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Abstract 

Neurosteroids are brain-derived steroids, capable of rapidly modulating neuronal 

excitability in a non-genomic manner. Dysregulation of their synthesis, or metabolism has 

been implicated in many pathological conditions. Here, we describe an isotope dilution 

based targeted and non-targeted (ID-TNT) profiling of carbonyl neurosteroids/steroids. The 

method combines stable isotope dilution, hydroxylamine derivatization, high-resolution MS 

scanning and data dependent MS/MS analysis, allowing absolute quantification of 

pregnenolone, progesterone, 5α-dihydroprogesterone, 3α,5α-tetrahydroprogesterone and 

3β,5α-tetrahydroprogesterone, and relative quantification of other carbonyl containing 

steroids. The utility and validity of this approach was tested in an acute stress mouse model 

and via pharmacological manipulation of the steroid metabolic pathway with finasteride. 

We report that brain levels of 3α,5α-tetrahydroprogesterone, a potent enhancer of GABAA 

receptor (GABAAR-mediated inhibitory function, from control mice is in the 5-20 pmol/g 

range, a value greater than previously reported. The approach allows the use of data from 

targeted analysis to guide the normalization strategy for non-targeted data. Furthermore, 

novel findings, including a striking increase of brain pregnenolone following finasteride 

administration were discovered in this study. Collectively, our results indicate that this 

approach has distinct advantages for examining targeted and non-targeted 

neurosteroid/steroid pathways in animal models, and could facilitate a better 

understanding of the physiological and pathological roles of neurosteroids as modulators of 

brain excitability.  



 
 

Introduction 

It is well-established that steroid hormones synthesized from the central nervous system 

and peripheral organs play pivotal roles in the physiology and pathophysiology of the 

brain.1,2 In addition to the classical effects via nuclear receptors influencing gene regulation, 

certain brain-derived steroids can modulate neuronal excitability through non-genomic 

mechanisms including an interaction with ligand-gated ion channels.1,2 These steroids 

(termed neurosteroids) regulate a number of physiological responses including stress, 

cognition, reproduction, feeding and sexual behaviors,3 and consequently dysregulation of 

their naturally occurring levels has been implicated in many diseases including anxiety, 

neurodegenerative diseases, drug and alcohol abuse, epilepsy, depression and obesity.3 One 

of neurosteroid pathways: the 5α-pregnan-3α-ol-20-one (or 3α,5α-tetrahydroprogesterone 

(3α,5α-THPROG)) pathway (Figure 1A) is among the most extensively studied, as a 

downstream metabolite 3α,5α-THPROG can function as a potent positive allosteric 

modulator (PAM) of  GABAA receptor (GABAAR) leading to an enhanced chloride ion influx 

upon GABA stimulation1. In brain, neurosteroids are synthesized from their precursors, or de 

novo from cholesterol, both in glial cells and neurons4. Astrocytes and neurons express 

cytochrome P450 cholesterol side-chain cleavage enzyme (Cyp11a1, or CYP450scc),5 which 

converts cholesterol to pregnenolone (PREG). The enzyme 3β-hydroxysteroid 

dehydrogenase/Δ5-4 isomerase (3β-HSD), is expressed in the brain6, and converts PREG to 

progesterone (PROG), which is subsequently metabolized to 5α-dihydroprogesterone (5α-

DHPROG; or 5α-pregnane-3, 20-dione) by 5α-reductase. Finally, 3α-hydroxysteroid 

dehydrogenase (3α-HSD) and 3β-hydroxysteroid oxidoreductase (3β-HSOR), further catalyze 

the reduction of 5α-DHPROG to 3α,5α-THPROG, and 3β,5α-THPROG, respectively. Whereas 

3α,5α–THPROG is a potent PAM of the GABAAR effective at nM aqueous concentrations, 

3β,5α–THPROG is inactive at equivalent concentrations in this respect, and exhibits GABAAR 

antagonist actions only at µM concentrations.1 In common with other steroidogenic 

pathways, 5α-reductase is considered the rate limiting step in the 3α,5α-THPROG pathway.1  

Analysis of neurosteroids/steroids in the 3α,5α-THPROG pathway is usually performed using 

targeted gas chromatography-mass spectrometry (GC-MS)7-10, or liquid chromatography-

tandem mass spectrometry (LC-MS/MS)11,12 approaches, such that only pre-determined 

selected neurosteroids are analyzed. However, as the alteration to the 3α,5α-THPROG 



 
 

pathway may also impact on the corticosteroid, androgen, and mineralocorticoid pathways  

due to the fact that they share the same upstream precursors (i.e. PREG and PROG)(Figure 

1A), the ability to monitor other steroid hormones in a non-targeted metabolomics manner 

would be of value to capture a more global view of steroid perturbations in a given 

experimental model. Whilst powerful for screening purpose, such an approach is not 

without problems. In particular, the analysis of metabolomic datasets typically requires a 

normalization step to offset technical bias due to experimental procedures, but the choice 

of normalization methods can be arbitrary, and is often driven by maximizing differences 

between groups, without a valid method to assess their suitability. Therefore, a profiling 

strategy providing an empirical means to guide the selection of data processing strategies in 

a non-targeted analysis would be desirable. 

A systemic literature review of brain neurosteroid/steroid levels in the 3α,5α-THPROG 

pathway shows a notable wide range of values. For instance, in unstressed mice or rats, 

brain 3α,5α-THPROG levels were reported to fall between 0.3 to 114 pmol/g tissue while 

those of pregnenolone ranged between 1 to 540 pmol/g tissue (e.g.7,13-15) The underlying 

cause(s) for these large discrepancies has not been established but it is apparent that data 

generated from GC-MS based methods tend to be in sub pmol/g range.  A cross-method 

validation study to clarify the levels of neurosteroids in the brain is urgently needed.  

In this study we set out to establish a hybrid method (termed “isotope dilution targeted and 

non-targeted carbonyl neurosteroid/steroid profiling” (ID-TNT carbonyl NS profiling)) to 

allow absolute quantification of neurosteroids/steroids in the 3α,5α-THPROG pathway and 

semi-quantification of other carbonyl steroids. We stipulated that to overcome the 

limitations of previous analysis, the method must fulfill the following five criteria: (1) the 

ability to absolutely quantify five neurosteroids/steroids in the 3α,5α-THPROG pathway; (2) 

a lower limit of quantification sufficient to detect targeted neurosteroids/steroids in the 

brain; (3) the ability to separate stereoisomers of THPROG; (4) a semi-quantitative screening 

capability for other steroid compounds; and (5) an intrinsic ability to verify data processing 

strategies in the non-targeted data analysis. Several aspects of method development 

including derivatization, column selection, MS setting, method validation and cross 

validation with a GC-MS method were extensively evaluated. For validation, this approach 

was applied to investigate putative alterations of neurosteroids/steroids in 1) an acute 



 
 

stress model and 2) following in vivo pharmacological manipulation with finasteride of 5α-

reductase activity, a key enzymatic step in the 3α,5α-THPROG pathway. 



 
 

Experimental details 

Reagents 

All non-stable isotope steroids and Supelco Supelclean LC-18 SPE cartridges were purchased 

from Sigma (Dorset, UK) and stable isotope steroids from CDN isotope (Quebec, Canada). 

LC-MS grade organic solvent (methanol, ethanol, formic acid, and acetonitrile) were from 

VWR (Lutterworth, England). Symmetry C18 column (1 x 150mm, 3.5 µm), and Sunfire (2.1 x 

150mm, 5 µm) was obtained from Waters (Manchester, England). Zorbex (2.1 x 150mm, 3.5 

µm), Luna (1 x 150mm, 5 µm) and Pursuit (2 x 150mm, 3 µm) C18 columns were from 

Agilent (Santa Clara, United States), Phenomenex (Macclesfield, England), and Thermo 

Fisher (Loughborough, England), respectively. 

 

Animal husbandry, stress and pharmacological treatment 

All animal experimentation was conducted as per the ARRIVE guidelines on animal research 

(https://www.nc3rs.org.uk/arrive-guidelines). Adult male C57BL/6J mice were used in the 

acute stress and pharmacological studies. All procedures were conducted in accordance 

with the Animals (Scientific Procedures) Act of 1986, after review by the University of 

Dundee Ethical Review Committees and under the licenses of Dr. Belelli (60/4005 & 

70/8161). All mice were maintained (3 each cage) under standard animal house conditions, 

with free access to food and water, and a 12 hr. light/12 hr. dark cycle. 

 

Calibrator preparation 

All non-stable isotope neurosteroids/steroids were weighed using a calibrated balance. The 

calibrators (in ethanol) of 3α,5α-THPROG, 3β,5α-THPROG, 5α-DHPROG, PROG and PREG 

were prepared at 0, 1, 5, 10, 50, 100, 200, 600 and 1000 nM in the presence of 1 µM 

deuterated internal standards (d4-3α,5α-THPROG (3α,5α-THPROG-17,21,21,21-d4), d4-

3β,5α-THPROG (3β,5α-THPROG-17,21,21,21-d4), d6-5α-DHPROG (5α-DHPROG-1,2,4,5,6,7-

d6),  d9-PROG (PROG-2,2,4,6,6,17,21,21,21-d9) and d4-PREG (PREG-2,2,4,4-d4). The 

calibrators were dried in a vacuum drier and derivatized with 100 mM hydroxylamine 

hydrochloride prepared in methanol/water (1:1, v/v) at 60°C for 60 min. No notable 

deuterium-hydrogen exchange was found during the derivatization for all stable isotopes 

used in the study. 

 



 
 

Sample preparation 

Fifty microliter of internal standard mixture (1 µM d4-3α,5α-THPROG, d4-3β,5α-THPROG, d6-

5α-DHPROG, d9-PROG and d4-PREG prepared in ethanol) per 100 mg brain tissue and 1 ml of 

75% methanol (in water, ice cold) per 100 mg tissue were added to frozen brain tissue. Brain 

tissue was homogenized on ice using a Heigolph Diax 900 homogenizer (Sigma Aldrich) for 

two x 15 s bursts (1 min gap), followed by centrifugation at 13,000 g for 10 min at room 

temperature. The supernatant was diluted with a 6.5 volume of water and subjected to solid 

phase extraction (Supelco Supelclean C18 [100 mg]). For solid phase extraction, the column 

was activated with 2ml methanol and equilibrated with 2 ml 5% methanol in water. The 

diluted sample was loaded to the column followed by wash with 2 ml of 5% methanol (in 

water) and 2 ml wash with 50% methanol (methanol : water=1:1) before elution with 100% 

methanol. The solid phase extraction was performed using an automatic robot (Gilson 

GX271(Bedfordshire, UK)). The eluent was dried using vacuum and derivatized with 100mM 

hydroxylamine hydrochloride prepared in methanol/water (1:1, v/v) at 60°C for 60 min. 

 

Liquid chromatography and mass spectrometry 

A high performance liquid chromatograph (Agilent 1100, Agilent, Santa Clara, CA) was 

connected to a LTQ-Orbitrap XL (Thermo Scientific, Hemel Hampstead, UK), through an 

IonMax interface (Thermo Scientific, Hemel Hampstead, UK). Liquid chromatography 

settings were as follows. Flow rate = 0.1 mL/min; column temperature = 60°C; injection 

volume= 10 µl; needle wash after injection = 100 µl of methanol/isopropanol (1:1, v/v) for 4 

times. The linear gradient was from 0 min at 30% buffer B (0.1% formic acid in 

acetonitrile)/70% buffer A (0.1% formic acid in water) to 10 min at 100% buffer B; and 

remaining at 100%B for another 5 min. Six different C18 columns (Symmetry, Supelco, 

Sunfire, Zorbex, Luna, and Pursuit) were tested. 

 

The setting of LTQ-Orbitrap were as follows: spray voltage = 3.5 kv, sheath gas = 40 

(arbitrary unit), ion sweep gas = 8, aux gas pressure = 0, capillary temperature = 320 °C and 

tube lens voltage = 135 v. The LTQ-Orbitrap was operated in a high resolution MS and data-

dependent MS/MS mode. The MS full scan was set to positive ion and profile modes. The 

resolution was set at 60,000 with a lock mass set at 391.2843 (di(n-octyl)phthalate) over the 

mass range of 300-500 (or 300-600) a.m.u (in Orbitrap). Data dependent MS/MS with top 5 



 
 

precursor ions (1+ charged) in LTQ was employed. LTQ was operated in a centroid mode 

with isolation width =1 (m/z), normalized collision energy = 35 eV, activation Q = 0.25, and 

activation time = 30 ms. Maximal fill time for Orbitrap and LTQ were set at 500 ms. and 50 

ms., automatic gain control were 2 x E6 and 2 x E4, respectively. Data-dependent MS/MS 

was performed on 1+ precursor ions. A dynamic exclusion of 10 sec and a threshold of 1000 

counts to trigger MS2 were also applied for MS/MS scans. There was no significant ion 

suppression effect (<20%) observed within the retention time range where targeted 

analytes were eluted.    

 

Determination of Assay performance 

Assay performance was evaluated based on precision, accuracy (bias), selectivity and 

recovery of the five targeted neurosteroids/steroids. Inter-day and intra-day performance 

on quality control brain extract with/without being spiked with the steroids, as well as 

calibrators were performed over three days. 

 

Cross-method validation experiment 

Adult C57BL/6J mice (11 male and 15 female, age greater or equal to 8 months), which had 

undergone no manipulations were humanely killed in accord with Schedule 1 of the UK 

Animals (Scientific Procedures) Act 1986, and the whole brain was collected and 

homogenized as the “sample preparation” below. Brain homogenate was pooled and 

divided into two parts: one of which was spiked with 3α,5α-THPROG and 3β,5α-THPROG 

(additional 5 pmol/g tissue of each) and one without. Homogenates were then aliquoted 

and stored at -80°C and subsequently analyzed by LC-MS in Dundee, or GC-MS in Bordeaux 

laboratories. All calibrators and homogenates were processed in Dundee by the same 

operator. 

 

Acute stress experiment 

Adult (4.5-5-months-old) male C57BL/6J mice (n = 4 each group) were subjected to a single 

exposure to an experimenter monitored, raised platform for 10 min16 (or without) after 

which, they were humanely killed immediately in accordance with Schedule 1 of the UK 

Animals (Scientific Procedures) Act 1986. We had previously established that this paradigm 



 
 

produced a ~6 fold increase in blood corticosterone levels (data not shown). Following 

sacrifice the brains were excised from all mice. The cortex, hippocampus, hypothalamus and 

cerebellum were dissected in ice-cold saline (0.9%), weighed and snap-frozen in liquid 

nitrogen for storage at -80°C. 

  

Finasteride experiment 

Mice (adult (4.5-5-months-old) male C57BL/6J mice) were subsequently allocated to one of 

three groups; finasteride, saline, and sham (n = 4 in each group). All groups underwent 3 

days of habituation, during which they were exposed to a sham injection, before receiving a 

subcutaneous (s.c.) injection of finasteride (50 mg/kg), saline (20% β-cyclodextrin w/v 0.9% 

saline), or sham. Following the injection mice were returned to their home cage for 120 min 

before being humanely killed according to Schedule 1 of the Animals (Scientific Procedures) 

Act of 1986. Following sacrifice, the brains were excised from all mice and the cortex, 

hippocampus, hypothalamus and cerebellum dissected in ice-cold saline (0.9%). All samples 

were weighed and snap-frozen in liquid nitrogen for storage at -80°C. 

 

Data analysis 

Quantification of pre-defined targeted steroids was performed using SIEVE (version 2.0, 

Thermo Scientific) with a seed file (Suppl Table S-1), containing the information of retention 

time and m/z. The precursor mass tolerance was set to 10 ppm and the minimal intensity 

for alignment was set automatically, with intensities derived from the first monoisotopic 

peak. The maximal features selected were at 1,500. Data from SIEVE were exported to Excel 

2010 (Microsoft, Redmond, WA) for calculation of steroid-oxime to the corresponding 

deuterated steroid-oxime ratios. A standard curve of each steroid was constructed 

individually and was used to estimate their concentration in the brain (as pmol/g wet tissue 

weight). For non-targeted features, data were either normalised to d9-PROG, or by total ion 

current, or quantile normalization before calculation of fold changes. SIMCA (version 12, 

Umetrix, Sweden) was used for chemometric analysis. For calculation of statistical 

significance, data were analyzed by independent t test, or ANOVA with Tukey method for 

post-hoc multiple correction (α= 0.05) if data were normally distributed; or by the Mann-

Whitney test or Kruskal-Wallis test if data were not normally distributed, using SPSS 

Statistics 22 (IBM, Armonk, NY). The matching of detected precursor ions to putative 



 
 

steroid-oximes was carried out by searching against a steroid-oxime database derived from 

LIPIDMAP using an in-house program. 

  



 
 

Results and Discussion 

 

Design of ID-TNT-carbonyl NS Profiling 

To meet the criteria stated above, the following steps were taken. First, a stable isotope 

dilution strategy was used for targeted neurosteroids/steroids. Five corresponding stable 

isotopes were added in the first step to compensate the loss during sample processing and 

the matrix effect during ionization. Second, with the exception of PROG, the ionization 

efficiencies of the targeted compounds by ESI, or APCI were poor and thus derivatization 

strategies were also applied. Hydroxylamine based derivatization was chosen based on the 

fact that all targeted neurosteroids/steroids contain one or two carbonyl groups. The 

derivatization converts carbonyl to oxime group (Figure 1B). We found that 3α,5α-THPROG-

oxime, 3β,5α-THPROG-oxime and 5α-DHPROG-oxime can be efficiently ionized by ESI to 

produce > 50 fold greater signals than their underivatized counterparts (data not shown). 

Third, to separate THPROG stereoisomers, six different C18 columns with different 

hydrophobicity characteristics were examined. We found that column hydrophobicity was 

positively correlated to the separation of the two isomers (ΔT), with the Waters Symmetry 

C18 column providing the best separation power (Figure 1C). The chromatograms of five 

targeted neurosteroids/steroids and their corresponding internal standards are shown in 

Figure 1D, and their identities are confirmed by MS/MS spectra (as shown in Figure 1E for 

3α,5α-THPROG). Finally, to enable non-targeted screening and semi-quantification, a 

proteomics-like high resolution MS and data dependent MS/MS workflow was adopted.17 

 

A schematic workflow of the ID-TNT-carbonyl NS profiling is summarized in Figure 2. In 

short, brain tissues, or body fluid are spiked with stable isotopes of pre-determined targeted 

neurosteroids/steroids before homogenization and extraction in organic solvent. The 

extracts are further purified by solid phase extraction and the enriched neurosteroid 

extracts are derivatized to increase the ionization efficiency in electrospray ionization mode. 

The derivatized samples are then analyzed with LC-LTQ-Orbitrap, employing a protocol 

comprising of a high resolution (R=60,000) MS1 full scan and, if required, data-dependent 

MS/MS, where ions with a charge state of 1+ were isolated, fragmented by collision-induced 

dissociation and scanned in LTQ. Neurosteroid stereoisomers are separated by differential 



 
 

retention on LC and mass-to-charge ratio. Absolute quantification of targeted neurosteroids 

are calculated from the ratio of ion current of targeted neurosteroids (the first 

monoisotopic peaks) to those of corresponding isotopic internal standard signals, in 

reference to the pre-defined calibration curves. For relative quantification, features (defined 

as peaks with unique m/z cluster and LC retention time) observed in the MS data are 

analyzed in a metabolomics mode, in which supervised and non-supervised chemometric 

analysis can be applied after data normalization. Putative identities of the detected 

precursor ions are obtained by searching against a steroid-oxime database and matching 

MS/MS spectrum to those of authentic standards. This approach provides absolute 

quantification of targeted neurosteroids and maintains the ability to detect unexpected 

alterations of other non-targeted metabolites. The information from the targeted and non-

targeted analysis can be mutually beneficial. For example, data from the targeted analysis 

can be used for evaluating data processing strategies in the non-targeted analysis, and 

conversely the information of non-targeted analysis could enhance the interpretation of 

information obtained from the targeted analysis. 

 

Evaluation of the Extraction Condition 

Three common solvent systems (75% methanol/25% water, 1% acetic acid in methanol and 

1.8% formic acid in methanol) used previously by various research groups to extract brain 

neurosteroids were tested using the ID-TNT-NS profiling method. We found that the steroid 

concentration obtained, was dependent on the extraction conditions employed. The 75% 

methanol/25% water solvent produced a greater 5α-DHPROG level, whereas the use of 1.8% 

formic acid in methanol resulted in a greater PREG concentration. The 75% methanol/25% 

water system was chosen based on better precision (Suppl Table S-2).  

 

Assay Performance 

The assay performance for the targeted neurosteroids was evaluated based on intra- and 

inter-day precision and accuracy of calibrators and quality controls over three days, as well 

as the spiked-in recovery in the quality controls. The lower limits of quantification were 

between 0.5 - 2.5 pmol/g tissue and recovery was between 105-120%. The details of assay 

performance are listed in Table 1. 



 
 

 

Cross-Method Comparison between the ID-TNT-Carbonyl NS Profiling and GC-MS  

A cross method validation using an independently prepared calibrator set and two pools of 

brain extract (one of which was spiked with 5 pmol/g tissue of 3α,5α-THPROG and 3β,5α-

THPROG, and the other not). These samples were analyzed using GC-MS7,18, or ID-TNT-

carbonyl NS in two separate laboratories (Bordeaux and Dundee, respectively). Both 

methods produced similar results for 3α,5α-THPROG and 3β,5α-THPROG with < 15% 

differences and acceptable recoveries (between 80 - 120%) (Suppl Table S-3). 

 

From this cross method validation experiment and other experiments in the current study 

(see below), we concluded that the level of 3α,5α-THPROG from unstressed mice was within 

the low-mid pmol/g range (i.e. 5 - 40 pmol/g). This information is highly relevant to 

evaluating the putative physiological/pathological role of neurosteroids. In particular, the 

sub-nM range (sub pmol/g tissue) reported previously is well below the EC50 of 92nM18 (or 

the sensitivity threshold of 30nM19) for the 3α, 5α-THPROG’s effect on GABA-evoked 

currents in vitro. Our results provide evidence to support that the endogenous levels of 

3α,5α-THPROG (especially in certain conditions, e.g. acute stress20) is within the range 

sufficient to induce alterations to GABAA receptor. 

 

Whist the underlying causes of the large discrepancies of brain neurosteroids/steroids levels 

reported in the literature remain unknown, these results indicate that the use of GC-MS, or 

LC-MS, is unlikely to be a significant contributor. Interestingly, we have demonstrated above 

that the choice of extraction buffers can affect the results by as much as 140% (in the case 

of PREG). Amongst other potential source of variability, the mice themselves (and their 

breeding environment) may also have some influence. In support, noticeable differences 

between the control groups among the experiments in the current study were observed 

(see below), albeit not of sufficient magnitude to account for the large discrepancies 

reported in the literature.  

 

The Effects of Acute Stress to Brain Neurosteroid/Steroid Levels 



 
 

Acute stress is known to increase the brain levels of 3α,5α-THPROG.15 The 

neurosteroid/steroid profile of cerebellum, cortex, hippocampus and hypothalamus from 

mice (n = 4) subjected to the 10 min elevated platform paradigm, was compared with that 

of control mice using the ID-TNT-carbonyl NS profiling. We had previously established that 

this paradigm produced a ~6 fold increase in blood corticosterone levels (data not shown). 

For the targeted neurosteroids/steroids, we found that significant alterations were largely 

limited to the cortex, where the levels of 3α,5α-THPROG, 3β,5α-THPROG, and 5α-DHPROG 

were significantly elevated by the stress (p < 0.05, Suppl Figure S-1A), with a trend for an 

increase of cortical levels of PROG and PREG. Additionally, PROG levels were also found to 

be significantly elevated in hippocampus and hypothalamus. The acute stress-induced 

elevation on 3α,5α-THPROG (cortex specific) and PROG observed in this study are in line 

with the previous reports.15,21 

 

In the non-targeted mode, a screening of the precursor ions of non-targeted carbonyl 

containing steroids in the mineralocorticoid, glucocorticoid and androgen pathways 

revealed several matched signals. For example, two partially overlapped peaks with a 

precursor ion mass to charge ratio of 377.243 (1+ charged) was increased 4-5 fold in the 

cortex of stressed mice (Suppl Figure S-1B and C). The signals were matched to 

corticosterone and 11-deoxycortisol, both of which are known to be elevated in response to 

stress.22 In addition, several precursor ions matched to oxime products of 5α-

dihydrodeoxycorticosterone (m/z=363.264), tetrahydrodeoxycorticosterone/hydroxy-

THPROG (m/z=350.269, two major peaks), and hydroxyprogesterone/deoxycorticosterone 

(m/z=361.249, two peaks) were elevated in the stressed animals (Suppl Figure S-1B). 5α-

dihydrodeoxycorticosterone and tetrahydrodeoxycorticosterone are known to be increased 

by acute stress, and are also capable of potentiating GABA-activated chloride currents in 

cultured hippocampal neurons.23 Interestingly, the corticosterone/deoxycortisol signals 

were strongly correlated with many of the aforementioned putative steroid/neurosteroid 

signals (e.g. 5α-dihydrodeoxycorticosterone (Suppl Figure S-1D), 5α-DHPROG, and 

hydroxyprogesterone/deoxycorticosterone (all rho > 0.9, p < 0.001)), suggesting that these 

alterations are highly coordinated.  These results are consistent with the notion that acute 

stress enhances not only the 3α,5α-THPROG pathway, but also the mineralocorticoid and 

glucocorticoid pathways. 



 
 

 

The effects of Finasteride, a 5α-Reductase Inhibitor, on Brain Neurosteroid/Steroids 

The ID-TNT-carbonyl NS profiling approach was also used to investigate the effects of the 

administering finasteride, a 5α-reductase inhibitor, on brain neurosteroid/steroid levels. As 

finasteride was prepared in saline containing β-cyclodextrin, two control groups (sham, or 

saline containing β-cyclodextrin, n = 4) were included in the study design. Four brain regions 

(cerebellum, cortex, hypothalamus and hippocampus) were analyzed separately. 

 

A single dose of finasteride (50mg/kg, s.c.) significantly reduced the levels of neurosteroids 

downstream of the 5α-reductase enzyme, including 5α-DHPROG, 3α,5α-THPROG and 3β,5α-

THPROG (p < 0.05), and simultaneously increased the levels of PROG and PREG in the 

hypothalamus (p < 0.01, Figure 3A) determined 2hr. post-finasteride injection. Similar 

results were found in other brain regions except in hippocampus (Suppl Figure S-2). The 

observed effect on 3α,5α-THPROG is consistent with previous reports21,24 where finasteride 

reversed the acute stress-evoked rise in brain 3α,5α-THPROG levels. Furthermore, the effect 

here observed is comparable to that observed with another inhibitor of 5α-reductase, SKF 

105,111.25 Noticeably, the increase of PREG by finasteride was striking (20 - 80 fold, 

depending on individual animals) and consistent across all brain regions (Suppl Figure S-2). 

This finasteride-induced effect has not been reported before since the pharmacological 

effect of 5α-reductase inhibitors is typically assessed by examining the downstream 

steroids, e.g. 5α-dihydrotestosterone. We found that the magnitude of the alterations in the 

levels of PREG caused by finasteride was far greater than those detected for the 

downstream metabolites of 5α-reductase, albeit in the opposite direction. These results 

indicate that pharmacological inhibition of a rate-limiting enzyme in a pathway may not only 

affect the downstream metabolites, but also the upstream substrates. Since PREG has 

recently been demonstrated to be an allosteric modulator of cannabinoid receptor type 126, 

this discovery may be important for understanding mechanisms underpinning the 

pharmacological effects and adverse effects of finasteride.27  

 

For non-targeted analytes, chemometric analysis using partial least square discriminant 

analysis (PLS-DA) showed a clear separation of all three groups (Figure 3B). The separation 



 
 

in the finasteride group was mainly driven by finasteride and its metabolites (such as 

hydroxylation and hydrogenation), as well as the endogenous steroids including PREG and 

PROG (Figure 3C). Putative signals such as hydroxypregnenolone (PREG-OH, m/z=348.254) 

and androstenedione (m/z=317.223) were also found to be elevated by finasteride 

treatment. The separation of the saline groups were driven by unknown signals (e.g. 

m/z=309.298, 320.259, 386.245 and 345.338). The differences observed between the saline 

and sham groups also highlight the importance of proper controls in an experiment. 

 

Since drug compounds, drug metabolites and endogenous steroid metabolites are all 

presented in the same dataset, this approach would also allow the analysis of 

pharmacokinetics/pharmacodynamics relationship, which could be incorporated in the 

overall interpretation of the results. We found that finasteride levels were highest in the 

cerebellum, followed by hypothalamus, cortex and lowest in the hippocampus (Figure 3D). 

There was an inverse dose response relationship between finasteride and 3β,5α-THPROG (p 

< 0.01, rho=-0.68, Figure 3D) and DHPROG (p < 0.01, rho=-0.75, Suppl Figure S-3). The lower 

finasteride level in the hippocampus may explain why 3β,5α-THPROG were not significantly 

different from the saline group in this brain region (Suppl Figure S-2). Interestingly, no 

relationship was observed between finasteride and PREG (Figure 3E), PROG, or 3α,5α-

THPROG (data not shown). In the case of PREG and PROG, we suspect that the lack of an 

observable relationship may be related to their ability to distribute rapidly across brain 

regions as demonstrated in a previous study revealing a rapid uptake (within 2 min.) of 

PROG, or PREG, following an intravenous administration and a uniform distribution among 

brain regions.28 

 

Evaluation of Normalization Methods in the Non-Targeted Data Analysis 

We reasoned that the data from an ID-TNT-NS profiling includes both “true positive” from 

absolutely quantified data and “true negative” from internal standards, where all samples 

contain equal levels. As such, this information can provide an empirical means to guide the 

selection of normalization strategies. The effects of three common normalization methods 

(total ion current (TIC) normalization, single internal standard normalization and quantile 

normalization) to the statistical results between the finasteride and saline groups were 



 
 

investigated. We found that TIC based normalization produced false positives as indicated 

by significantly altered levels of internal standards (Figure 3F). A single internal standard 

normalization method caused false negative results, where no difference was found for 

3α,5α-THPROG and 3β,5α-THPROG. Overall, we found that quantile normalization 

performed best in identifying significant alterations in this dataset. 

 

Conclusion 

By integrating the concept of isotope dilution, hydroxylamine derivatization, high resolution 

single ion monitoring and data-dependent MS/MS acquisition, we present here a hybrid 

approach for neurosteroid/steroid quantification. This ID-TNT-carbonyl NS profiling provides 

several advantages. First, it maintains the ability to quantify targeted molecules with high 

confidence via stable isotope dilution, but simultaneously also offers a capability to examine 

non-targeted molecules similar to non-targeted metabolomic profiling. This additional 

profiling capability allows systematic, or retrospective analysis for changes unforeseen 

during the planning stage as demonstrated in the acute stress and pharmacological 

experiments shown in this study. Conversely, the data from targeted analyses provides an 

empirical way to judge the suitability of normalization strategy such that false positive and 

false negative results can be minimized. Furthermore, the ID-TNT-carbonyl NS profiling 

would enable quantification of the pharmacological agent utilized in the same analysis, and 

would be especially useful for investigating drug compounds targeting steroidogenesis 

pathways. In addition, the TNT approach would allow an assay to be validated in a way 

acceptable by regulatory bodies (e.g. The Food and Drug Administration), without 

compromising the screening capability. This approach would resolve a critical issue of 

validating metabolomics methods, where the number of analytes is too prohibitive to be 

validated in a traditional manner. This TNT concept can be easily applied to other existing 

analytical workflows, such as parallel reaction monitoring29 and SWATH30. 

 

The ID-TNT carbonyl NS profiling has two limitations. Firstly, the requirement of carbonyl 

based derivatization preclude the detection of steroids without carbonyl groups. A search in 

the LIPIDMAP database31 showed that among 194 known steroid molecules, 128 contain at 

least one carbonyl group, suggesting this approach would potentially cover two thirds of 



 
 

“steroidome”. Secondly, as the true identities of non-targeted metabolites have not been 

confirmed and their analytical characteristics not defined, further confirmation and 

validation will be required when an alteration of a non-targeted metabolite(s) is detected. It 

is envisaged that the characteristics (m/z, retention time, and MS/MS spectrum) of each 

steroid-oxime products will become available and the verification of findings from non-

targeted neurosteroids/steroid will become easier. 

In summary, we have developed an ID-TNT NS profiling method, allowing absolute 

quantification of selected targeted neurosteroids/steroids and relative quantification of 

other carbonyl steroids. Our results demonstrate that this approach provides a balanced 

analytical solution to address complex alterations in pharmacological and disease models. 
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Table 1. Summary of assay performance 

*The lower limit of quantification was defined as the lowest calibrator to give both intra- 

and inter-day precision and accuracy of less than 20%. 

3β,5α-
THPROG 

3α,5α-
THPROG 

5α-DHPROG PROG PREG 

Lower limit of 
quantification* (pmol/g 

based on 100mg brain 
tissue)) 

0.5 2.5 2.5 2.5 1.0 

Higher limit of 
quantification 

1000 1000 1000 1000 1000 

Intra-day assay precision 
(CV) 

2 - 5% 2 - 3% 1 - 3 % 1 - 4 % 2 - 4% 

Inter-day-assay precision 
(CV) 

1 - 2 % 2 - 3% 1 - 2 % 4 - 5% 10 - 11% 

Intra-day assay accuracy 
(Bias) 

7-11 % -2 - -8% -4 - -8 % -2 - 2% -18 - 0 %

Inter-day-assay accuracy 
(Bias) 

8-10 % -5 - -6% -5 - -6 % -2 - -3% -9 - -11%

Recovery 120 % 101 % 105% 118% 117% 



Figure Captions 

Figure 1. Development of the ID-TNT-carbonyl NS profiling. 

A. The 3α,5α-THPROG neurosteroid pathway (highlighted in the red rectangle) and the

interconnections to other steroidogenesis pathways. Cyp11A1: cytochrome P450

cholesterol side-chain cleavage enzyme; 3β-HSD: 3β-hydroxysteroid dehydrogenase

/Δ5-4 isomerase; 3α-HSD:  3α-hydroxysteroid dehydrogenase; 3β-HSOR: 3β-

hydroxysteroid oxidoreductase; FIN: finasteride.

B. The derivatization reaction of 3α,5α-THPROG with hydroxylamine.

C. The separation of THPROG isomers by C18 columns. The efficiency of separating

3α,5α-THPROG, and 3β,5α-THPROG (defined as ΔT, top panel) assessed on six

columns. The hydrophobicity of these columns was obtained from Waters Reversed-

phase column selective chart.32

D. LC chromatograms of targeted neurosteroids and their corresponding stable

isotopes.

E. MS2 spectra of 3α,5α-THPROG and d4-3α,5α-THPROG acquired in data-dependent

modes in the linear ion trap.

Figure 2. Workflow of ID-TNT-carbonyl NS profiling. See text for the description. IS: internal 

standard; SPE: solid phase extraction; Quan: quantification; SIM: selected ion monitoring; 

+X: m/z difference between the analyte and its isotope.

Figure 3. The effects finasteride, a 5α-reductase inhibitor, on brain neurosteroid/steroid 

pathways. Mice (n = 4, each group) were treated with 50 mg/kg finasteride (prepared in 

20% 2-hydroxypropyl-β-cyclodextrin in saline), saline (containing 20% 2-hydroxypropyl-β-

cyclodextrin), or sham by a single s.c. injection. Two hours after injection, the mice were 

sacrificed and the hypothalamus, cerebellum, cortex and hippocampus dissected from each 

mouse and neurosteroids were subsequently analyzed using the ID-TNT-carbonyl-NS  

profiling.  



A. The box whisker plots of five targeted NS in hypothalamic tissue obtained from mice

treated with finasteride (FIN), saline, or a sham injection (*, p < 0.01 vs sham and

saline; **, p < 0.05 vs saline, one-way ANOVA). The y axis is expressed in pmol/g (wet

tissue). The upper end of the box indicates the upper quantile and lower end the

lower quantile. The line within the box indicate the median. The upper and lower

whisker indicates the highest and lowest values, respectively.  The plots reveal

finasteride treatment to produce a significant increase in the levels of PREG and

PROG and significant decreases in the levels of the downstream metabolites 5α-

DHPROG, 3α,5α-THPROG and 3β,5α-THPROG.

B-C. Partial least square discriminant analysis of targeted and non-targeted metabolites.

The scores plot of the first two components (t1 and t2) shown in (B) and the 

corresponding loadings plot of the first two components (p1 and p2) in (C). The R2 and 

Q2 values were 0.53 and 0.76, respectively. The key metabolites (including drug 

metabolites and putative steroids) that drive the separation are labeled and those 

elevated in the finasteride group enlarged in the green box. PREG+O, hydroxyl-

pregnenolone; FIN+O, hydroxy finasteride; FIN+O2, dihydroxy-finasteride. The number 

next to the steroid name indicates its m/z ratio. 

D-E. The pharmacokinetics/pharmacodynamics relationship across brain regions

between 3β,5α-THPROG and finasteride (D), and between PREG and finasteride (E). Each 

dot indicates a brain region from an animal, and each brain region is labeled in different 

colors as indicated. 

F. The use of true positives and true negatives to assess the effects of normalization. The

p values between the finasteride and saline groups were calculated using independent t 

test. 




