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Introduction

The peptide hormone Insulin-like Factor 3 (INSL3) is a biomarker of testicular Leydig cells in the male but is also expressed by the theca cells of the ovaries. With the advent of sensitive assays INSL3 can be quantified in female circulation, and we suggest that circulating INSL3 is a novel biomarker for pubertal development in girls. The aim of the study is to quantify INSL3 by LC-MS/MS in sera from normal girls during pubertal transition, and during gonadal suppression by GnRH agonist therapy in girls with central precocious puberty (CPP).





Method

The sensitivity of an established LC-MS/MS-based method for serum INSL3 was improved by switching to a state-of-the-art triple quadruple mass spectrometer (Altis Plus, Thermo).





Results

The limit of detection of the improved LC-MS/MS method for serum INSL3 was 0.01 ug/L (1.5 pM) and the inter-assay CV was < 12%. Serum INSL3 increased during the pubertal transition in healthy girls and changes correlated with the concomitant rise in other measured hormones. In some girls, but not all, INSL3, FSH, inhibin B and estradiol serum concentrations increased prior to first clinical signs of puberty. Serum INSL3 concentrations were increased at baseline in girls with CPP compared to prepubertal controls and decreased during treatment with GnRH agonist followed by a steep rise and normalization after cessation of treatment.





Conclusion

The improved method allowed for quantification of INSL3 in longitudinally collected serum samples during pubertal transition in healthy girls as well as in girls with CPP before, during and after treatment with GnRH agonist. Future studies are needed to clarify if INSL3 in combination with other biomarkers enhances the predictive value of differentiating between premature thelarche and CPP.
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Introduction

The peptide hormone Insulin-like factor 3 (INSL3) is produced by the ovarian theca cells and the leydig cells of the testes. INSL3 targets the receptor Relaxin Family Peptide Receptor 2 (RXFP2) and is important for the proper testicular descent in the male fetus (1). The biological function as well as potential clinical use of INSL3 in girls remains to be elucidated.

Evaluation of ovarian function in girls suspected of precocious puberty includes assessment of secondary sexual characteristics (breast and pubic hair development), growth velocity and bone age. Further evaluation may include quantification of circulating concentrations of reproductive hormones, e.g. gonadotropins (LH and FSH) as well as specific ovarian hormones. More specifically, ovarian granulosa cells produce AMH, inhibin B and estradiol, whereas ovarian theca cells produce testosterone and androstendione (2). INSL3 is exclusively produced by ovarian theca cells from medium and large antral follicles as well as in corpora lutea (3, 4). Theca cells convert cholesterol to androgens which are further aromatized to estrogens by the neighbouring granulosa cells (5). As opposed to androgens which are also produced by the adrenals, INSL3 seems to be a specific marker of ovarian theca cell function. However, the physiological role of INSL3 in females is not fully elucidated. Insl3 -/- female mice vs wildtypes have similar numbers of follicles in different stages and unaffected estrous cycle and litter size. However, accelerated follicular atresia and involution of corpus luteum in INSL3 KO mice, suggest that INSL3 protects these structures from apoptosis (6, 7).

In adult women, circulating levels of INSL3 decrease with increasing age, and fluctuations during the menstrual cycle seem to reflect waves of FSH-induced antral follicles (2, 8). Undetectable serum INSL3 concentration after menopause support that circulating INSL3 is exclusively produced by the ovary (1). As a marker of theca cell activity, serum concentrations of INSL3 are elevated in patients with PCOS because of an abundant number of INSL3 producing ovarian follicles (2, 9, 10). In peripubertal girls, circulating INSL3 concentrations increase in late puberty, however levels vary substantially between individuals (2, 11).

In the present study we utilize a new MS-instrument allowing for improved sensitivity when applied in our previously developed LC-MS/MS method for quantification of serum INSL3 concentrations (12). We measure serum INSL3 in healthy peripubertal girls as well as in girls with central precocious puberty (CPP) before, during and after GnRHa treatment.





Methods and materials




Subjects and samples

The study is based on secondary analysis of blood samples collected in conjunction with two previous studies of healthy pubertal girls and of girls with CPP, respectively.

Healthy girls: A total of 78 longitudinally collected serum samples obtained from nine healthy Danish pubertal girls were selected from the Copenhagen Puberty Study (13). Detailed description of ethical permissions, sample collection and the participating girls, including definition of pubertal onset and serum AMH, FSH, LH, Inhibin B and Estradiol levels have previously been published for these samples (13–16). The girls were classified according to Tanner’s classification and pubertal onset was defined as advancement from B1 to ≥ B2 at the following examination. The nine girls included in the present study is a nested cohort of healthy girls; criteria for selection: multiple examinations prior to pubertal onset and through pubertal development including available blood samples. Serum INSL3 has previously been measured in the samples using immunoassay (13) and this data is used for method comparison in the present study.

CPP Girls: A total of 46 serum samples were selected from 15 Danish girls during GnRH agonist treatment. Detailed description of ethical permissions, sample collection, the participating girls and their treatment and serum AMH, FSH, LH, Inhibin B, Estradiol has previously been published for these samples (17, 18).





Hormone analyses

For INSL3 analysis, serum was prepared as previously described (12). In brief, serum, calibrants and quality control (QC) samples (150 μL) were transferred to tubes (LoBind, Eppendorf), and sample reagent (1.5 M NH4 AC, 85% EtOH, with internal standard) was added (350 μL). The solution was mixed (600 × g for 10 s and 100 × g for 10 min) and left at −20 °C for minimum 1 h and centrifuged (12.700 × g, 10 min, 4 °C). The supernatant (450 μL) was collected and was first reduced by addition of 5 μL DTT (final conc. 1 μM, shaking for 30 min, 100 × g, 60 °C), and then alkylated by addition 5 μL IAM final conc. 2 μM, stored in the dark, 30 min room temperature). The solution was evaporated (nitrogen flow, 45 °C, 90 min) and the dried pellet was dissolved (120 μL, 50 mM NH4 HCO3 (pH 8)) and shaken (2 min, 100 × g, 60 °C) and centrifuged (12.700 × g, 10 min, 4 °C). The supernatant (120 μL) was transferred to vials for LC-MS/MS analysis. INSL3 samples were kept at 10 °C and injected (100 μL) using an HTS PAL autosampler (CTC Analytics AG, Switzerland). LC-MS/MS analysis was performed on an Aria 4 pumps UHPLC system with integrated Transcend TLX TurboFlow coupled to a triple quadrupole mass spectrometer (TSQ Altis plus, Thermo Scientific, USA) controlled by Aria MX 2.6 and Xcalibur 4.5 software (ThermoFinnigan, USA). The turboflow column was a Cyclone-P Turboflow column (proprietary stationary phase, 50 mm × 0.5 mm, Thermo) kept at 25 °C, and the analytical reverse phase-column was Kinetex (reverse phase C18, 50 mm × 2.1 mm, 2.6 μM, 100 Å, Phenomenex) with Security Guard Ultra (reverse phase C18 filter, 2.1 mm × 4 mm, 2.6 μM, Phenomenex) kept at 45 °C. Eluent A was 0.2% FA in MQ water, and eluent B was 100% ACN. The total runtime was 10.1 min with a solvent flow on the eluting side of 0.3 mL/min, and the gradient increased from 12% to 30% solvent B. The MS instrument was equipped with a heated electrospray ionization probe operated in positive mode. The spray voltage was 3500 V. Sheath gas (nitrogen), aux gas and sweep gas was set at 42, 25 and 1 (arbitrary units), respectively. The ion transfer tube was kept at 350 °C, and the vaporizer temperature was 425 °C. A cycle time of 0.2 s was used, and resolution (FWHM) at both Q1 and Q3 was 0.6. Argon was used as collision gas at a pressure of 2 mTorr and Chrom filter set at 3 (arbitrary unit). Collision energies were 25 V and 30 V for the quantifier (m/z 1002.8 -> 279.1) and qualifier ions (m/z 1002.8- 439.1), respectively.

Measurement of AMH, FSH, LH, Inhibin B, testosterone, androstendione and Estradiol was performed as previously described (19, 20). In brief, serum AMH levels were determined using the Beckman Coulter enzyme immunometric assay (Immunotech, Beckman Coulter Ltd.) with a detection limit of 2.0 pmol/L and intra-assay and interassay coefficients of variations (CVs) of 7.8% and 11.3%, respectively. Serum FSH and LH levels were measured by time-resolved immunofluorometric assays (Delfia; PerkinElmer) with detection limits of 0.06 and 0.05 IU/L for FSH and LH, respectively. Intra-assay and interassay CVs were less than 5% in both gonadotropin assays. Inhibin B levels were measured by double-antibody immunometric assays (Serotec) with a detection limit of 20 pg/mL, and intra-assay and interassay CVs less than 16%. Serum testosterone and androstendione were measured by LC-MS/MS with a detection limit of 0.10 nmol/L (T) and 0.18 nmol/L (A), and with an inter-assay CVs < 12%. Estradiol levels were determined by RIA (Pantex) with a detection limit of 18 pmol/L and intra-assay and interassay CVs of 7.5% and 12.3%, respectively. Hormone measurements that fell below the assay LOD were adjusted to half the value of the respective LODs.





LC-MS/MS method sensitivity and precision

The LC-MS/MS method for quantification of human serum INSL3 concentration was previously validated according to CLSI guidelines (21), including examination of sensitivity, precision, linearity, selectivity, stability, recovery, and method comparison with immunoassay (12). Here we introduce a modified method for serum INSL3 in which the original MS instrument (TSQ Vantage, Thermo) is substituted for a newer instrument (TSQ ALTIS plus, Thermo). The sensitivity of the improved method was examined by adding recombinant INSL3 (quantitated by amino acid analysis (see previous study for method validation details (12)) to a pool of serum collected from three post-menopausal women (commonly used as control matrix for both the INSL3 immunoassay and LC-MS/MS assay (1, 12)). Five replicates of the following nine concentrations were prepared individually and measured in one batch: 0 (blank), 0.005, 0.012, 0.017, 0.025, 0.05, 0.15, 0.5, 1.0 and 2.0 ug/L. The method was compared to serum INSL3 previously measured by immunoassay (LOD=0.01 ug/L) in the same 78 serum samples from healthy girls (11).





Statistical methods

Means, standard deviations, CVs, and p-values (Student’s t-test for means, Student’s t-distribution) were calculated in Excel (Microsoft, 2016). Correlations between circulating levels of different hormones were assessed by Spearman correlation including all available data from the longitudinal dataset. LOD and LOQ was determined both according to the standard deviation only (LOD = (average for five blanks) + (5 x standard deviation of five blanks)) and by the slope (LOD = 3.3 x (standard deviation of five blanks)/(slope of the calibration curve)) and LOQ = (10 x (standard deviation of five blanks)/(slope of the calibration curve)).






Results




Sensitivity and precision of serum INSL3 on the TSQ ALTIS plus instrument

By switching to a newer MS-instrument (TSQ ALTIS plus, Thermo) we improved the sensitivity with LC-MS/MS of serum INSL3. In addition to five calibration points in the established range of quantification (0.05, 0.15, 0.5, 1.0 and 2.0 ug/L) we examined four additional concentrations in the lower range (0.015, 0.15, 0.3 and 0.4 ug/L) and the resulting non-linear curve was best fitted to a quadratic equation (R2 = 0.99) Thermo Xcalibur Quan Browser (Figure 1A). First, we estimated the sensitivity based on the standard deviation and obtained an LOD = 0.006 ug/L. Next, the five lowest calibration points alone (0.005, 0.012, 0.017, 0.025, and 0.05 ug/L) demonstrated a linear fit (R2 = 0.98) and based on the slope we obtained an LOD = 0.01 ug/L. In addition, using the slope we obtained an LOQ = 0.03 ug/L (Figure 1B). In subsequent studies we decided on the sensitivity obtained using the slope of the linear fit in the low range (LOD = 0.01, corresponding to 1.5 pM). The method was introduced in a routine-like setting and the precision was estimated based on measurement of two QC samples: QC1 = 0.3 ug/L and QC2 = 1.0 ug/L. The QCs were measured 118 times in 48 batches over a period of 16 months, using the new instrument. The inter-assay precision for QC1 and QC2 was 11.8% and 8.1%, respectively.




Figure 1 | Sensitivity of serum INSL3 measurements with the TSQ Altis Plus Triple Quadrupole Mass Spectrometer (Thermo) (A) Nine-point calibration curve for serum INSL3 in the entire range from 0.015 to 2.0 ug/L with a quadratic fit. (B) Five-point calibration curve for serum INSL3 in the low range from 0.005 to 0.15 ug/L and with a linear fit.







Serum INSL3 of healthy pubertal girls

The concentration of INSL3 showed an overall increasing trend through puberty in 78 serum samples longitudinally collected from nine girls (Figures 2, 3). Of the 78 samples, 31 were below the LOD. Serum INSL3 was significantly increased (p < 0.001, t-test for means) in samples collected after puberty (average = 0.016 (0.015) ug/L (n = 50), as compared to before puberty (average = 0.008 (0.006) ug/L (n = 28)). One exception was a single girl where serum INSL3 was only detectable in two measurements before puberty and was below LOD in all samples collected after puberty (Figure 3F). For several girls, there was substantial and often parallel fluctuations in the studied hormones (see for example Figure 3C). Serum INSL3 levels correlated positively with LH (R=0.37, p<0.001), AMH (R=0.23, p<0.05), Inhibin B (R=0.27, p<0.02), estradiol (R=0.23, p<0.04), FSH (R=0.38, p<0.001), testosterone (R=0.43, p<0.001) and androstendione (R=0.33, p<0.003).




Figure 2 | Longitudinal changes in serum INSL3 (A), LH (B), FSH (C), Inhibin B (D) and estradiol (E) during puberty in nine girls. Pubertal onset is defined to occur at the midpoint between the two examinations where a girl progress from stage B1 to ≥ B2, according to the Tanner’s classification, and is indicated by the dotted vertical lines (A–E).






Figure 3 | Individual longitudinal changes in serum INSL3 (orange), LH (red), FSH (blue), Inhibin B (purple) and estradiol (turquoise) during puberty in nine healthy girls (A–I). The y-axis represents the concentration of INSL3 (ug/L). The concentrations of the other four hormones are adjusted to fit in the same range; LH (I/U) is divided by 100, FSH (U/L) is divided by 100, Inhibin B is divided by 1000 and estradiol (pM) is divided by 10000. Pubertal onset is indicated by the dotted vertical lines (A–I).







Serum INSL3 in girls with central precocious puberty treated with GnRH agonist

Serum INSL3 was measured in 46 samples from 15 girls before, during and after GnRH agonist treatment (Relefact LHRH, Sanofi-Aventis) administered every 4 weeks for CPP. Of the 46 samples, 31 were < LOD. The samples were collected before treatment (baseline, 0 months), during treatment (3 and 12 months) and after end of treatment (36 months). Serum INSL3 was above LOD in six out of 15 girls at baseline and, like other measured hormones, relatively high as compared to normal girls (Figure 4). The average concentration of serum INSL3 was 0.009 (0.005) ug/L at baseline (n=15) (Figure 5). After 3 months of treatment with GnRH agonist INSL3 decreased to 0.007 (0.003) (n=9) and after 12 months treatment all samples were <LOD (n=14) ug/L. In samples collected after end of treatment (36 months) average serum INSL3 increased to 0.024 (0.024) ug/L (n=8). Serum INSL3 was above LOD in six out of 15 girls at baseline and in 7 out of 8 after cessation of therapy.




Figure 4 | Concentration of INSL3 (A), LH (B), FSH (C), Inhibin B (D) and estradiol (E) in serum longitudinally collected from nine healthy pubertal girls (colored lines) and in serum collected from 15 girls with central precocious puberty before the beginning of treatment (black squares).






Figure 5 | Serum INSL3 (orange), LH (red), FSH (blue), Inhibin B (purple) and estradiol (turquoise) measured in 15 girl patients during treatment for central precocious puberty (CPP). The girls were treated with GnRH agonist at the time indicated by the two arrows. The bars indicate the average concentration at each of the four sample collections: 0 months (before treatment/baseline), 3, and 12 months (during treatment and 36 months) after treatment.








Discussion

We previously developed and validated an MS-based assay with sufficient sensitivity (LOD = 0.03 ug/L, 4.5 pM) for measuring serum INSL3 in pubertal boys and men (normal range 0.5 to 1.5 ug/L) (12). This supported INSL3 as a promising biomarker of testicular Leydig cells in males. Analytical sensitivity is a well-known challenge for measuring serum peptides by LC-MS/MS. Here we utilize a newer MS instrument and achieve a lower limit of detection (0.01 ug/ml (1.5 pM)) for serum INSL3. This technological improvement supports a more frequent use of LC-MS/MS in quantification of peptide hormones in serum and permits us to now explore the pathophysiology of INSL3 in females. We find that serum INSL3 increase in healthy girls with the onset of puberty concomitantly with pubertal activation of the Hypothalamic-pituitary-gonadal (HPG) axis as evidenced by increasing FSH and LH levels. This is in accordance with our previous study of serum INSL3 concentrations in the same samples from healthy peripubertal girls using an in-house immunoassay where an increase during puberty was also observed (11).

Circulating INSL3 concentrations correlated with levels of gonadotropins as well as ovarian hormones and strongest correlations were found between INSL3 and other theca cell products like testosterone and androstenedione. This is in line with our previous findings when evaluating INSL3 by immunoassay (11). The reactivation of the HPG axis during puberty leads to an increase in FSH and LH levels, promoting the growth of ovarian follicles to stages producing inhibin B and steroid hormones (2). In adult women, the primary contributors to circulating INSL3 levels are large antral follicles (17). Consequently, we anticipated a positive correlation between INSL3 levels and gonadotropins, as well as hormones produced by medium and large follicles. The strong correlation between INSL3 and androgen levels support the hypothesis that INSL3 directly stimulates androgen biosynthesis in theca interna cells surrounding large follicles (18). Circulating levels of AMH produced by small ovarian follicles increase prior to pubertal onset (14). This may explain the positive correlation between INSL3 and AMH levels despite being produced from very different stages of ovarian follicles.

We have previously reported that serum INSL3 and other reproductive hormones decrease in men during GnRH agonist treatment (22). In the girls with central precocious puberty (CPP) we also observed a significant decrease in serum INSL3 during treatment with GnRH agonist followed by a marked increase after end of treatment. This is in line with the effect of GnRHa treatment suppressing gonadotropin production and thus arresting maturation of follicles not reaching stages producing INSL3 (as well as other ovarian hormones). Interestingly, we observed a relatively high concentration of serum INSL3 in CPP girls in samples collected at baseline, as compared to healthy girls of the same relatively young age. This supports premature HPG activation and maturation of follicles producing INSL3 in girls with CPP. Due to pulsatile and diurnal variation of reproductive hormone secretion, it is difficult to differentiate between girls with premature thelarche and CPP using unstimulated serum concentration of hormones. After the transient activation of the HPG axis during minipuberty, GnRH testing is therefore implemented as routine clinical practice to distinguish between PT and CPP (23). We have recently reported that none of the established clinical and biochemical parameters were individually adequate as diagnostic markers for CPP vs. premature thelarche; however, a multivariate marker based on several relevant parameters increased the predictive value for CPP (23). Similarly, based on the current study we propose that serum INSL3 may not be a superior marker for CPP when assessed out of context with other parameters. Future studies in a larger group of CPP patients may reveal if adding serum INSL3 to the classical panel of reproductive hormones may be useful in the work-up of girls with suspected early puberty.

The present method measures 5-fold lower levels of serum INSL3 than what has been reported in our previous studies of the same samples using immunoassay (11) and, in addition, there was no significant correlation between the two methods. On the contrary, in a previous direct comparison of the LC-MS/MS and immunoassay methods for serum INSL3 in healthy men there was good correlation between the two methodologies, although slightly higher serum INSL3 levels were obtained with the LC-MS/MS-based method (12). Currently we cannot explain the 5-fold difference and lack of correlation between the two methods when applied to the present female serum samples, but speculate that calibration, matrix effects and inherent differences with the two analytical methods may play a role. Also, there will always be higher imprecision in the lower range for any assay. The measured sample cohort is too small to be useful as a normal range for pubertal girls, but we note that a substantial number of samples from healthy pubertal girls were below the LOD of both the LC-MS/MS and immunoassay. This was particularly true for samples collected before the onset of puberty, but also several samples collected after puberty were below the LOD of the method.

We would like to emphasize the shortcomings of the study. The primary limitation of the study is the relatively small sample sizes of healthy girls and patients with CPP. However, the longitudinal design provides valuable insight into the course of circulating INSL3 according to pubertal development as well as response to inhibition of the HPG axis during GnRHa treatment. Larger studies would clarify if the method is sufficiently sensitive to detect small increases in serum INSL3 in normal puberty in the majority of healthy girls, or possibly only in a small subgroup. As there will always be higher imprecision in the lower range of quantification future studies should be designed to investigate how this may challenge a possibly clinical utility of the method – for example, a future study may do replicate measurements of clinical samples with relatively low serum INSL3.

To conclude, we present a novel LC-MS/MS-based method for assessing serum INSL3 concentrations allowing sensitive quantification of INSL3 in peripubertal girls. The method can be used to further investigate the clinical use of INSL3 in female pediatrics. We note that the present data does not support that INSL3 is a superior marker for precocious puberty as compared to the other hormones measured in this study. Future studies in a larger group of CPP individuals may reveal if serum INSL3 may contribute to the panel of biomarkers for pubertal onset which in combination may contribute to distinguish between premature thelarche and central precocious puberty (23).
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