org/10.1530/JOE-15-0157 



46 
 

Weaver, C.E., Land, M.B., Purdy, R.H., Richards, K.G., Gibbs, T.T., Farb, D.H., 2000. 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 293, 747–754. 

Weill-Engerer, S., David, J.-P., Sazdovitch, V., Liere, P., Eychenne, B., Pianos, A., Schumacher, M., 

Delacourte, A., Baulieu, E.-E., Akwa, Y., 2002. Neurosteroid Quantification in Human Brain Regions: 

Comparison between Alzheimer’s and Nondemented Patients. The Journal of Clinical Endocrinology 

& Metabolism 87, 5138–5143. https://doi.org/10.1210/jc.2002-020878 

Weng, J.-H., Liang, M.-R., Chen, C.-H., Tong, S.-K., Huang, T.-C., Lee, S.-P., Chen, Y.-R., Chen, C.-T., 

Chung, B., 2013. Pregnenolone activates CLIP-170 to promote microtubule growth and cell migration. 

Nat Chem Biol 9, 636–642. https://doi.org/10.1038/nchembio.1321 

Wilkenfeld, S.R., Lin, C., Frigo, D.E., 2018. Communication between genomic and non-genomic 

signaling events coordinate steroid hormone actions. Steroids 133, 2–7. 

https://doi.org/10.1016/j.steroids.2017.11.005 

Wong, P., Chang, C.C.R., Marx, C.E., Caron, M.G., Wetsel, W.C., Zhang, X., 2012. Pregnenolone 

Rescues Schizophrenia-Like Behavior in Dopamine Transporter Knockout Mice. PLoS ONE 7, e51455. 

https://doi.org/10.1371/journal.pone.0051455 

Yalow, R.S., 1973. Radioimmunoassay methodology: application to problems of heterogeneity of 

peptide hormones. Pharmacol Rev 25, 161–178. 

Yu, L., Romero, D.G., Gomez-Sanchez, C.E., Gomez-Sanchez, E.P., 2002. Steroidogenic enzyme gene 

expression in the human brain. Mol Cell Endocrinol 190, 9–17. https://doi.org/10.1016/s0303-

7207(02)00041-2 

Yu, X., Yao, Z.-P., 2017. Chiral recognition and determination of enantiomeric excess by mass 

spectrometry: A review. Anal Chim Acta 968, 1–20. https://doi.org/10.1016/j.aca.2017.03.021 

Zhang, J., Liu, Q., 2015. Cholesterol metabolism and homeostasis in the brain. Protein Cell 6, 254–

264. https://doi.org/10.1007/s13238-014-0131-3 

Zheng, P., 2009. Neuroactive steroid regulation of neurotransmitter release in the CNS: action, 

mechanism and possible significance. Prog Neurobiol 89, 134–152. 

https://doi.org/10.1016/j.pneurobio.2009.07.001 

Zhu, T.S., Glaser, M., 2008. Regulatory role of cytochrome P450scc and pregnenolone in myelination 

by rat Schwann cells. Mol Cell Biochem 313, 79–89. https://doi.org/10.1007/s11010-008-9745-1 

 

  



47 
 

Table 1. Brief overview of major advances in neuroendocrine research 

Concept / Illustration Period Main authors (pioneers) 

Brain excretion of waste residue (pituita) 

distributed through the body by nerves  

2nd century 

16
th

 century 

Claudius Galenus 

Andreas Vesalius 

Three-dimensional view of the cerebral ventricles 16
th

 century Leonardo da Vinci 

Brain medial sagittal background of “Adam’s 

creation” painting (Sistine chapel, Vatican, Italy) 
16

th
 century Michelangelo Buonarroti 

Basis of homeostasis 19
th

 century 
Claude Bernard 

Walter Bradford Cannon 

Release of neuropeptides from the pituitary  
early 20

th
 

century 

Mary Pickford 

Berta Scharrer 

Basis of hypothalamic-pituitary gonadal axis mid-1950’s Geoffrey Harris 

Steroid hormone feed-back onto the pituitary 1970’s 

Dora Jacobsohn 

Dorothy Price 

Martha Vogt 

Hypothalamic peptide-releasing factors 1970’s 
Andrzej Wiktor Shally 

Roger Guillemin 

Basis of hypothalamic-pituitary adrenal axis 1970’s-1980’s 

Hans Selye 

Claude Fortier 

Wylie W. Vale 

Assays of small molecules in fluids 1980’s Rosalyn Yalow 

Neurosteroids  1980’s-2000’s 

Etienne- Emile Baulieu 

Paul Robel 

Colette Corpéchot 

Neuroactive steroids 1990’s 
Steven M. Paul 

Robert H. Purdy 

Basis of GPCR molecular endocrinology 2010’s 
Brian Kobilka 

Robert Lefkowitz 

GPCR, G-protein coupled receptors 
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Graphical abstract. Major advances in steroid research 

 

Left. Steroidogenic tissues are characterized by the presence of the P450scc enzyme in the 

mitochondria, which mediates steroid synthesis by converting cholesterol to pregnenolone, 

the precursor of downstream steroids processed in the endoplasmic reticulum (ER). Classical 

sources of steroids include the adrenal glands and the gonads. Steroids are synthesized de 

novo in the central nervous system (CNS) in glial cells and neurons, as well as in the spinal 

cord and peripheral nervous system (PNS). In addition, other endocrine sites have been 

described, including adipocytes, gut, skin, muscles, and retina. 

Right. The rapid non-genomic and delayed genomic effects of neurosteroids occur through 

membrane receptors and nuclear receptors, respectively. Membrane receptors classically 

include (A) the ionotropic NMDA receptors (as for PREG-S and DHEA-S) and GABAA 

receptors (as for allopregnanolone) and more recently (B) the G-protein coupled CB1 receptor 

(as for pregnenolone). Subsequent changes in intracellular signaling pathways can alter gene 

transcription. Nuclear receptors bind lipophilic steroids in the nucleus (C) (as for estrogens) or 

in the cytosol of the cell (D) (as for androgens and glucocorticoids) and translocate to the 

nucleus where they bind specific hormone response elements resulting in activation or 

repression of gene transcription. 

CB1R, cannabinoid type 1 receptors; GABAAR, gamma-aminobutyric acid A receptors; 

NMDAR, N-methyl-D-aspartic acid class of glutamate receptors 

Figure created with Biorender.com 
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Figure 1. Cholesterol homeostasis and transport to mitochondria in steroidogenic brain 

cells. 

 

Schematic representation of potential pathways of intracellular cholesterol homeostasis and 

trafficking, including (1) de novo synthesis of free cholesterol from acetyl-CoA in the 

endoplasmic reticulum (ER) via the enzyme HMG-CoA reductase; (2) uptake from 

apolipoprotein E-containing cholesterol (ApoE-C); (3) release via the ATP-binding cassette 

(ABC) membrane transporter or metabolism to 24-hydroxycholesterol (24-OHC) via the 

enzyme cholesterol 24-hydroxylase (CYP46); (4) esterification of excess cholesterol via the 

acyl-CoA Cholesterol Acyltransferase (ACAT) for storage as cholesteryl esters (CEs) in lipid 

droplets and hydroxylation by hormone-sensitive lipase (HSL); (5) cytoplasmic transport to 

mitochondria via the STARD4 protein; (6) import into the mitochondrion via mitochondria-

associated membranes (MAM) at the ER; (7) interaction with the OMM via a multi-protein 

complex including StAR (also called STARD1) and TSPO proteins, (8) transfer from the 

OMM to the IMM and conversion to pregnenolone via the cholesterol side chain cholesterol 

cytochrome (P450scc) (CYP11A1) in the mitochondrial matrix.. 

Figure created with Biorender.com 
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Figure 2. From single steroid analysis to metabolomics 

 

Schematic of steroid assays using classical immunoassays (top) and mass spectrometry (MS)-

based assays (bottom). Immunoassays involve the analysis of a single analyte via interaction 

with a specific labeled antibody, while MS methods coupled to gas or liquid chromatography 

(GC or LC) involve the analysis of multiple analytes in a sample. Steroid separation by GC or 

LC is followed by steroid analysis by MS, resulting in a specific steroid fingerprint for each 

selected steroid. Steroid quantification is based on an analyte calibration curve obtained for 

increasing concentrations of analyte standards from the label activity for immunoassays and 

from the analyte-to-internal standard (IS) ratio of peak intensities for MS methods. 

Figure created with Biorender.com 

 

 




