[image: image1]Simultaneous quantitation of 17 endogenous adrenal corticosteroid hormones in human plasma by UHPLC-MS/MS and their application in congenital adrenal hyperplasia screening

		ORIGINAL RESEARCH
published: 11 August 2022
doi: 10.3389/fchem.2022.961660


[image: image2]
Simultaneous quantitation of 17 endogenous adrenal corticosteroid hormones in human plasma by UHPLC-MS/MS and their application in congenital adrenal hyperplasia screening
Qiaoxuan Zhang1†, Min Zhan1†, Huihui Wu2, Pinning Feng3, Xing Jin4, Zemin Wan1, Jun Yan1†, Pengwei Zhang1, Peifeng Ke1, Junhua Zhuang1, Jiuyao Zhou5, Liqiao Han1* and Xianzhang Huang1*
1Department of Laboratory Medicine, The Second Affiliated Hospital of Guangzhou University of Chinese Medicine (Guangdong Provincial Hospital of Chinese Medicine), Guangzhou, China
2Anhui Prevention and Treatment Center for Occupational Disease, Anhui No. 2 Provincial People’s Hospital, Hefei, China
3Department of Laboratory Medicine, Sun Yat-Sen University First Affiliated Hospital, Guangzhou, China
4The Affiliated Hospital of Yangzhou University, Yangzhou University, Yangzhou, China
5Department of Pharmacology, School of Pharmaceutical Sciences, Guangzhou University of Chinese Medicine, Guangzhou, China
Edited by:
Hongbo Li, Nanjing University, China
Reviewed by:
Bin Hu, Jinan University, China
Monica Mazzarino, Federazione Medico Sportiva Italiana (FMSI), Italy
Si Wei, Nanjing University, China
* Correspondence: Liqiao Han, hanliqiao@163.com; Xianzhang Huang, huangxz020@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry
Received: 05 June 2022
Accepted: 30 June 2022
Published: 11 August 2022
Citation: Zhang Q, Zhan M, Wu H, Feng P, Jin X, Wan Z, Yan J, Zhang P, Ke P, Zhuang J, Zhou J, Han L and Huang X (2022) Simultaneous quantitation of 17 endogenous adrenal corticosteroid hormones in human plasma by UHPLC-MS/MS and their application in congenital adrenal hyperplasia screening. Front. Chem. 10:961660. doi: 10.3389/fchem.2022.961660

Accurate investigation of adrenal hormone levels plays a vital role in pediatric endocrinology for the detection of steroid-related disorders. This study aims to develop a straightforward, sensitive UHPLC-MS/MS method to quantify 17 endogenous adrenal corticosteroid hormones in human plasma. These hormones are the main ingredients in the synthetic and metabolic pathways of adrenal corticosteroid hormones. Chromatographic separation was achieved on a C18 column before electrospray ionization triple-quadrupole mass spectrometry in multiple reaction monitoring mode with a run time of 7 min. The samples were extracted by liquid-liquid extraction and required no derivatization. Analytical performance was evaluated, including linearity, analytical sensitivity, accuracy, precision, and specificity. Plasma specimens from 32 congenital adrenal hyperplasia (CAH) patients and 30 healthy volunteers were analyzed to further reveal the diagnostic value of multiple steroid hormones in the synthetic and metabolic pathways of adrenal corticosteroid in CAH diagnosis. All hormones were effectively extracted and separated using our method. The method was essentially free from potential interference of isomers or structural analogues. The imprecisions were <10%. The lower limits of quantification varied from 0.05 to 15.0 ng/ml. Good linearity coefficients (r2 > 0.998) were also obtained for most hormones in the required concentration range, except for 21-deoxycortisol (r2 = 0.9967) and androstenediol (r2 = 0.9952). The recoveries for the steroid hormones ranged from 91.7 to 109.8%. We developed the UHPLC-MS/MS method for the simultaneous measurement of steroid hormones. The results showed that measurement of steroid hormones simultaneously could improve the diagnostic efficiency of CAH.
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1 INTRODUCTION
Congenital adrenal hyperplasia (CAH) comprises a group of autosomal recessive disorders caused by deficient adrenal corticosteroid biosynthesis (White and Speiser, 2000; Merke and Bornstein, 2005). It is caused by defects in one of the steroidogenic enzymes involved in cortisol biosynthesis or in the electron providing factor, P450 oxidoreductase (POR). 21-hydroxylase and 11β-hydroxylase deficiency are the most frequent forms of CAH (White and Speiser, 2000). Congenital lipoid adrenal hyperplasia, resulting from steroidogenic acute regulatory protein (StAR) deficiency affecting mitochondrial cholesterol uptake, is a subtype of the disease complex with the unique characteristics of lipid accumulation leading to cell destruction (Ishii et al., 2016). In each case, negative feedback inhibition of cortisol is reduced and adrenal hormone and androgen secretion are altered depending on the steroid-producing pathway involved. With the different disease types, the changes in hormone levels were significantly different.
Steroid hormones are highly potent substances catalyzed by a series of enzymes from cholesterol, mainly divided into adrenal corticosteroid hormones (Figure 1), sex hormones, and vitamin D. The level of various steroid hormones is extremely low in vivo, and the concentration level is in the order of nmol/L or pmol/L (Rauh, 2010). Measurement of steroid hormones in the clinical setting poses a number of difficulties for analytical methods. The assays need to be sensitive, specific, accurate, and precise over a wide concentration range. Despite the widespread importance of steroid hormones in human biology, our ability to measure them properly has not kept pace with their increasing importance in clinical medicine and research (Rosner and Vesper, 2008). Therefore, developing a reliable and specific analysis method has become the primary task of clinical disease diagnosis.
[image: Figure 1]FIGURE 1 | Synthetic and metabolic pathways of adrenal corticosteroid hormones.
At present, the quantitation of steroid hormones mainly includes immunoassay and mass spectrometry (MS) methods (Taieb et al., 2002; Speiser, 2004; Olisova et al., 2019). As an approach, with simple and rapid operation, immunoassay-based methods have been routinely used for the measurement of plasma biomolecules in clinical settings, but nonspecific interaction remains a challenge for these methods. For instance, 17α-hydroxyprogesterone (17OHP), 11-deoxycorticosterone (DOC), and steroids were found to interfere with the measurement of progesterone in the immunoassay (Wilson et al., 1998). Meanwhile, immunoassays cannot simultaneously measure multiple hormones in the same specimen. Therefore, efficient, in-depth, and accurate study of steroid metabolism profile cannot be achieved (Taieb et al., 2002).
The purpose of a newborn screening program is to diagnose congenital diseases accurately, such as CAH, as early as possible before symptoms appear (Witchel, 2019). However, the immunoassay commonly used often produces false positive results, which increases the psychological burden and economic pressure on patients. LC-MS/MS has shown great potential in the clinical diagnosis of CAH because of its high sensitivity, high selectivity, and wide dynamic range (Zhang et al., 2017; Jeong et al., 2021). In order to improve the positive predictive value of CAH screening, the endocrine society expert group released the 21-hydroxylase deficiency clinical practice guideline in 2018 (second edition) (Speiser et al., 2018). Compared with the first edition published in 2010 (Speiser et al., 2010) recommended that measurement of 17OHP concentration by routine method in screening newborn, and also recommended that the preferred secondary screening be performed by LC-MS/MS. Despite the elevation of 17OHP level being mostly considered as the primary indicator for determining 21-hydroxylase deficiency, other forms of CAH may also lead to the change of 17OHP level (Schwarz et al., 2009). Additionally, it can also result in the change of other steroid hormones in the synthetic and metabolic pathways (Figure 1). Janzen et al. (2007) established that LC-MS/MS not only avoided the problem of high false positives in the diagnosis of CAH by immunoassay, but also found that the sensitivity of LC-MS/MS can be further improved by calculating the value of (17OHP+21-deoxycortisol)/cortisol. Therefore, more attention should be paid to the changes of other hormone levels during secondary screening, and appropriate calculation formulas should be selected to improve the sensitivity of detection methods, which also provides a new idea for the diagnosis of CAH (Ambroziak et al., 2016). LC-MS/MS was used to measure the adrenal corticosteroid hormones in the synthetic and metabolic pathways simultaneously, which has great significance for the diagnosis of CAH or other diseases related to hormone metabolism.
To better exploit the importance of steroid hormones for CAH, a simple, accurate, sensitive, and specific isotope-dilution UHPLC-MS/MS method was developed for the simultaneous quantitation of 17 endogenous steroid hormones in human plasma in this study. The method has been optimized and the performance has been systematically evaluated. The optimized UHPLC-MS/MS method was applied to measure 17 endogenous adrenal corticosteroid hormones in the plasma of CAH patients and healthy volunteers.
2 EXPERIMENTAL
2.1 Materials and instruments
Aldosterone, 18-hydroxycorticosterone (18OH-corticosterone), cortisol, 11-deoxycorticosterone (DOC), testosterone, progesterone, pregnenolone, 17α-hydroxyprogesterone (17OHP), [9,11,12,12-D4]18OH-corticosterone, [9,11,12,12-D4]corticosterone, [2,2,3,4,4-D5]dehydroepiandrosterone (DHEA), [20,21-13C2-16,16-D2]pregnenolone, and ammonium fluoride were obtained from Sigma-Aldrich (Shanghai, China). Corticosterone, androstenedione, and dihydrotestosterone (DHT) were purchased from Dr. Ehrensorfer (Germany). 11-deoxycortisol, 17OH-pregnenolone, 16OHP, [2,2,4,6,6,21,21-D7]aldosterone, [2,2,4,6,6,9,12,12-D8]cortisone, [2,2,4,6,6,21,21-D7]11-deoxycorticosterone, and [21,21,21-D3]17OH-pregnenolone were obtained from TRC (Toronto, Canada). [9,11,12,12-D4]cortisol, [2,2,4,6,6-D5]11-deoxycortisol, [2,3,4-13C3]androstenedione, [16,16,17-D3]testosterone, [16,16,17-D3]DHT, and [2,2,4,6,6,17,21,21,21-D9]progesterone were obtained from Cerilliant (United States). 11OHP was obtained from Aladdin (Shanghai, China). [2,2,4,6,6,21,21,21-D8]17OHP was purchased from C/D/N IsotopesInc (Quebec, Canada). DHEA was obtained from Meilunbio (Dalian, China) and cortisone was from Bepure (Beijing, China). 21-deoxycortisol was obtained from Supelco (Shanghai, China). Androstenediol was obtained from Merck (Shanghai, China). LC-MS grade ethyl acetate ethanol, n-hexane, methanol, and ethanol were obtained from Merck (Darmstadt, Germany). Water used in the experiments was produced by Simplicity® water purification system from Millipore (MA, United States). Charcoal stripped plasma is a low level steroid plasma. Through carbon adsorption it can reduce the concentration of many hormones and growth factors in plasma, which is obtained by using activated carbon adsorption treatment on the remaining specimens of clinical tests.
ACQUITY UPLC® BEH, C18, 1.7 μm, 50 mm × 2.1 mm column was obtained from Waters (Milford, United States). Polypropylene tubes were purchased from Kirgen Bioscience (Shanghai, China). The following equipment was calibrated by the South China National Center of Metrology (Guangzhou, China): pipettes from Eppendorf Research (Hamburg, Germany); volumetric flasks of BRAND (Germany); and analytical balance (resolution 0.01 mg) from Sartorius Competence (Gottingen, Germany).
2.2 Clinical samples
The remaining specimens of clinical tests were collected in this study. All the procedures performed in studies involving human participants were in accordance with the ethical standards of the Ethics Committee of Guangdong Provincial Hospital of Chinese Medicine (ZE2022-064-01). A total of 62 samples (32 CAH patients and 30 healthy volunteers) were assessed in this study. The 32 CAH patients’ samples were from the First Affiliated Hospital of Sun Yat-Sen University. 30 healthy volunteers’ samples were collected from the Guangdong Provincial Hospital of Chinese Medicine. CAH patients were included according to the guidelines for congenital adrenal hyperplasia due to steroid 21-hydroxylase deficiency: an endocrine society clinical practice guideline (Speiser et al., 2018). The basic information on these subjects is summarized in Supplementary Table S1. The collected remaining blood was used for clinical testing in the hospital clinical laboratory. The blood was centrifuged at 3,000 g for 15 min at 4°C with LEGEND MICRO 21R hypothermic centrifugal machine (Thermo Scientific, United States). The supernatant was filled into the numbered 1.5 ml Eppendorf tube in 0.5 ml portions. All the samples were stored immediately in −80°C refrigerator until analysis.
2.3 Calibrator, internal standard, and quality control materials preparation
Stock solutions A (Stock A) of the 17 steroids were prepared at 1.0 mg/ml by weighing each standard (accuracy: ±0.1 mg) and dissolving them in methanol separately. Stock solutions B (Stock B) for aldosterone, corticosterone, 11-deoxycortisol, androstenedione, testosterone, 17α-OHP, and DHT were prepared at 20 μg/ml by diluting the corresponding stock A with 50% methanol, as well as 18OH-corticosterone, cortisone, cortisol, 21-deoxycortisol, DOC, androstenediol, 17OH-pregnenolone, progesterone, and pregnenolone prepared at 100 μg/ml. Stock solutions C (Stock C) for 18OH-corticosterone, 21-deoxycortisol, and DOC were prepared at 20 μg/ml by diluting its Stock B with 50% methanol. Working solution 1 (WS1) containing the 17 steroids were prepared at 0.4 μg/ml for aldosterone, 18OH-corticosterone, 21-deoxycortisol, corticosterone, DOC, 11-deoxycortisol, androstenedione, testosterone, 17OHP, and DHT, 1 μg/ml for progesterone and pregnenolone, 6 μg/ml for cortisone, cortisol, androstenediol, and 17OH-pregnenolone, and 60 μg/ml for DHEA by diluting the corresponding stock solutions with 50% methanol. Working solution 2 (WS2) for the 17 steroids was prepared by diluting the WS1 20 times with 50% methanol. The 7-point standard calibration solutions (from ST1 to ST7) were prepared by diluting the WS2 to the final concentrations (ng/ml) of 0.1, 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 for aldosterone, 18OH-corticosterone, 21-deoxycortisol, corticosterone, DOC, 11-deoxycortisol, androstenedione, testosterone, 17OHP, and DHT; 0.25, 1.25, 2.5, 5.0, 12.5, 25.0, and 50.0 for progesterone and pregnenolone; 1.5, 7.5, 15, 30, 75, 150, and 300 for cortisone, cortisol, androstenediol and 17OH-pregnenolone; and 15, 75, 150, 300, 750, 1,500, and 3,000 for DHEA with 50% methanol.
The same procedure was used to prepare stock and working solutions for the 15 internal standards (ISs) to the final concentrations of 20 ng/ml for 18OH-corticosterone-D4, DOC-D7, adione-13C3, 11-deoxycortisol-D5, testosterone-D3, 17OHP-D8, 100 ng/ml for progesterone-D9, 200 ng/ml for corticosterone-D4 and DHT-D3, 300 ng/ml for cortisone-D8 and cortisol-D4, 600 ng/ml for aldosterone-D7, 1.0 μg/ml for pregnenolone-13C2-D2, 2.0 μg/ml for DHEA-D5, and 3.0 μg/ml for 17OH-pregnenolone-D3 as IS working solution (ISWS). Stock solutions were stored at −80°C until used, working solutions were stored at 4°C for up to 6 months. All solutions were brought to room temperature for ≥30 min before use to avoid the effects of temperature change on sample volume. Three quality controls (QCs) were prepared by spiking the working standard solution in charcoal-treated human plasma to achieve the final concentrations. During the quantitative process, DHEA-D5 was used as IS for androstenediol and corticosterone-D4 was used as IS for 21-deoxycortisol. The other hormones were used with corresponding isotope labeled compounds as IS.
2.4 Sample preparation
For analysis, blanks, quality controls, and plasma samples (0.2 ml each) were added to 2 ml centrifuge tubes, and mixed vigorously after spiking with 20 μl multiple ISWS to each tube. Then the mixture was equilibrated at room temperature for 30 min followed by liquid-liquid extraction with 1 ml n-hexane/ethyl acetate (1:1, v/v). The supernatant was transferred to a new tube after being centrifuged at 15,000 g for 5 min and dried under nitrogen at 45°C, then reconstituted in 200 μl methanol/water (50:50, v/v). 10 μl of each sample was injected for LC-MS/MS analysis.
62 samples from each group were analyzed at random, and QCs were inserted into the analysis sequence to monitor and correct changes in the instrument response. To identify and remove probable characteristic peaks caused by source contaminants, test tube components, or solvent impurities, blank samples were inserted for every ten runs. Analysis was conducted in positive ion mode on plasma samples.
2.5 LC-MS/MS conditions
The LC-MS/MS system consisted of a Waters Acquity UPLC™ with a triple quadruple mass detector (Xevo TQ-S), using MassLynx v4.1 software (Waters) for system operation and data acquisition. The desolvation gas was provided by the nitrogen generator (PEAK), while the collision gas was argon. Target steroids were resolved at 45°C on a C18 column (ACQUITY UPLC® BEH, 1.7 μm, 50 mm × 2.1 mm) with 0.2 mM ammonium fluoride (NH4F) in water (mobile phase A) and methanol (mobile phase B) at a flow rate of 0.4 ml/min. Separation of the 17 steroids was achieved using a gradient program consisting of an initial condition of 40% mobile phase B for 1 min, then increased from 40 to 55% B over 2.5 min, followed by an increase from 55 to 98% B from 4.5 min to 5.5 min. The column was then re-equilibrated with 40% B from 6.1 min to 7.0 min. The steroid analyses were carried out using electrospray ionization (ESI) in positive ion with multiple reaction monitoring (MRM). The ionization and MS/MS conditions were optimized and summarized as follows: capillary voltage (3.0 kV), source temperature (150°C), desolvation temperature (450°C), cone gas flow (150 L/h), desolvation gas flow (650 L/h), nebulizer (7 Bar), and collision gas flow (0.2 ml/min). Ion transitions and conditions were listed in Table 1. A dwell time of 0.008 s was used for each transition.
TABLE 1 | Ion transitions and conditions for the 17 steroid hormones and internal standards.
[image: Table 1]2.6 Method validation
The performance of LC-MS/MS method for the 17 steroids was validated for imprecision, accuracy, linearity, and sensitivity. The total imprecision was assessed by analyzing three levels of plasma-pool samples in triplicate over 5 days according to CLSI document EP10-A3 (Clinical and Laboratory Standards Institute, 2014). Recovery experiment was used for accuracy assessment using charcoal stripped plasma, which spiked standards at low, medium, and high levels for each steroid. The linearity was evaluated for each steroid by serial dilution of the plasma sample according to CLSI EP6-A (Clinical and Laboratory Standards Institute, 2003). Sensitivity of the method was assessed by the lower limit of detection (LoD) and lower limit of quantitation (LLoQ). The LoD was defined for each steroid at the concentration at which the signal to noise (S/N) ratio was ≥3. LLoQ was defined as the concentration at which the S/N ratio was ≥10 and CV ≤ 20.0% (n = 4). Specificity and carry-over have also been evaluated.
2.7 Data analysis
SPSS 20.0, MedCalc statistical, Origin85, GraphPad Prism 5, and Microsoft Excel 2010 software programs were used for data analysis. For the peak area of interest and data acquisition, Waters MassLynx version 4.1 SCN876 was used and the accuracy for defining the peak area was verified by a technician. Each calibration curve was built into each measurement series. Linear regression with 1/x weighting was used as a curve fit by combining the data for calibrators which run before and after the samples.
Prior to statistical analysis, the concentrations of 17 hormones in plasma detected by LC-MS/MS were sorted into the same unit. The principal components analysis (PCA) model and partial least squares discriminate analysis (PLS-DA) model were performed by SIMCA 13.0 software (Umetrics, Umeå, Sweden). Response permutation test was performed 200 times to evaluate whether the model had over fitting. Potential biomarkers were extracted from constructed loading plots, followed by analysis with PLS-DA, and the biomarkers were chosen based on the VIP value (variable importance in the projection). Other statistical analyses were performed using SPSS 20.0 (SPSS, Chicago, United States). Significant differences of metabolites were considered when p values of t test were less than 0.05. And to estimate the diagnostic abilities of biomarkers, systematic cluster analysis, ROC curve, and the binary logistic regression were made by using SPSS 20.0.
3 RESULTS AND DISCUSSION
There are 18 kinds of steroid hormones involved in the synthetic and metabolic pathways of adrenal corticosteroids. The metabolism and transformation of these hormones are regulated by different enzymes and play an important role in indicating the diseased state of the body. Comprehensive and accurate measurement of these hormones will help to diagnose clinical diseases and discover potential pathogenic factors. Therefore, we want to develop an UHPLC-MS/MS method to quantify these 18 hormones simultaneously. Counterproductively, DHEA-S, as a sulfonate of DHEA, differs greatly from other hormones in its physical and chemical properties. As a result, it differs from other hormones in sample pretreatment and ion mode selection. Therefore, in order to improve the overall performance of the method, we abandoned DHEA-S in the method development.
3.1 MS condition optimization
All the parameters were optimized by infusing a 500 ng/ml solution of each steroid hormone and their IS at a flow rate of 7 μl/min. To develop an MRM method, positive ESI mode was used to identify the precursor and product ions for the 17 endogenous steroid hormones (Figure 2). Two product ions were obtained for each steroid hormone: the predominant product ion was used as the quantifier ion and the other ion was used as the qualifier ion. Compound-dependent parameters such as fragment and collision energies were tuned to produce the most intense mass spectrum signals for each analyte, as shown in Table 1.
[image: Figure 2]FIGURE 2 | Exemplary selected ion chromatograms of steroid hormones a in a stripped extracted human plasma.
3.2 LC condition optimization
Because of the presence of metabolites or structural analogs that have the same molecular masses as the steroids as well as low concentrations, simultaneous quantitation of steroid hormones in human plasma is a great challenge. In addition to the 17 steroid hormones in this quantitation, a total of 19 steroid hormones, including 11OHP and 16OHP, were tested to determine whether they could interfere with the measurement of each steroid. Among these structural analogs, 11OHP, 16OHP, and DOC have the same molecular mass as 17OHP. The same situation was also observed in 21-deoxycortisol, corticosterone, and 11-deoxycortisol, which had a molecular weight of 346.46. The molecular weight of aldosterone and cortisone was 360.44. The molecular weight of 18OH-corticosterone and cortisol was 362.46. If chromatographic separation from isomers or structural analogues of these species could not be achieved, the MS-based methods would yield biased results. We have optimized several parameters of the chromatographic separation to improve the specificity and sensitivity of the method.
The composition of the mobile phase plays an important role in chromatographic separation. The organic phase (mobile phase B) was optimized by methanol and acetonitrile with or without formic acid. And the results showed that methanol showed better separation ability for the steroid hormones. Additionally, the sensitivity of methanol without formic acid is higher than that with formic acid and use of methanol instead of acetonitrile resulted in superior selectivity with the appropriate gradient elution. Furthermore, the gradient elution was also systematically investigated. After optimization of the flow rate, the initial ratio of the mobile phase, and the slope of the gradient, adequate separation of all the steroid hormones, and their structural analogs was achieved. The final chromatographic separation of all the steroid hormones is shown in Figure 2. The structural analogs with no peaks are undetectable steroid hormones under MS conditions, which indicates that none of the steroids evaluated interfered with the LC-MS/MS method.
The nature and concentration of buffer A were also optimized to enhance the sensitivity of the method. Several ammonium salts, such as ammonium formate, ammonium acetate, and NH4F were tested as reported elsewhere (Fiers et al., 2012; Mario et al., 2015; Pesek and Matyska, 2015; Zhang et al., 2021). Use of NH4F as a buffer was found to promote the degree of ionization and further enhance the signal strength, which is also consistent with a previous report (Fiers et al., 2012), since addition of some fluoride ions to the mobile phase promoted steroids ionization. While other conditions were kept constant, the concentration of NH4F was adjusted to five levels: 0.02, 0.05, 0.1, 0.2, and 0.5 mmol/L. A mixed solution of the steroid hormones (the ST5) was used as the test solution. The results showed that the optimum fluoride concentration was around 0.2 mmol/L, as a trade-off between the range where a low concentration impacts the process yield and a high concentration of fluoride ions starts to hamper analyte ionization because of the ion suppression effect generated by the massive presence of negatively charged fluoride ions (Fiers et al., 2012).
3.3 Extraction efficiency
The better detection sensitivity could be achieved by improving the extraction recoveries in certain LC-MS/MS conditions. Our previous research about the reference measurement procedure of steroid hormones has found that the extraction efficiency by using the mixture solution of n-hexane/ethyl acetate is higher than previous research’s solid-phase extraction (SPE) methods while being easier to operate and using less solvent (Wudy et al., 2000; Etter et al., 2006).
In this case, different ratios of n-hexane/ethyl acetate (2:3, 1:1, and 3:2, v:v) were chosen to extract steroid hormones from plasma samples. According to the method which was described in previous studies for steroid hormones (Zhang et al., 2017), the extraction efficiency was evaluated by the absolute recovery of steroid hormones from plasma, and a stripped plasma was used for the recovery study (QC3). In this study, we prepared two groups of samples. The plasma was spiked with IS after extraction in the first group. And for the second group, IS was spiked in plasma before extraction. The absolute recovery of plasma steroid hormones was calculated from the comparison of the intensity ratios of two groups. The results showed that the mean extraction efficiency was determined to be ≥83.6% (n = 3) by using 1 ml n-hexane/ethyl acetate (1:1, v/v).
3.4 Method validation
The assay was validated for linearity, analytical sensitivity, accuracy, precision, specificity, and carryover.
3.4.1 Sensitivity and linearity
For each steroid hormone, a 7-point calibration curve was created. The typical linear responses of these steroid hormones, along with the LOD and LLOQ are given in Table 2. Good linearity coefficients (r2 > 0.998) were also obtained for most hormones in the required concentration range except for 21-deoxycortisol (r2 = 0.9967) and androstenediol (r2 = 0.9952).
TABLE 2 | Retention time, linearity, and sensitivity for each steroid.
[image: Table 2]3.4.2 Accuracy and imprecision
We determined the recovery by analyzing charcoal stripped plasma to which we added low, medium, and high standards and is given in Table 3. The samples were analyzed three times, and the recoveries for the steroid hormones ranged from 91.7 to 109.8%.
TABLE 3 | Recovery for each steroid hormone.
[image: Table 3]Total imprecision was assessed by analyzing three concentration levels QCs in triplicate over 5 days according to CLSI document EP10-A3. As shown in Table 4, the total precision was within the acceptable range (CV < 10%).
TABLE 4 | Total imprecision for each steroid hormone.
[image: Table 4]3.4.3 Specificity
As the presence of isomers or structural analogues can bias measurements by LC–MS-based methods. As mentioned above, among these structural analogs, 11OHP, 16OHP, and DOC have the same molecular mass as 17OHP. The same situation was also observed in 21-deoxycortisol, corticosterone, and 11-deoxycortisol, which had a molecular weight of 346.46. The molecular weight of aldosterone and cortisone were 360.44. The molecular weight of 18OH-corticosterone and cortisol were 362.46 (Table 5). After optimization, the LC conditions of this method allow complete baseline resolution of these structural analogs, which shares the same multiple reaction monitoring transition, in 7 min (Figures 2, 3).
TABLE 5 | Steroid hormones used for specificity analysis, including the molecular mass and the concentration used during testing.
[image: Table 5][image: Figure 3]FIGURE 3 | Chromatogram for separation of 17OHP, 11OHP, DOC, and 16OHP.
3.4.4 Carryover
The ratio of needle washing solution was optimized by using the following mixture solution comprised of 50% water, 25% acetonitrile and 25% isopropanol. After injection of the highest concentration of the analyte, no significant carryover was observed.
3.5 Clinical application
3.5.1 Multivariate statistical analysis
Multivariate statistical analysis was performed to determine whether there were significant differences between CAH patients and healthy volunteers. Principal component analysis (PCA) was initially performed, and there was a tendency for group separation between control and CAH. Each group presented clustering status, but some samples were crossed (Figure 4A). Further we established the partial least squares discrimination analysis (PLS-DA) mode on the target metabolomics data for 17 hormones to eliminate interference from various non-experimental factors. As showed in Figure 4B, there was a certain difference between patients and volunteers. The model parameters of R2X and Q2 (cum) are 73.3 and 79.4%, respectively, representing the superior fit and prediction ability of PLS-DA model. In order to more intuitively see the differences in plasma levels of 17 hormones in 32 CAH patients and 30 healthy volunteers, a heat map analysis was conducted, as shown in Figure 4C. It can be seen from the figure that CAH patients can be clearly distinguished from healthy controls, and the levels of 17 hormones are significantly different between the two groups. Among them, CAH2, CAH11, CAH19, CAH20, and CAH28 were intersected with the healthy group. We speculated that the above samples were from CAH patients after treatment, and that the patients had recovered when we took the samples.
[image: Figure 4]FIGURE 4 | Multivariate statistical analysis for CAH patients (red circle) and healthy volunteers (green triangle). (A) PCA score plots of the multivariate data of 17 differential hormones. (B) PLS-DA score plot based on 17 differential hormones. (C) Heatmap represents for 17 hormones concentration change in CAH patients and healthy volunteers. Red color indicates relative enrichment, whereas blue indicates relative depletion.
3.5.2 Potential biomarkers identification
Plasma contents of 17 hormones in the CAH group and the healthy control group were statistically analyzed, and the mean ± standard (SD) deviation was used to represent the contents in each group. At the same time, SPSS software was used for independent sample t test to analyze the statistical difference of each index between the two groups. The fold change between the two groups was analyzed by multiple transformations, and the trend of increase/decrease was described. Explicit results are given in Table 6. In addition, plasma levels of 17 hormones in the CAH group and the control group were also presented in the form of box plots, as shown in Figure 5. Combining multivariate statistics and university statistics, we screened five differential hormones based on VIP >1.0 with p < 0.05 and large fold change between the two groups, including 17OHP, cortisol, 11-deoxycortisol, DHEA, cortisone. The fold change of 17OH-pregnenolone between the two groups is 198.372, and it is a substantial change, so we focused on this hormone. Discriminate models based on these six differential hormones show great potential for identifying CAH patients from healthy people, so these six differential metabolites could serve as potential biomarkers for CAH. To further understand the predictive power of the six potential biomarkers mentioned above, ROC curve analysis was performed. Subsequently, ROC curves of these six candidates were exploited based on the results of the area under the curve (AUC), the sensitivity, and specificity at best cutoff points, as shown in Figure 6. Well, depending on the chart, it is obvious that 17OHP and 17OH-pregnenolone achieved better AUC values, sensitivity, and specificity, and more powerful diagnostic potential.
TABLE 6 | Statistical table of plasma levels of 17 hormones in CAH group and healthy control group (ng/ml).
[image: Table 6][image: Figure 5]FIGURE 5 | Boxplots of the 17 hormones concentration in plasma specimens from 32 congenital adrenal hyperplasia (CAH) patients and 30 healthy volunteers. (*p < 0.05, **p < 0.01, ***p < 0.001)
[image: Figure 6]FIGURE 6 | Results of receiver operating characteristic curve (ROC) analysis.
These results further revealed that measuring multiple adrenal corticosteroid hormones simultaneously could provide a more comprehensive monitoring of hormone metabolism, which can not only be used for CAH caused by 21-hydroxylase, but also has potential diagnostic and auxiliary diagnostic value for CAH caused by other causes. The results confirmed that the combined measurement of multiple hormones could indeed improve the diagnostic efficiency of CAH.
4 CONCLUSION
A sensitive and accurate isotope-dilution UHPLC-MS/MS method was developed and it demonstrated that it can simultaneously quantify 17 endogenous adrenal corticosteroid hormones in human plasma without derivatization. Liquid-liquid extraction was used to extract and concentrate steroid hormones from plasma samples to achieve the required sensitivity. The isomers and structure analogues, such as 17OHP (11OHP, 16OHP, and DOC), 21-deoxycortisol (corticosterone and 11-deoxycortisol), aldosterone (cortisone), and 18OH-corticosterone (cortisol) were successfully separated by optimization of the ESI source, MRM, and LC conditions. We have also fully validated the method, which achieved good results in terms of sensitivity, specificity, linearity, accuracy, and precision. The optimized method was successfully applied to measure 17 endogenous adrenal corticosteroid hormones in plasma specimens from 32 congenital adrenal hyperplasia (CAH) patients and 30 healthy volunteers. The results showed that measuring steroid hormones simultaneously and establishing the combined diagnosis model of multiple hormones could improve the diagnostic efficiency of CAH. We anticipate that the approach for quantitation of endogenous adrenal corticosteroid hormones described here will ultimately be applied to clinical biological samples. It should be noted that this method does not distinguish between endogenous and exogenous hormones, so drugs or other exogenous hormones may cause inaccurate results.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
This study was reviewed and approved by the Ethics Committee of Guangdong Provincial Hospital of Chinese Medicine (ZE2022-064-01). The requirement for written informed consent from participants was waived by the Ethics Committee.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work is financially supported by the National Key Research and Development Program of China (2021YFC2009300 and 2021YFC2009305), the Natural Science Foundation of Guangdong Province (2021A1515220149 and 2021A1515220099), Guangdong basic and Applied Basic Research Foundation project-key project of the Regional Joint Fund (2019B1515120004), the Guangzhou Science and Technology Planning Project (202002020038, 202103000025), the Dongguan Science and Technology of Social Development Program (201950715023190). Guangzhou Civil Affairs Bureau Planned Project of Science and Technology (2021MZK22).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2022.961660/full#supplementary-material
REFERENCES
 Ambroziak, U., Kepczynska-Nyk, A., Kurylowicz, A., Malunowicz, E. M., Wojcicka, A., Miskiewicz, P., et al. (2016). The diagnosis of nonclassic congenital adrenal hyperplasia due to 21-hydroxylase deficiency, based on serum basal or post-ACTH stimulation 17- hydroxyprogesterone, can lead to false-positive diagnosis. Clin. Endocrinol. (Oxf). 84, 23–29. doi:10.1111/cen.12935
 Clinical and Laboratory Standards Institute (2003). Evaluation of the linearity of quantitative measurement procedures: a statistical approach; approved guideline. Document EP06. Wayne: Clinical and Laboratory Standards Institute. 
 Clinical and Laboratory Standards Institute (2014). Preliminary evaluation of quantitative clinical laboratory methods; approved guideline. 3rd edition. Wayne: Clinical and Laboratory Standards Institute. Document EP10-A3. 
 Etter, M. L., Eichhorst, J., and Lehotay, D. C. (2006). Clinical determination of 17-hydroxyprogesterone in serum by LC-MS/MS: comparison to coat-A-count RIA method. J. Chromatogr. B 840, 69–74. doi:10.1016/j.jchromb.2006.04.038
 Fiers, T., Casetta, B., Bernaert, B., Vandersypt, E., Debock, M., and Kaufman, J. M. (2012). Development of a highly sensitive method for the quantification of estrone and estradiol in serum by liquid chromatography tandem mass spectrometry without derivatization. J. Chromatogr. B 893-894, 57–62. doi:10.1016/j.jchromb.2012.02.034
 Ishii, T., Fukuzawa, R., Sato, T., Muroya, K., Adachi, M., Ihara, K., et al. (2016). Gonadal macrophage infiltration in congenital lipoid adrenal hyperplasia. Eur. J. Endocrinol. 175, 127–132. doi:10.1530/eje-16-0194
 Janzen, N., Peter, M., Sander, S., Steuerwald, U., Terhardt, M., Holtkamp, U., et al. (2007). Newborn screening for congenital adrenal hyperplasia: additional steroid profile using liquid chromatography-tandem mass spectrometry. J. Clin. Endocrinol. Metab. 92, 2581–2589. doi:10.1210/jc.2006-2890
 Jeong, S. H., Jang, J. H., Lee, G. Y., Yang, S. J., and Cho, H. Y. (2021). Simultaneous determination of fourteen components of Gumiganghwal-tang tablet in human plasma by UPLC-ESI-MS/MS and its application to pharmacokinetic study. J. Pharm. Anal. 11, 444–457. doi:10.1016/j.jpha.2020.08.003
 Mario, F. F., Pablo, R. G., Elena, M. A., Rodriguez, F., Menendez, F. V. A., and Alonso, J. I. G. (2015). Simultaneous determination of creatinine and creatine in human serum by double-spike isotope dilution liquid chromatography tandem mass spectrometry (LC-MS/MS) and gas chromatography-mass spectrometry (GC-MS). Anal. Chem. 87, 3755–3763. doi:10.1021/acs.analchem.5b00769
 Merke, D. P., and Bornstein, S. R. (2005). Congenital adrenal hyperplasia. Lancet 365, 2125–2136. doi:10.1016/s0140-6736(05)66736-0
 Olisova, D., Lee, K., Jun, S. H., Song, S. H., Kim, J. H., Lee, Y. A., et al. (2019). Measurement of serum steroid profiles by HPLC-tandem mass spectrometry. J. Chromatogr. B 1117, 1–9. doi:10.1016/j.jchromb.2019.04.001
 Pesek, J. J., and Matyska, M. T. (2015). Ammonium fluoride as a mobile phase additive in aqueous normal phase chromatography. J. Chromatogr. A 1401, 69–74. doi:10.1016/j.chroma.2015.05.010
 Rauh, M. (2010). Steroid measurement with LC–MS/MS. Application examples in pediatrics. J. Steroid Biochem. Mol. Biol. 121, 520–527. doi:10.1016/j.jsbmb.2009.12.007
 Rosner, W., and Vesper, H. P. (2008). CDC workshop report improving steroid hormone measurements in patient care and research translation. Steroids 73, 1285. doi:10.1016/j.steroids.2008.08.001
 Schwarz, E., Liu, A., Randall, H., Haslip, C., Keune, F., Murray, M., et al. (2009). Use of steroid profiling by UPLC-MS/MS as a second tier test in newborn screening for congenital adrenal hyperplasia: the utah experience. Pediatr. Res. 66, 230–235. doi:10.1203/pdr.0b013e3181aa3777
 Speiser, P. W., Arlt, W., Auchus, R. J., Baskin, L. S., Conway, G. S., Merke, D. P., et al. (2018). Congenital adrenal hyperplasia due to steroid 21-hydroxylase deficiency: an endocrine society clinical practice guideline. J. Clin. Endocrinol. Metab. 103, 4043–4088. doi:10.1210/jc.2018-01865
 Speiser, P. W., Azziz, R., Baskin, L. S., Ghizzoni, L., Hensle, T. W., Merke, D. P., et al. (2010). Congenital adrenal hyperplasia due to steroid 21-hydroxylase deficiency:an endocrine society clinical practice guideline. J. Clin. Endocrinol. Metab. 95, 4133–4160. doi:10.1210/jc.2009-2631
 Speiser, P. W. (2004). Improving neonatal screening for congenital adrenal hyperplasia. J. Clin. Endocrinol. Metab. 89, 3685–3686. doi:10.1210/jc.2004-0976
 Taieb, J., Benattar, C., Birr, A. S., and Lindenbaum, A. (2002). Limitations of steroid determination by direct immunoassay. Clin. Chem. 48, 583–585. doi:10.1093/clinchem/48.3.583
 White, P. C., and Speiser, P. W. (2000). Congenital adrenal hyperplasia due to 21-hydroxylase deficiency. Endocr. Rev. 21, 245–291. doi:10.1210/edrv.21.3.0398
 Wilson, D. H., Groskopf, W., Hsu, S., Caplan, D., Langner, T., Baumann, M., et al. (1998). Rapid, automated assay for progesterone on the abbott AxSYM analyzer. Clin. Chem. 44, 86–91. doi:10.1093/clinchem/44.1.86
 Witchel, S. F. (2019). Newborn screening for congenital adrenal hyperplasia: beyond 17-hydroxyprogesterone concentrations. J. Pediatr. Rio. J. 95, 257–259. doi:10.1016/j.jped.2018.06.003
 Wudy, S. A., Hartmann, M., and Svoboda, M. (2000). Determination of 17-hydroxyprogesterone in plasma by stable isotope dilution/benchtop liquid chromatography-tandem mass spectrometry. Horm. Res. Paediatr. 53, 68–71. doi:10.1159/000023516
 Zhang, Q., Han, L., Wang, J., Lin, H., Ke, P., Zhuang, J., et al. (2017). Simultaneous quantitation of endogenous estrone, 17β-estradiol, and estriol in human serum by isotope-dilution liquid chromatography-tandem mass spectrometry for clinical laboratory applications. Anal. Bioanal. Chem. 409, 2627–2638. doi:10.1007/s00216-017-0207-z
 Zhang, Q., Han, L., Zheng, S., Fen, O., Wu, X., Yan, J., et al. (2021). An isotope dilution liquid chromatography-tandem mass spectrometry candidate reference measurement procedure for aldosterone measurement in human plasma. Anal. Bioanal. Chem. 413, 4471–4481. doi:10.1007/s00216-021-03405-5
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Zhan, Wu, Feng, Jin, Wan, Yan, Zhang, Ke, Zhuang, Zhou, Han and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-961660-g005.gif





OPS/images/fchem-10-961660-g006.gif
) —
= e
£ o
5 e i
s || g, o H eSS
/ dg il

11Deomcontsst

Po—






OPS/images/fchem-10-961660-g003.gif





OPS/images/fchem-10-961660-g004.gif
Seores Flot B8 FLEDR Scores Pt






OPS/images/fchem-10-961660-t003.jpg
Steroid Level 1 Level 2 Level 3
hormones

Spiked Mean Mean Spiked Mean Mean Spiked Mean Mean

amount  detected  recovery amount  detected  recovery amount  detected  recovery

(ng/ml)  (ng/ml) (%) (ng/ml)  (ng/ml) (%) (ng/ml)  (ng/ml) (%)
Aldosterone 050 048 962 200 209 1047 8.00 836 1047
180H corticosterone  0.50 050 1089 5.00 470 944 20.00 2020 1011
Cortisone 150 140 923 30,00 29.60 987 150.00 151.90 1013
Cortisol 7.50 748 998 30.00 3213 107.1 120,00 13181 109.8
21-Deoxycortisol 050 047 940 200 202 1012 800 820 1025
Corticosterone 050 047 943 200 195 975 8.00 7.63 954
11-Deoxycortisol 050 048 965 200 210 1048 8.00 839 1048
Androstenedione 050 054 1089 200 218 1092 8.00 7.64 956
1- 050 0.49 970 200 218 109.0 800 786 983
Deoxycorticosterone

‘estosterone 050 047 932 200 195 975 8.00 7.74 968

Androstenediol 5.00 5.40 1089 30.00 28.90 963 100.00 106.20 1062
DHEA 200.00 21690 1085 800.00 85140 1064 3,20000 316873 99.0
17a-OHP 050 046 917 200 201 1004 8.00 7.89 986
170H-pregnenolone  1.50 1.60 106.7 15.00 14.40 962 150.00 14220 949
Dihydrotestosterone ~ 0.50 048 962 200 199 998 8.00 7.85 98.1
Progesterone 250 235 94.1 10.00 10.16 1016 40.00 4051 1013
Pregnenolone 7.50 7.49 9938 30.00 27.82 928 120.00 11573 965





OPS/images/fchem-10-961660-t001.jpg
Compound CAS no. Molecular weight Q1 Mass (Da) Q3 Mass (Da) Cone (V) Collision (V)

1-1 Aldosterone 52-39-1 360.44 361.0 343.0 25 15
1-2 Aldosterone-D; 1261254-31-2  367.49 368.0 350.0 25 15
2-1 180H-corticosterone 561-65-9 362.46 363.0 121.1 25 45
2-1 180H-corticosterone-D,; 1257742-38-3  366.48 367.0 1219 25 45
3-1 Cortisone 53-06-5 360.44 361.3 163.1 25 15
3-2 Cortisone-Dy. 1257650-98-8  368.49 369.3 168.2 25 15
4-1 Cortisol 50-23-7 362.46 363.0 121.0 25 45
4-2 Cortisol-D, 73565-87-4 366.48 367.0 1220 25 30
] 21-Deoxycortisol 641-77-0 346.46 3472 121.1 25 28
6-1 Corticosterone 50-22-6 346.46 3473 3290 25 10
6-2 Corticosterone-D, 1261254-51-6  350.49 B3 333.0 25 10
7-1 11-Deoxycortisol 152-58-9 346.46 3472 97.0 25 20
7-2 11-Deoxycortisol-Ds 1258063-56-7  351.49 3522 100.0 25 26
8-1 Androstenedione 63-05-8 286.41 287.2 97.0 25 26
8-2 Androstenedione-""C; 327048-86-2 289.39 290.2 100.0 25 26
9-1 11-Deoxycorticosterone (DOC) 64-85-7 330.46 3313 97.0 25 26
9-2 DOC-D; - 337.44 3384 100.0 25 26
10-1 Testosterone 58-22-0 288.42 289.4 97.0 25 28
102 Testosterone-Dy 77546-39-5 291.44 2922 97.0 25 28
11 Androstenediol 521-17-5 290.44 2553 159.3 25 25
12-1 Dehydroepiandrosterone (DHEA) 53-43-0 288.43 289.2 253.0 25 10
12-2 DHEA-D; 97453-25-3 293.46 2943 2582 25 14
131 17a-Hydroxyprogesterone (I70HP)  604-09-1 330.46 3314 970 25 2%
1322 170HP -Dy 850023-80-2 33846 3394 100.1 25 26
14-1 170H-pregnenolone 387-79-1 33248 233 2972 25 10
14-2 170H-pregnenolone-D; 105078-92-0 33548 336.1 300.1 25 10
15-1 DHT 521-18-6 290.44 2914 255.0 25 10
152 DHT-D; 79037-34-6 293.46 2944 2582 25 10
16-1 Progesterone 57-83-0 314.46 3154 97.0 25 45
16-2  Progesterone-Dy 15775-74-3 323.52 3244 100.0 25 27
17-1 Pregnenolone 145-13-1 316.48 3172 281.3 25 12

172 Pregnenolone-"C,-D, it 32048 3212 2853 25 13
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Retention time (min)
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221
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Equation
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