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Abstract 1 

Background: Several neuropsychopharmacological properties have been attributed to the 3α-reduced 2 

pregnane steroids allopregnanolone and pregnanolone, as well as to dehydroepiandrosterone sulfate because of 3 

their ability to modulate gamma-aminobutyric acid receptors in Central Nervous System. In order to 4 

understand better their role a new methodology is proposed to monitor these compounds in human plasma. 5 

Methodology and results: The analytes were derivatized with 2-hydrazinopyridine and after solid phase 6 

extraction from plasma were separated by liquid chromatography and detected by tandem mass spectrometry. 7 

Linear responses in wide concentrations range and quantification limits ranging from 10 pg/mL to 40 pg/mL 8 

were obtained in less than 9 min. The method proposed has been validated and then applied to assess 9 

neurosteroids concentration in plasma of healthy subjects.  10 

Conclusions: For the first time, a straightforward and reliable method for the chromatographic separation of 11 

neurosteroids was carried out, with optimal accuracy, sensitivity and specificity.  12 

 13 

 14 

 15 

 16 

 17 

Keywords: neurosteroids, allopregnanolone, pregnanolone, dehydroepiandrosterone, mass spectrometry, 18 

plasma. 19 
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1. Introduction 21 

The term “neurosteroids” (i.e. steroids produced by the nervous system) was created about 35 years ago, after 22 

the discovery of central nervous system (CNS) ability to synthesize bioactive steroids [1,2]. Successively, 23 

some steroids were found to modulate neuronal excitability by the interaction with specific neurotransmitter 24 

receptors and were named “neuroactive steroids” [3–6]. While the classical steroids actions require the binding 25 

to their respective intracellular receptors and a relatively long period of time (minutes to hours) [7], the 26 

neuroactive steroids are able to interact with different membrane receptors and their effects appear in a shorter 27 

time window (milliseconds to seconds) [3–5,8–12]. Moreover, neuroactive steroids were also demonstrated to 28 

regulate gene expression via progesterone receptors and the intracellular crosstalk between their genomic and 29 

non-genomic effects is believed to be the basis of their action in the nervous system [13]. Given their ability to 30 

modulate several neurotransmitter receptors in CNS, several neuropsychopharmacological properties have 31 

been attributed to the neuroactive steroids. In particular, the 3α-reduced pregnane steroids allopregnanolone 32 

(AP) and pregnanolone (P) have been demonstrated to positively modulate the GABAA receptors, while 33 

dehydroepiandrosterone sulfate (DHEA-S) displayed GABAA receptors antagonistic properties [4–6,14]. 34 

Therefore, they have been putatively implied in sedative, hypnotic, anxiolytic, anticonvulsive, memory issues, 35 

sleep modulation and antidepressant mechanisms in CNS.  36 

Given their potential actions in neuromodulation, several analytical methods have been developed to detect and 37 

measure some of these molecules (i.e. AP, epiallopregnanolone (EAP), P, dehydroepiandrosterone (DHEA), 38 

and DHEA-S) in different animal tissues or fluids [15–19], as well as in human plasma [20-21], serum [22–39 

25], or saliva [26]. The most common used methods utilize gas chromatography–mass spectrometry (GC-MS) 40 

[17–21,27], radioimmunoassay (RIA) following HPLC separation [28], specific RIA [24], or liquid 41 

chromatography coupled to mass spectrometric detection (HPLC-MS) [16,26]. Although good levels of 42 

sensitivity were obtained by using RIA (LLOQ ranging from 15 to 25 pg), the presence of additional 43 

endogenous steroids and structurally related lipids decreased its specificity and accuracy [29-30]. Higher 44 

sensitivity and better selectivity were achieved by using GC-MS or GC–electron capture negative chemical 45 

ionization [17], although these GC-MS methods required significant amounts of time and efforts associated 46 

with clean-up and preconcentration steps, such as liquid–liquid extraction [20], solid-phase extraction 47 

[16,18,26], or even longer procedures like preparative high-performance liquid chromatography or thin layer 48 
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chromatography [17]. In this sense, HPLC-MS/MS is versatile and selective, and allows the development of 49 

simpler and high-throughput methodologies for the analysis of neurosteroids.  50 

Given the very low concentrations of neurosteroids in tissues and fluids with a highly significant biological 51 

activity, their accurate estimation in human matrices is essential in both basic and clinical research. However, 52 

the neurosteroids ionization efficiencies are relatively low in electrospray ionization (ESI) and atmospheric 53 

pressure chemical ionization modes, so that an improved level of sensitivity is required to determine 54 

neurosteroids in biological samples at trace levels. Therefore, chemical derivatization reactions, i.e. the 55 

conversion of poorly or non-ionizable compounds into easily ionizable derivatives by the atmospheric pressure 56 

ionization (API), should be considered [26,31]. One example is the analysis of unconjugated oxosteroids after 57 

the conversion to their oximes [32-33]. In case of derivatization, sample handling procedures for LC/MS are 58 

easier to perform than for GC/MS, as well as the run analysis time is usually shorter and the selectivity 59 

improved when using LC/MS [34]. Regarding the ESI, the steroids detection sensitivity is improved when 60 

permanently charged moieties or easily ionizable moieties are introduced [26-31]. Indeed, some previous 61 

derivatizing reagents such as hydroxyammonium chloride and 2-hydrazino-1-methylpyridine have been used 62 

for a more efficient detection of some neutral neurosteroids or neurosteroids sulfates [15,33,35]. Recently, the 63 

derivatization of ketone-groups (mono- and bi-oxosteroids) with 2-hydrazinopyridine successfully enabled the 64 

analysis of sex steroid hormones in plasma [36] and, consequently, it could be also applied for the 65 

derivatization of other neutral neurosteroids in human matrices. 66 

The development of new, accurate and precise approaches for determining neurosteroids in biological matrices 67 

might potentially improve the analysis of their relationship with disease processes  [23-25] and consequently 68 

the diagnosis and treatment, as well as epidemiological studies and risk assessments [37]. Additionally, their 69 

close structural similarity and the complexity of the biological matrices require the development of an effective 70 

extraction and purification technique as well as of a selective and sensitive analytical method in order to 71 

overcome these drawbacks. Therefore, this work aims to develop and validate a High Performance Liquid 72 

Chromatography coupled to tandem Mass Spectrometry (HPLC-MS/MS) methodology able to efficiently 73 

determine and quantify three epimers of pregnanolone (AP, EAP, and P), dehydroepiandrosterone, and 74 

dehydroepiandrosterone 3-sulfate in human plasma. 75 
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2. Materials and Methods 76 

2.1 Chemicals 77 

Allopregnanolone (AP; 3α-hydroxy-5α-pregnan-20-one), epiallopregnanolone (EAP; 3β-hydroxy-5α-pregnan-78 

20-one), pregnanolone (P; 3α-hydroxy-5β-pregnan-20-one), dehydroepiandrosterone (DHEA), 79 

dehydroepiandrosterone 3-sulfate (DHEAS), the internal standard (IS) deuterated and Carbon-13 labelled 80 

pregnenolone (3β-Hydroxy-5-pregnen-20-one-20,21-13C2-16,16-d2), the derivatizing reagent 2-81 

hydrazinopyridine (2-HP), and trifluoroacetic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). 82 

HPLC grade ethanol and acetonitrile (HiPerSolv Chromanorm®) were obtained from VWR International 83 

(Radnor, PA, USA), whereas methanol (HPLC grade) was from J.T. Baker® (Phillipsburg, NJ, USA). Formic 84 

acid (analytical grade) was obtained from Merck (Darmstadt, Germany). 85 

The Strata-X 33u Polymeric Reversed Phase cartridges for solid phase extraction and the Phree® cartridges for 86 

phospholipids removal were obtained from Phenomenex (Torrance, CA, USA). The blank plasma utilized for 87 

the preparation of the standard calibration solutions and the quality control (QC) samples was charcoal stripped 88 

human plasma EDTA K3 kindly provided by Eureka SRL Lab Division (Chiaravalle, Italy). Ultra-pure water 89 

from a MilliQ system (Millipore Corporation,Bedford, MA) was used. 90 

2.2 Standard solutions 91 

The stock solutions of all analytes, including IS, were prepared at 1 mg mL-1 in ethanol and stored in absence 92 

of light at -20°C. Working solutions were obtained by diluting in methanol the stock solutions of each analyte 93 

to obtain a final concentration of 100 µg mL-1, and of 10 µg mL-1 for internal standard, and stored at -20°C. 94 

Calibration curves samples (at a minimum of 6 different concentrations) and QC samples (prepared at three 95 

different levels of concentration, low, medium and high) were prepared by spiking the charcoal stripped 96 

plasma with the working solution of each analyte. The derivatizing solution (20 mg mL-1) was prepared in 97 

0.5% trifluoroacetic acid ethanol solution. 98 

2.3 Instrumentation 99 

The compounds were separated on an Agilent 1100 Series HPLC system (Agilent, Santa Clara, CA) consisted 100 

of a G1312A binary pump, a G1313A autosampler, a G1379A degasser, and a G1316A column oven. The 101 

chromatographic separation was performed with a Kinetex biphenyl column (100 mm × 2.1 mm internal 102 
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diameter, 2.6 µm, 100Å pore size) protected by a biphenyl guard column (Phenomenex, Torrance, CA, USA), 103 

at room temperature. For the detection of the analytes, an API 3200 triple quadrupole mass spectrometer (AB 104 

Sciex Framingham, MA, USA) equipped with an atmospheric pressure electrospray ionization interface (ESI) 105 

was used. Data analysis were obtained and processed by Analyst 1.5.1 software.  106 

A speed vacuum concentrator Savant SC100 SpeedVac® Concentrator used to evaporate samples was 107 

purchased from Savant Instruments (Framingale, NY, USA).  108 

2.4 Extraction from plasma samples 109 

The charcoal stripped plasma (blank plasma) utilized to prepare both calibration curve and QC samples, was 110 

stored at -80°C until analysis.  111 

For the solid phase extraction, 500 µL of sample were added to 10 µL of the internal standard (10 µg mL-1) and 112 

then diluted with 1 mL of water. The sample mixture was loaded into a Strata cartridge pre-conditioned with 113 

800 µL of methanol, 800 µL of a mixture methanol:water (1:1) and then with 800 µL of water. 1 mL of 114 

deionized water was used for cartridge wash, and the compounds were eluted with 150 µL of acetonitrile. The 115 

elution fraction was mixed with 250 µL of derivatizing solution, and then incubated at 60ºC for 1 hour [38]. 116 

After incubation, 600 µL of acetonitrile and 400 µL of the derivatized solution were loaded onto a Phree 117 

cartridge and then vortexed for 2 minutes. The resultant solution was eluted and evaporated by using a Speed 118 

vacuum concentrate, and the dried extract was reconstituted in 75 µL of a 0.1% formic acid aqueous solution. 119 

Aliquots of 10 µL were injected onto the HPLC system for its analysis. 120 

2.5 LC/MS/MS Method 121 

Aqueous solution of formic acid (0.1%) in water and methanol were used as mobile phase at a flow rate of 122 

0.3 mL min-1. A linear gradient elution was used, with methanol maintained at 60% for the first minute, 123 

changing from 60% to 80% between 1 and 8 min, maintained at 80% for 2 minutes and then increased to 100% 124 

methanol over 0.1 min, followed by 0.9 minutes at 100%. Then, the methanol content was decreased to 60% 125 

over 0.1 min and maintained constant for 3.9 min to re-equilibrate the chromatographic column. The total 126 

analysis time was 15 min. Data acquisition was achieved in multiple reaction monitoring (MRM) mode, with 127 

the following ESI settings: curtain gas, =10 psi; collision gas, =5 psi; ion spray voltage=5500 V in positive 128 

mode; ion source temperature=300°C; ion source gas 1, =50 psi; and ion source gas 2, =60 psi; nitrogen was 129 

used as the collision gas. Single reaction monitoring (SRM)was optimized by direct infusion of a 10µg mL-1 130 
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working solution of each molecule, with dwell times of 100 ms. To avoid potential interferences from other 131 

compounds, both the Q1 and Q3 quadrupoles were operated in ‘high resolution mode’ for all the analytes. 132 

2.6 Method validation 133 

Processed calibration standards and QC samples were used to elaborate the calibration curve for the method 134 

validation. The validation was conducted considering selectivity, lower limit of quantification (LLOQ), 135 

recovery, accuracy, and precision, together with the evaluation of matrix effects and stability. This method was 136 

validated  following the European Medicines Agency Guideline on bioanalytical method validation [39]. 137 

2.6.1 Selectivity and carry-over 138 

To assess selectivity, blank plasma of six different sources were individually analyzed and evaluated for 139 

interferences. A response lower than 20% of the LLOQ for each analyte and lower than 5% for the internal 140 

standard is considered as a good level of selectivity. The analysis of blank samples injected after a high 141 

concentration sample or calibration standard was used to assess carry-over. Likewise, the response should be 142 

lower than 20% of the LLOQ for each analyte and lower than 5% for the internal standard. 143 

2.6.2 Lower limit of quantification and calibration curve 144 

The analyte response at LLOQ should be determined with a precision and an accuracy of ±20%, and the signal 145 

of the LLOQ sample should be at least 5 times the signal of a blank sample. Five independent samples of 146 

standards were used to determine the LLOQ values with the coefficient of variation (CV).  147 

Three independent runs of each calibration standard sample were analyzed by triplicate and an acceptable 148 

linearity was obtained if the deviations of the mean calculated concentrations over three runs do not exceed 149 

±15% of the nominal concentration, and of ±20% at the LLOQ level.  150 
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2.6.3 Accuracy and precision 151 

Accuracy was evaluated comparing the concentrations of known amounts of analytes in QC samples with the 152 

corresponding nominal values, within a single run (within-run accuracy) and in different runs (between-run 153 

accuracy). The within-run accuracy was determined analyzing 4 different concentration levels (LLOQ, low, 154 

medium and high) of five samples in a single batch.  Likewise, between-run accuracy was evaluated using the 155 

same QC samples from at least three runs analyzed on at least two different days. The same procedure was 156 

performed to determine within-run and between-run precision.  157 

2.6.4 Recovery 158 

Recoveries were evaluated in five replicates on three different runs of QC samples spiked at four different 159 

concentrations. The extraction recovery values were assessed by measuring the analyte areas in blank plasma 160 

samples spiked with QC concentrations prior and after the extraction step (i.e. 100% recovery) were compared. 161 

2.6.5 Matrix effects and stability 162 

The matrix factor (MF) was calculated using the ratio of the analyte area spiked in the blank plasma after 163 

sample treatment to the analyte area in a working standard solution  164 

Coefficients of variation over 15% should not be attained. For the stability study, three different concentrations 165 

of QC samples in triplicate were analyzed. Stability study included the freeze/thaw (three freeze and thaw 166 

cycles), short-term (at room temperature for 24h) and the long-term (at -80°C for 6 months) stability analyses. 167 

Stability was considered acceptable when the CV was within 15%. 168 

 169 

2.7 Data analysis 170 

Peak area ratios (analyte/IS) were plotted versus the amount of each analyte to construct each calibration curve, 171 

and linear regression analysis was utilized to assess the linearity of the calibration curves. The curve fitting 172 

model and weighting function were selected when the lowest total bias and the most constant bias across the 173 

total concentration range were calculated. 174 
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2.8 Subjects and experimental protocol 175 

Blood samples were collected from healthy participants and plasma was obtained by centrifugation for 10 176 

min at 3000 rpm and then stored at -80°C until analysis. 177 

Ten healthy subjects (3 females and 7 males) within the area of Rome that gave their written informed 178 

consent prior to participate in the study were recruited. Inclusion criteria were: 1) age between 50 and 85 years, 179 

and 2) education between 5 and 17 years, whereas subjects were excluded if they presented 1) history of 180 

substance abuse or head trauma, 2) major systemic or neurological diseases, 3) DSM-IV-TR diagnosed 181 

psychiatric disease or mental retardation. Data on gender, age and education are reported in Table 1. 182 

 183 

3. Results and discussion 184 

3.1 Optimization of the plasma samples preparation 185 

Sample preparation is a critical step for the development of an accurate and selective LC-MS/MS method. 186 

The molecular structure of AP, EAP and pregnanolone is very similar. Indeed, these molecules are epimers 187 

with the same molecular weight, but structurally diverse from DHEA and DHEAS (Figure 1). Several 188 

extraction procedures, such as protein precipitation, liquid-liquid extraction and solid phase extraction were 189 

evaluated during the method's development. The use of an organic solvent to precipitate proteins is a simple 190 

and extensively utilised procedure, though it leads to more matrix effects when compared to the most 191 

exhaustive procedures (i.e. solid phase or liquid–liquid extraction) [40]. Thus, we evaluated several extraction 192 

cartridges, including C18 and other polymer sorbents (Strata®, Phenyl), and Strata-X® cartridges were finally 193 

selected as of the highest recoveries obtained for all the analytes to be analyzed. Acetonitrile was chosen as the 194 

eluent instead of methanol, 2-propanol, or a mixture of either acetonitrile:2-propanol (4:1, v:v) or methanol:2-195 

propanol (3:2, v:v) because of the better recoveries determined. Additionally, complex matrix compounds like 196 

proteins or lipids needed to be removed from the sample to reduce matrix interferences. Precipitation, 197 

denaturation or adsorption of the sample proteins onto the packing material of the LC column could also occur, 198 

shortening the duration of the chromatographic column, increasing backpressure, and hence reducing the 199 

column's efficiency and capacity. Consequently, after solid phase extraction and the derivatization of the 200 
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analytes’, the Phree® cartridges were utilized to eliminate further proteins and phospholipids within the 201 

resultant mixture. 202 

3.2 Development of the LC-MS/MS method 203 

The ionization efficiency is highly dependent on the structure of the compound and the mobile phase 204 

composition [31-41]. Consequently, the analytical sensitivity is enhanced when analytes are either ionic or can 205 

be readily ionized in solution. However, the analytes here studied are mostly neutral because of the ketone 206 

functional groups, and their ionization efficiencies by ESI are sometimes low. Consequently, these molecules 207 

need to be derivatized to enhance their ionization efficiency prior to their detection by ESI-MS/MS. The 208 

hydroxyl and/or the ketone groups were used to introduce the API-responsive moieties. Previously, 2-209 

hydrazino-1-methylpyridine has been used as a charged derivatization reagent for carbonyl compounds [31]. 210 

However, this charged derivatization is not effective for those multicharge small molecules, which are instable 211 

in the gas-phase because the derivatives provide a multiple number of ions, [M-1]+, [M]2+ and fragment ions, 212 

instead of [M]+ [42]. Alternatively, a highly proton-affinitive pyridyl group can be introduced for the ESI-MS 213 

detection [38]. Indeed, the ionization of the compounds analysed in this work is facilitated by their 214 

derivatization with 2-hydrazinopyridine (Figure 1). The MS/MS parameters were optimized for all analytes. 215 

For each analyte, the most abundant product ion was selected (Figure 1), and an additional product ion was 216 

monitored for confirmation of the identity. Thus, three parameters (i.e. retention time, molecular mass, and 217 

product ions) were selected for a correct identification and quantification of all the analytes. Table 2 218 

summarizes the parameters of the optimized MRM transitions. Generally, the high specificity of MS/MS 219 

detection would reduce the run time of chromatographic analysis. However, AP, EAP, and P are epimeric 220 

molecules and, consequently, the m/z of the precursor and monitored ions of the derivatized molecules (AP-221 

HP, EAP-HP, and P-HP) is the same (Table 2). A complete chromatographic separation of these derivatives is 222 

therefore required for an accurate quantification. In this sense, some previous works have detected 223 

pregnanolone [30], AP and EAP [15], the four isomers of pregnanolone [43], as well as DHEA [26] and 224 

DHEAS [22,23,25,44] in human samples, though this is the first work reporting a complete chromatographic 225 

separation as well as a sensitive and selective detection for the three derivatives of the pregnanolone epimers 226 

which have major biological significance, together with DHEA and DHEAS in human plasma.  227 
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Given the similar chemical structures of the selected compounds, several chromatographic columns were 228 

evaluated. Among the stationary phases assayed (Luna® C18, Kinetex® pentafluorophenyl, and Lux® cellulose-1 229 

columns), the Kinetex® biphenyl column (100 mm × 2.1 mm internal diameter, 100Å pore size) with a particle 230 

diameter of 2.6 µm gave the best resolution and separation times. Additionally, among different aqueous 231 

mobile phases as well as organic phases evaluated, 0.1% formic acid as the aqueous phase and methanol as the 232 

organic phase were chosen. All the molecules were eluted and baseline separated in their individual MRM 233 

channels within 9 minutes, as indicated in Figure 2. Under the selected chromatographic conditions, DHEA 234 

and DHEA-S were much less retained in the selected column than pregnanolone isomers, which were well-235 

separated even though their structures are closely related. The retention times for each compound are listed in 236 

Table 3. 237 

3.3 Method validation 238 

3.3.1 Specificity, matrix effect, and carry-over 239 

No interference was observed at the retention times of all the analytes. Since the compounds here analysed are 240 

naturally produced by the human organism, different concentrations could be observed in blank plasma 241 

samples. Nevertheless, the blank plasma utilized for this study was free from interfering ions at the retention 242 

times of the analytes (Figure 3). 243 

Additionally, the matrix components caused an ion suppression effect lower than a 15% on the ionization 244 

efficiency of the analytes under the proposed conditions (Table 4).  245 

Carry-over was evaluated considering the peak area of each compound in a black sample analysed after the 246 

injection of 10 µg mL-1 standard solution. The peak areas were found to be lower than 20% of the peak area of 247 

the limit-of-quantification sample (DHEA-S: ≈ 900; DHEA: ≈ 700; AP, P, EAP: ≈ 1000).  248 

3.3.2 Sensitivity and Linearity   249 

The lower limit of quantification (LLOQ) ranged from 10 pg mL-1 (DHEAS) to 40 pg mL-1 (DHEA) (Table 3). 250 

These values s can be considered as adequate, since they allow low concentrations of the compounds to be 251 

detected, which is important as of the reduced quantities which are usually produced [31]. 252 
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The linear regression of the calibration curves for each analyte showed regression coefficients > 0.996 in all 253 

cases.  254 

3.3.3 Accuracy and precision  255 

The accuracy results are presented in Table 5. They ranged from 89.4% to 107% and from 90.2% to 110% for 256 

the intra-day and inter-day analysis, respectively. The precision data (%CV) for each analyte are reported in 257 

Table 5. They show that at all the concentrations of each QC sample analysed, the precision is better than 10% 258 

for all analytes over the respective limits of quantification.  259 

3.3.4 Recovery and stability 260 

The solid phase extraction method used in this study returned a mean recovery higher than 82.2% for all the 261 

compounds (Table 5). Consistent recovery values were found to be consistent for each analyte over its 262 

respective calibration range, which indicates that the extraction efficiency is not influenced by the 263 

concentration in the ranges studied.  264 

Stability for at least 24h at room temperature was confirmed for all the analytes in the extracted samples (i.e., 265 

no deviation greater than ±15% of the nominal concentration) and a CV < 15% (between 4,7% for DHEA-S 266 

and 13,3 for AP). Likewise, long-term stability of the analytes after 60 days at -80°C, as well as after three 267 

freeze (-20°C) / thaw (24°C) cycles were also confirmed 268 

3.4 Clinical application 269 

The proposed method was used for the analysis of these endogenous compounds in plasma samples collected 270 

from 10 healthy volunteers. All analytes were detected in each of the samples analysed and their respective 271 

concentrations were accordingly calculated for each analyte. As more specifically reported in Table 1, for the 272 

pregnane steroids, AP was found to be present in a range from 0.403 to 1.13 ng mL-1, while EAP was detected 273 

between 0.164 and 0.524 ng mL-1 and pregnanolone ranged from 0.179 to 0.51 ng mL-1. Moreover, DHEA and 274 

DHEA-S were also found in all the volunteers’ plasma samples, ranging from 1.99 to 6.23 ng mL-1 and from 275 

0.242 to 4.47 µg mL-1, respectively [45,46,47,15,48]. The detected concentrations of DHEA, DHEA-S, AP, 276 

EAP and P were all similar to those already reported in literature.  277 

4. Conclusion 278 
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A rapid, straightforward, specific, and reliable LC-MS/MS method by using a two solid phase extraction 279 

steps has been developed and validated for the simultaneous determination of allopregnanolone, 280 

epiallopregnanolone, pregnanolone, dehydroepiandrosterone, and dehydroepiandrosterone 3-sulfate in human 281 

plasma. This methodology represents an adequate approach to the analysis of these endogenous compounds, 282 

which are especially important for the research on different diseases and/or pharmacological processes (e.g. 283 

sedative, hypnotic, anxiolytic, anticonvulsive) as well as of their key role on many biochemical mechanisms in 284 

CNS, like memory, sleep modulation and antidepressant mechanisms. 285 

5. Future perspective 286 

Since decades, neurosteroids have been under active investigation for their ability to centrally modulate 287 

GABAA receptors and their key role not only in normal and pathological behavior in animals and humans, but 288 

also in several neuropsychiatric disorders. However, many questions about their actions in CNS physiology 289 

and pathology remain to be answered. For example, basic research is still focused on their mechanisms of 290 

action, on the exact site of interaction with GABAA receptors and on possible other interactions with different 291 

central receptors. Moreover, neurosteroids implications in animals and humans behavior and in 292 

neuropsychiatric disorders are still far to be understood. Furthermore, preclinical studies demonstrated that 293 

neurosteroids modulate anxiety-related behavior but the different receptors and compounds involved, the 294 

concentrations and timing, and the role of epimers are still not known. Similarly, neurosteroids were implicated 295 

in mood disorders pathophysiology but their mechanism of action needs still to be clarified. Recently, it was 296 

also demonstrated that Alzheimer’s disease neurodegenerative processes are associated with a modification in 297 

neurosteroidogenesis and neurosteroids brain levels. Therefore, studies investigating neurosteroid profiles in 298 

neurodegenerative and psychiatric disorders during differential states would probably be an essential part of 299 

future research and need analytical methods able to accurately detect all the isomers. Advances in this field 300 

might also open novel therapeutic options in neuropsychopharmacology with endogenous or synthetic 301 

compounds.  302 
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 409 

Figure Legends 410 

Figure 1. Chemical structures of the analytes determined, the internal standard and the derivatizing agent 411 

utilised for the development of the methodology, as well as product ions of derivatized analytes and internal 412 

standard. Arrows indicate possible pattern of fragmentation with their respective MRM transitions of the 413 

appropriate side. 414 

Figure 2. Chromatograms of a QC sample containing 1 ng mL-1 of AP, EAP and P, and 5 ng mL-1 of DHEA 415 

and DHEA-S. All analytes were recorded in the positive ion mode. AP: Allopregnanolone; DHEA: 416 

dehydroepiandrosterone; DHEAS: dehydroepiandrosterone 3-sulfate; EAP: epiallopregnanolone; IS: internal 417 

standard; P: pregnanolone. 418 

Figure 3. MRM chromatograms of a blank plasma sample utilized to prepare calibration standard and QC 419 

samples.  420 

 421 
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Table 1. Demographic data and concentration of analytes calculated for each healthy volunteer analysed 

in this study. 

Individual Age 

(years) 

Gender Education  

(years) 

AP  

(ng mL
-1

) 

EAP  

(ng mL
-1

) 

P  

(ng mL
-1

) 

DHEA  

(ng mL
-1

) 

DHEA-S  

(µg mL
-1

) 

1 83 F 12 1.13 0.524 0.254 2.63 0.520 

2 73 F 13 0.893 0.368 0.235 3.10 0.242 

3 77 M 15 0.688 0.288 0.226 2.81 1.45 

4 77 M 17 0.988 0.325 0.417 2.96 1.10 

5 70 M 5 0.857 0.164 0.197 3.54 1.31 

6 75 M 13 0.818 0.484 0.510 1.99 2.09 

7 54 M 11 1.07 0.213 0.316 5.90 4.47 

8 77 M 5 0.860 0.219 0.179 5.59 2.2 

9 74 M 17 0.822 0.287 0.350 6.23 3.91 

10 71 F 8 0.403 0.319 0.461 4.22 0.941 

AP: allopregnanolone; DHEA: dehydroepiandrosterone; DHEA-S: dehydroepiandrosterone 3-sulfate; 

EAP: epiallopregnanolone; F: female; M: male; P: pregnanolone. 
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Table 2. Single-reaction monitoring transitions and optimized mass spectrometer parameters for the 

derivatized analytes and the internal standard. 

Analyte 
SRM transition 

(m/z) 

DP EP CEP CE CXP 

Allopregnanolone-HP 410.3>302.3 67 6 22.25 42 4 

Epiallopregnanolone-HP 410.3>302.3 67 6 22.25 42 4 

Pregnanolone-HP 410.3>302.3 67 6 22.25 42 4 

Dehydroepiandrosterone-HP 380.2>159.2 57 6.3 21.3 39 3.1 

Dehydroepiandrosterone 3-sulfate-HP 460.1>380.5 55 7 23.9 29.1 4.7 

IS-HP 412.3>318.2 51 6.2 22.3 26 6.8 

CE: collision energy (eV); CEP: collision cell entrance potential (V); CXP: collision cell exit potential (V); DP: declustering potential 

(V); EP: entrance potential (V); HP: 2-hydrazinopyridine; IS: internal standard. 
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Table 3. Figures of merit of the proposed method. 

Analyte 
Retention time 

(mean±SD) 

LLOQ 

(pg mL-1) 

Calibration 

range (ng mL-1) 

R 

(mean±SD) 

Allopregnanolone-HP 8.43±0.025 15 0.0195-5 0.999±1·10-3 

Epiallopregnanolone-HP 8.07±0.023 15 0.0195-5 0.997±2·10-4 

Pregnanolone-HP 8.77±0.029 15 0.0195-5 0.997±3·10-4 

DHEA-HP 2.99±0.017 40 0.05-50 0.997±5·10-4 

DHEAS-HP 2.31±0.016 10 100-1·104 0.996±2·10-4 

IS-HP  6.77±0.024 nd nd nd 

DHEA: dehydroepiandrosterone; DHEAS: dehydroepiandrosterone 3-sulfate; HP: 2-hydrazinopyridine; IS: internal standard. LLOQ: 

lowest limit of quantification. R: coefficient of correlation; SD: standard deviation.  

Retention times are expressed as minutes.  

nd: not determined. 
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Table 4. Matrix effects and inter-lot matrix variation. 

Analyte Absolute matrix effect 

(mean±SD) 

 Relative matrix effect    

(CV) 

Low QC High QC  Low QC High QC 

Allopregnanolone-HP 0.90±0.06 0.85±0.06  8.74 10.2 

Epiallopregnanolone-HP 0.89±0.05 0.90±0.05  10.5 6.02 

Pregnanolone-HP 0.88±0.08 0.85±0.10  11.7 11.4 

DHEA-HP 0.95±0.10 0.89±0.12  8.84 13.9 

DHEAS-HP 0.97±0.04 0.95±0.04  9.94 7.17 

IS-HP 0.94±0.06a  nd 

aInternal standard matrix effects were evaluated at 10 µg mL-1. CV: coefficient of variation; DHEA: 

dehydroepiandrosterone; DHEAS: dehydroepiandrosterone 3-sulfate; HP: 2-hydrazinopyridine; IS: internal standard; 

QC: quality control samples. 

nd: not determined. 
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Table 5. Precision, accuracy, and extraction recovery values calculated for the proposed method. 

Analyte Concentration 

Level 

Precision  Accuracy Recovery 

(%) 

Average 

recovery 

(mean±SD) 

Within 

run

 
Between 

run

 
 Intra-

day

 
Inter-

day

 

Allopregnanolone-HP LLOQ 9.14 9.30  100 100 78.1 83.5±4.1 

 Low (40 pg/ml) 7.97 8.33  99.4 101 84.2  

 Middle (2.4 ng/ml) 2.74 6.11  89.4 98.4 83.4  

 High (4 ng/ml) 8.34 5.72  101 98.0 88.2  

Epiallopregnanolone-

HP 

LLOQ 7.51 5.54  95.1 91.9 85.7 84.7±2.3 

 Low (40 pg/ml) 7.92 7.39  101 99.2 87.3  

 Middle (2.4 ng/ml) 4.76 5.40  92.1 94.5 82.2  

 High (4 ng/ml) 5.19 4.31  95.5 98.0 83.4  

Pregnanolone-HP LLOQ 6.29 3.77  96.9 94.5 81.1 82.2±2.5 

 Low (40 pg/ml) 5.30 4.77  101 102 79.2  

 Middle (2.4 ng/ml) 4.86 6.60  96.1 95.2 83.6  

 High (4 ng/ml) 7.17 4.66  101 104 84.9  

DHEA-HP LLOQ 7.43 5.99  101 97.5 80.3 85.9±5.4 

 Low (100 pg/ml) 3.16 5.44  107 110 82.5  

 Middle (25 ng/ml) 5.87 6.38  96.9 95.8 89.2  

 High (40 ng/ml) 6.32 8.46  97.9 93.7 91.6  

DHEAS-HP LLOQ 4.87 5.78  96.8 107 81.7 84.4±2.1 

 Low (25 pg/ml) 5.38 7.04  105 104 83.8  

 Middle (5 µg/ml) 9.89 9.41  98.0 99.7 85.8  

 High (8 µg/ml) 5.62 2.87  91.9 90.2 86.2  

IS-HP 10 µg mL-1       90.8±0.6 

DHEA: dehydroepiandrosterone; DHEAS: dehydroepiandrosterone 3-sulfate; IS: internal standard; HP: 2-

hydrazinopryridine; LLOQ: lower limit of quantification (see Table 3); SD: standard deviation.  
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Figure 1 
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