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Introduction

Testicular Leydig cells are responsible for producing almost all the testosterone required by men throughout the lifespan, with reduced testosterone (hypogonadism) correlating with age-linked morbidity and mortality. Leydig cells derive from stem cells within the testes after birth. These undergo proliferation and differentiation during puberty to achieve their final adult status in young adulthood, after which there appears to be no further cell division and only very limited attrition into old age. Leydig-cell functional capacity reflects the total number and differentiation status of the Leydig-cell population within an individual and can be assessed by measuring in blood the constitutive Leydig-cell hormone insulin-like peptide 3 (INSL3). In adult men, this varies by more than 10-fold between individuals and correlates with later morbidity. Such INSL3 variance appears to have its origin already in young men, though what determines this is largely unknown.





Methods

Here, we have used the ALSPAC (Avon Longitudinal Study of Parents and Children) cohort of boys and young men to estimate when the adult-type Leydig-cell population becomes established, that is, when puberty ends, and the contemporary anthropometric and lifestyle parameters that influence this.





Results and discussion

At 17 years, mean INSL3 is not yet maximal, with high variance due to both longitudinal (timing of pubertal trajectory) and cross-sectional influences, whereas at 24 years, circulating INSL3 concentration has stabilized to its final adult status, even showing a small decreasing trend with age. Maximal INSL3 (i.e., peak puberty) was calculated to be at approximately 22 years in this cohort. Both contemporary body mass index and smoking status, though not inflammatory parameters, were contributory factors to INSL3 concentration. However, the major source of INSL3 variance in young men was shown to be already established at 17 years, with causative influences evidently occurring prior to this age, and showing that early life parameters are important for determining later adult health in men.
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Introduction

Puberty in boys represents the delayed postnatal establishment of the HPG axis, with the production of circulating testosterone and initiation of spermatogenesis, beginning earliest at approximately 9–10 years of age. Anatomically, pubertal development in boys is monitored by Tanner staging of pubic hair growth and testis size, as well as by closure of the long bone hypophyses. Because these anatomical indices may be temporally variable and imprecise, other indices to assess pubertal development have been characterized, such as age at peak height velocity (APHV), which tries to capture the main pubertal growth spurt, or the timing of voice break, to offer parameters with more precision (1). However, it is still unclear when the phase of pubertal development ends and adulthood begins and how this may vary.

Largely based on animal experiments, pubertal development begins in the interstitial compartment of the testes with the proliferation and differentiation of Leydig stem cells, which are fusiform mesenchymal cells located around the tunica of the seminiferous tubules. Concomitant with the proliferation and differentiation of germ cells within the seminiferous tubules, these Leydig stem cells give rise to a population first of progenitor cells, then immature Leydig cells, and finally adult-type mature Leydig cells (2, 3). In the adult rat, these comprise about 50 percent of all interstitial cells alongside macrophages and dendritic cells, lymphoid cells, vascular endothelial cells, smooth muscle cells, and mesenchymal cells (4). At the end of puberty in the paired human testes, there is a mature population of approximately 200–250 million Leydig cells (5, 6), which are mostly terminally differentiated, have stopped dividing, and are responsible for the production of approximately 95% of all testosterone required to support male physiology throughout the remainder of the lifespan.

The production of testosterone by the Leydig cells is driven by pulses of LH from the pituitary, which during pubertal development serve both to induce Leydig-cell proliferation as well as differentiation, but at the end of puberty only act acutely to stimulate the enzymes and factors responsible for testosterone synthesis within the now stable population of Leydig cells. In humans, puberty is characterized by the frequency and amplitude of these LH pulses and the consequent testosterone surges (“storm”) until full puberty is attained (7). These then settle down to a lower pulsatile steady state, maintained by homeostatic feedback of the steroid to the brain and pituitary. From early adulthood onwards, circulating testosterone levels are homeostatically maintained into older age by increasing LH production, with minimal reduction in average testosterone levels, although there is still some diurnal rhythmicity with increasing loss of LH-testosterone synchronicity (8).

Mature Leydig cells also secrete another hormone, INSL3. This peptide hormone is produced and secreted constitutively with little or no diurnal or other short-term variation (9). The circulating concentration of INSL3 is determined uniquely by the numbers and mature differentiation status of the Leydig cells of the testes and effectively measures their total functional capacity (10). Except for a small postnatal increase during the so-called “mini-puberty” at 1–6 months of age (11), INSL3 is undetectable in blood before puberty onset and increases gradually during puberty, acting as a biochemical Tanner staging to monitor and quantify pubertal progression (10, 12). Although there is very little within-individual variance in circulating INSL3 concentration once adulthood is reached, there is more than a 10-fold variation in levels between individuals in community-dwelling men (13–15). In middle-aged and older men, individual INSL3 values correlate with and predict morbidity (16), in part because they reflect the capacity of the testes to produce androgens, with low INSL3 (<0.4 ng/ml) being a good index for clinical hypogonadism (17). Because of the consistency of INSL3 concentration within any one individual over long periods of several years, it seems likely, therefore, that whatever determines the final level of INSL3 in the circulation in young men at the end of puberty may be predictive of their later health and morbidity. This level most likely reflects the result of those events in childhood that determine the relative rates of Leydig precursor cell proliferation and differentiation, as well as the systems that regulate these, about which we currently have very little understanding. Moreover, in the 18-year-old young men from a Swedish cohort, we could find no correlation at all between circulating INSL3 concentration and contemporary semen parameters (14). Hence it would appear that FSH concentration and, by extrapolation, those factors influencing the hypothalamo-pituitary end of the HPG axis are unlikely to be instrumental in acutely determining individual Leydig-cell functional capacity, which includes their ability to produce testosterone.

The present study takes advantage of the ALSPAC (Avon Longitudinal Study of Parents and Children) longitudinal cohort drawn from the Bristol region of the UK (18, 19). Blood samples were collected and analysed for INSL3 from boys/young men within this cohort at approximate ages of 17 and 24 years. Our main objectives were, firstly, to determine whether INSL3 varied across this population of young men in a similar manner as has been determined in other cohorts and how this might change towards the end of puberty between 17 and 24 years in the important final establishment phase. Secondly, the longitudinal nature of this cohort allows us to examine a wide range of possible factors during childhood and adolescence that may contribute to the final Leydig-cell functional capacity as represented by INSL3 concentration in young adulthood.





Methods and materials

The ALSPAC is a prospective, population-based birth cohort study conducted in the United Kingdom. Established to investigate the determinants of health and development across the lifespan, ALSPAC enrolled pregnant women residing in the former county of Avon with expected delivery dates between April 1991 and December 1992 (18, 19). The initial cohort comprised 14,541 pregnancies. This was supplemented by further children recruited at around age 7, so that the total sample size for analysis of data collected post 7 years reflected a total of 15,447 pregnancies. Of these, 14,901 children were alive at 1 year of age. Comprehensive data have been collected from participants through questionnaires, clinical assessments, biological samples, and linkage to medical records (for more details see, www.bristol.ac.uk/alspac/researchers/our-data/).

In the present study, we utilized data from 1,781 young men within the ALSPAC cohort. Blood analyses, anthropometric measurements, clinical assessments, and questionnaire data were collected when these participants were approximately 17 and 24 years old (20). For the 24-year-old subjects, data were collected and managed using REDCap electronic data capture tools hosted at the University of Bristol (21). REDCap (Research Electronic Data Capture) is a secure, web-based software platform designed to support data capture for research studies. Subjects had been excluded who had a defined congenital illness (e.g., trisomy) or who had at some stage in their lives had one or both testes removed.




Measures

During the 2-hour clinical assessments at ages 17 and 24, participants underwent various measurements and tests. Height was measured by a Harpenden stadiometer. Weight was assessed with a Tanita Body Fat Analyser (Model TBF 401A). Lunar dual-energy X-ray absorptiometry (DXA) scans were performed to conduct whole-body assessments, providing detailed measurements of bone content, lean mass, and fat mass. Additionally, questionnaires were administered during these clinical visits to collect data, particularly regarding smoking consumption. Age at peak height velocity (APHV) was calculated according to Golding et al. (1).





Blood samples

Peripheral venous blood samples were collected during these clinical visits; serum or plasma was prepared, aliquoted, and stored frozen at −80°C until analyses. At 17 years, these were analysed for C-reactive protein (CRP), cotinine, and INSL3. At 24 years, these were analysed for CRP, the inflammatory markers interferon-γ (IFNγ), interleukins-6 (IL-6) and -8 (IL-8), tumour necrosis factor-α (TNFα), and white blood cell count (WBC), as well as INSL3. CRP was measured by automated particle-enhanced immunoturbidimetric assay (Roche Diagnostics, Burgess Hill, UK). Cotinine was measured using the Cozart Cotinine Enzyme Immunoassay (Concateno (now Alere Toxicology), Abingdon, UK) serum kit (M155B1). IFNγ, IL-6, IL-8, and TNF-α were assayed in heparin plasma samples using Olink Proteomics’ Proximity Extension Assay (PEA) technology (Olink Proteomics, Uppsala, Sweden), with data represented as normalized protein expression values, which are Olink Proteomics’ arbitrary units on a log2 scale. INSL3 was measured using a well-validated time-resolved fluorescent immunoassay as previously used for other large cohort studies (13–15). The limit of detection for this assay was 20 pg/ml, inter- and intra-plate coefficients of variation were <9% and <3%, respectively, and this assay shows no cross-reactivity with any other insulin- or relaxin-like molecules (9).





Smoking habits

Smoking was assessed by blood cotinine measurement at age 17 years and by self-reported questionnaires at ages 17 and 24 years. Questions included the following: “at what age did you smoke your first cigarette?” “have you smoked in the last 30 days?” “what was your age when you last smoked?” “do you smoke every day?” “number of cigarettes smoked per day” “do you smoke every week?” “number of cigarettes smoked per week,” “do you vape every day?,” “how long have you been vaping?,” and “what is the frequency of vaping?” “Regular smokers” were defined as those boys who agreed to smoking at least daily or weekly; “non-smokers” were defined as those who responded as never smoking. This categorization therefore does not include occasional or casual smokers, smoking less than weekly. These questionnaires were only completed by a smaller number of subjects, limiting the statistical power of the resulting analyses.





Statistical analysis

All statistical analyses were conducted using R software (version 2024.05.0), GraphPad Prism (Version 10.3.1), or SPSS (Version 29.02.0). Descriptive statistics were calculated for participants at ages 17 and 24 years. Variables indicating significant skewness were log-transformed to approximate normality prior to analysis. Simple bivariate correlation analyses were performed to assess relationships between INSL3 concentration at ages 17 and 24 years and available scalar parameters. Multiple regression analysis was carried out for available non-collinear parameters, testing stepwise with p < 0.10 for inclusion and p < 0.05 for exclusion. Independent t-tests were utilized to compare mean INSL3 levels between groups based on questionnaire responses, using Welch’s correction for unequal variance. All statistical tests were two-tailed, and a p-value less than 0.05 was considered to imply statistical significance.





Ethical considerations

The study was approved by the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Consent for biological samples was obtained from all participants, in accordance with the Human Tissue Act 2004. Informed consent for the use of data collected via questionnaires and clinics was obtained from participants following the recommendations of the ALSPAC Ethics and Law Committee at the time. All data were fully anonymized. Detailed descriptions of the cohort and study design have been previously published and are accessible on the ALSPAC website (www.bristol.ac.uk/alspac/researchers/our-data/), which also provides comprehensive details of all available data through a fully searchable data dictionary and variable search tool.






Results




Circulating INSL3 at ages 24 and 17 years from the ALSPAC cohort

Table 1 shows the available descriptive statistics for the 24- and 17-year-old male members of the ALSPAC cohort. Mean INSL3 at 24 years is significantly greater than at 17 years (Table 1, Figure 1) and comparable to the mean INSL3 level estimated for a Swedish cohort of military conscripts of mean age 18.2 years (14). The variance at both ages is also similarly high, with a range of approximately 100-fold, agreeing with the notion that circulating INSL3 concentration and hence Leydig-cell functional capacity may not yet be stabilized to a final adult state.


Table 1 | Descriptive statistics of the 17-year and 24-year boys from the ALSPAC cohort.






Figure 1 | (A) Scatterplots of individual circulating INSL3 concentration in boys from the ALSPAC cohort at 17 years (n = 1,250) and 24 years (n = 1,177) of age. The horizontal line indicates the median for each age group. (B) Collated means ± SEM for circulating INSL3 in largely Caucasian populations of boys and men at specific ages. Data from the present study are represented by the green data points. Also included are data for control groups of healthy boys at Tanner stages 2 and 4 (red data points) (22), and our own studies using the same TRFIA assay as in the present study on boys in puberty (12) (white circles), at 18.2 years of age (14) (white square), and middle-aged community-dwelling men (<50 years) from the European Male Aging Study (EMAS) (15) (white triangles; because of the large number of subjects included, standard errors are smaller than the symbols).



Although nominally 24 and 17 years of age, the recruited ALSPAC boys and young men indicated a range of 40 and 30 months, respectively, at the time of blood collection and parameter assessment. Regression analysis of the 24-year-old men with actual age indicated a downward trend at this time point ([INSL3] = −0.0192*[age in months] + 7.824; p < 0.0001; n = 1176), showing that Leydig-cell functional capacity was already showing the age-dependent decline from the post-pubertal maximum. This is more evident at older ages (13, 15) and thus implies that the average post-pubertal peak must be prior to 24 years. In contrast, there is no such correlation with age for the 17-year time point, emphasizing that at this age not only is the post-pubertal maximum not yet attained, but also factors influencing final adult INSL3 levels are still active. Blood samples from approximately 1,200 boys each at 17 years and 24 years were available, but only 645 boys presented at both time points. Of these, 491 indicated an increase in INSL3 concentration between 17 and 24 years, while 155 showed a decrease (Figure 2). From the ratio of these two categories, it can be estimated that peak INSL3 is reached at approximately 22 years of age, allowing a smoothed curve of mean INSL3 to be drawn as in Figure 1B (ALSPAC data represented by the green data points). This figure also includes data from another study by Taneli et al. (22) or control groups of healthy boys at Tanner stages 2 and 4 (red data points), and our own studies on boys in puberty (12), at 18.2 years of age (14), and middle-aged community-dwelling men from the European Male Aging Study (EMAS) (15) (Figure 1B, white data points).




Figure 2 | For those 645 individuals presenting at both 17 and 24 years, (A) represents those with increasing (n = 491) and (B) those with decreasing (n = 154) circulating INSL3 concentration between the 2 time points.







Sources of INSL3 variance at 24 and 17 years

First, for the 645 boys who presented at both 17 and 24 years, there is a significant correlation (p < 0.0001) in their INSL3 values (Figure 3). This shows that despite other factors likely influencing the final 24-year-old Leydig-cell functional capacity, the status at 17 years of age, when puberty is still not complete, is a key factor in later young adult status. Bivariate regression analysis of the log-transformed INSL3 concentration at 24 years against contemporary biochemical and anthropometric parameters (Table 2) showed effects of real age in months, lean body mass, though not bone or fat mass, determined by DEXA, as well as of weight, body mass index (BMI), and waist circumference. There was no relationship to height alone, suggesting that growth per se is not a relevant factor. There was no relationship to any of the inflammatory markers, including CRP, though these correlated well amongst themselves (Supplementary Table S1) as also with BMI (Supplementary Table S2). These relationships were not affected by correction for real age in months (not shown). In contrast, for the approximately 1,200 boys assessed at 17 years, of such parameters, only BMI indicated a negative relationship, and then with a greater variance (and hence p-value) than at 24 years (Table 2).




Figure 3 | Regression of circulating INSL3 concentration measured at 17 years (x-axis) and 24 years (y-axis) for those individuals presenting at both times.




Table 2 | Bivariate correlation analysis of INSL3 at 17 and 24 years versus available scalar parameters.







Influence of smoking on INSL3 concentration

The bivariate correlation analysis indicated a correlation at 24 years between INSL3 concentration and the scalar parameter from the questionnaire “age when last smoked” (Table 2). Similarly, at 17 years of age there was a negative correlation between INSL3 concentration and the scalar parameter “number of cigarettes smoked per week,” though the n-value is relatively small. For the more objective parameter, cotinine concentration measured at 17 years, there was no such correlation.

The questionnaires also generated various categorical parameters, which could be tested by simple comparative statistics (e.g., Welch’s t-test for unequal variance) (Table 3). Although at 17 years these questionnaire parameters behaved as expected in relation to blood cotinine concentration (Supplementary Table S3), they showed no relationship to INSL3 concentration, though did differ at 24 years (Table 3). We also checked whether there was an age difference between “regular smokers” and “never smokers,” since this could account for some of the difference in INSL3 concentration at 24 years (see above). There was indeed a small difference in age (mean 1.8 months) between these smoking categories; however, when calculated, this could only account for maximally 4% of the difference in INSL3. When a cotinine value of 3.0 ng/ml, which represents the U.S. and U.K. cutoff for smokers versus non-smokers (23), is applied and a simple t-test used to compare those >3.0 ng/ml (30.8% of the available total) versus those with cotinine <3.0 ng/ml, there is no significant difference in mean INSL3 concentration at 17 years (Table 3). Similar questionnaire parameters were also evaluated at 24 years for vaping, though numbers were small. No effect of vaping either alone or together with cigarette smoking was evident at this age on the circulating INSL3 concentration (not shown).


Table 3 | Relationship between smoking status and peripheral INSL3 concentration.







Influence of pubertal trajectory on INSL3 concentration

It is possible that much of the variance in INSL3 values at the end of puberty might be caused by differences in timing of the pubertal trajectory, with some boys entering puberty earlier or later than others, and thus potentially shifting the mean trajectory curve (Figure 1) to the left or right. To assess this aspect, we carried out simple regression analysis (Figure 4) of the change in INSL3 (ΔINSL3) concentration for the 645 boys presenting at both 17 and 24 years against the estimated age at peak height velocity (APHV) as an independent measure of pubertal timing (1). No relationship is evident. Nor is there any relationship between age at APHV and INSL3 at 24 years (Table 2). There appears to be a minor correlation for INSL3 at 17 years (Table 2), which however disappears upon correction for real age in months, suggesting that the final circulating INSL3 concentration at 24 years is independent of the earlier pubertal trajectory. We further compared APHV means for those boys whose INSL3 decreased between 17 and 24 years and those where this increased. There was no difference between the two subgroups (INSL3 decreasing between 17 and 24 years: APHV, 13.47 ± 0.79 years; INSL3 increasing between 17 and 24 years: APHV, 13.54 ± 0.95 years). It should also be noted that the change in INSL3 concentration is independent of any change in height between 17 and 24 years, which has increased only by approximately 1 cm in this time period (Table 1).




Figure 4 | Scatterplot of the difference in INSL3 between 17 and 24 years (δINSL3) against the age at peak height velocity (APHV) as a measure of the pubertal trajectory (n = 645).



In fact, when a multiple regression analysis is undertaken of INSL3 at 24 years (Table 4), including the non-collinear contemporary parameters measured at 24 years (Table 2), as well as the INSL3 concentration at 17 years, only this last parameter is a contributor to variance, implying that Leydig-cell functional capacity is largely determined already at 17 years.


Table 4 | Multiple regression analysis for INSL3 at age 24 years.








Discussion

The ALSPAC cohort is one of the few longitudinal studies that allows a retrospective analysis of childhood and adolescent parameters with contemporary measurement of gonadal function in the important post-pubertal years. Moreover, with blood samples taken at both 17 and 24 years, it allows consideration of just when peak Leydig-cell functional capacity is attained at the end of puberty, here approximating to 22 years of age. The resulting INSL3 trajectory is essentially similar to that from a recent study of Danish boys and young men using a different assay (24). The latter study appears to indicate a lesser decline with subsequent age than shown in Figure 1, possibly due to the differing geography of the EMAS subjects and their reduced average INSL3. In the latter study, we evidenced marked regional variation in mean INSL3 amongst older men (15). These studies also all show a similar >10-fold range of INSL3 values between individuals during adulthood. Because of the large number of subjects in the present study, a few values exceed 3 standard deviations from the mean, thus appearing unusually high; no pathology appears associated with this.

Here, we wish to understand first the significance and contemporary influences on post-pubertal Leydig-cell functional capacity, as represented by circulating INSL3 at 17 and 24 years of age. Strong evidence suggests that blood INSL3 concentration at the end of puberty is potentially predictive of later morbidity (16). Most relationships of INSL3 with contemporary parameters are evident at 24 years of age (Table 2) and are very similar to those established for older-aged cohorts such as FAMAS (13) and EMAS (15), as well as for the younger Swedish cohort of military conscripts (14). Namely, circulating INSL3 correlates negatively with BMI or waist circumference and negatively with smoking as well as age. In addition, we show for the first time that INSL3 at 24 years is also correlated negatively with lean body mass, implying a possible relationship to bone and muscle development. In vitro and in vivo studies have shown that low INSL3 is associated with reduced bone mineral density (16, 25) and that INSL3 can act via its specific receptor RXFP2 directly on osteoblasts and osteoclasts to influence bone deposition (26), as well as on skeletal muscle stem cells (27). Although values for circulating testosterone are not available for the ALSPAC cohort at this age, because at older ages INSL3 also correlates with circulating testosterone (15), this relationship to bone and muscle growth may simply be due to altered levels of testosterone in these individuals. There is no relationship between INSL3 at 24 years and any of the inflammation-related markers, including CRP (Table 2). INSL3 at 24 years does almost correlate with white blood cell count (p = 0.056). Both CRP and the other cytokines measured, as well as WBC, do correlate with each other as well as with measures of overweight and waist circumference in this dataset (Supplementary Table S1), indicating that, in this cohort, although there is a clear relationship between general systemic inflammation, increased body fat, and obesity (28), inflammatory parameters, measured contemporaneously, do not appear to influence Leydig-cell functional capacity as represented by circulating INSL3 concentration. In contrast, it is known that systemic inflammation negatively correlates with testosterone or free testosterone levels both in animal models of inflammation (29) and in human studies (30, 31).

The single most important relationship appears to be the correlation between circulating INSL3 at 24 years and that at 17 years within the same individuals (Figure 2, Table 4), implying that the final Leydig-cell functional capacity is at least in part already established at 17 years, even though the high variance at this age suggests that this is still quite fluid. In fact, when intra-class correlation (ICC) analysis is applied to compare the INSL3 concentrations in the same young men at 17 and 24 years, the resulting consistency coefficient is only 0.367 (95% CI: 0.262–0.458), which is considered “poor.” This is markedly different from the ICC consistency coefficient within older men from the EMAS cohort measured twice for INSL3 using the same assay 4–5 years apart (0.871; 95% CI: 0.854–0.887; unpublished data), which is considered “good” to “excellent.” In contrast to what is seen at 24 years, circulating INSL3 at 17 years is only significantly and negatively associated with BMI and smoking frequency and no other measured contemporary parameter, including age, cotinine, or CRP (Table 2). As for the 24-year-old subjects, there is, however, a significant correlation between CRP at 17 years and measures of overweight (BMI, weight, DEXA parameters; Supplementary Table S2), implying that the contemporary inflammatory parameters themselves may not be instrumental in influencing Leydig-cell function.

Very few studies have tried to determine the causes for the variation in adult Leydig-cell numbers and differentiation status, which manifest as circulating INSL3 concentration and represent the Leydig-cell functional capacity to produce hormones such as androgens essential for maintaining health into old age. In rats, although maternal exposures (in utero and via lactation) have shown marked effects of endocrine-disrupting chemicals such as xenoestrogens or phthalates on the dynamics of Leydig-cell proliferation and differentiation during the course of puberty or equivalent processes in models of Leydig-cell ablation and recovery (32, 33), such effects are rarely evident in later adulthood (34). In some way Leydig-cell functional capacity is restored to control values. In young bulls, early prepubertal nutrition was shown to influence (accelerate) the pubertal trajectory of increasing INSL3 up to young adulthood, when effects of the intervention became no longer apparent (35). In other words, such experiments suggest that manipulations such as these may alter the timing and dynamics of puberty but do not appear to affect the final adult Leydig-cell functional capacity, though in none of these examples were subjects followed beyond young adulthood into older age.

Nevertheless, in the adult human population, INSL3 varies considerably between individuals, and this appears to have consequences for later health and morbidity (16). Taken together, the results of the present analysis suggest that other factors during childhood, adolescence, or earlier may be responsible for the final Leydig-cell functional capacity developed during puberty but manifest for most of the remaining male lifespan. Moreover, INSL3 measured at age 17 is still subject to high variance, unlike at 24 years, when INSL3 expression appears to have stabilized and better reflects contemporary adult parameters.

In terms of clinical application, circulating INSL3 in boys offers a simple biochemical reflection of pubertal development, specifically focusing on the Leydig-cell compartment and its capacity to generate androgens. However, despite its constitutive nature, as also indicated by Albrethsen et al. (24), its high between-individual variance limits more general diagnostic application at the present time, though a consideration of INSL3 thresholds could allow a differentiation in cases of delayed puberty (36), Klinefelter syndrome (37–39), or in older men for functional hypogonadism (17). However, it is proving valuable in individual cases to assess, for example, recovery following anabolic steroid misuse (40) or steroidal male contraception (41), where exogenous steroids necessarily suppress the hypothalamo-pituitary-gonadal axis and hence cause the Leydig-cell population temporarily to dedifferentiate, or following long-term gonadotropin stimulation (42). Further research on the factors influencing adolescent levels of INSL3 will no doubt offer other opportunities for its clinical application.

The main weakness of the present study is due to its retrospective nature, precluding the subsequent measure of other contemporary parameters, such as testosterone, or other time points during this important establishment phase of late puberty. Nevertheless, the results provide important new information concerning the Leydig-cell compartment in men, which, once established at the end of puberty, appears to remain more or less fixed into older age.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors and the ALSPAC executive committee without undue reservation.





Ethics statement

The studies involving humans were approved by ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.





Author contributions

BT: Data curation, Formal analysis, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. RI: Conceptualization, Data curation, Formal analysis, Project administration, Supervision, Writing – original draft, Writing – review & editing. WA: Investigation, Writing – original draft, Writing – review & editing. RA-I: Conceptualization, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The UK Medical Research Council and Wellcome Trust (Grant ref: 217065/Z/19/Z) and the University of Bristol provide core support for ALSPAC. A comprehensive list of grant funding is available on the ALSPAC website (http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf). This publication is the work of the authors and Drs Anand-Ivell and Ivell will serve as guarantors for the contents of this paper. The analysis of samples for INSL3 was funded via the School of Biosciences at the University of Nottingham, UK.




Acknowledgments

We are extremely grateful to all the families who took part in this study, the midwives for their help in recruiting them, and the whole ALSPAC team, which includes interviewers, computer and laboratory technicians, clerical workers, research scientists, volunteers, managers, receptionists and nurses. We should also like to thank Dr Katie Severn from the Mathematics Department of the University of Nottingham for statistical advice and Mr Valentin Wegner for excellent technical support.





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.

The author(s), RI and RA-I, declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1574760/full#supplementary-material




References

1. Golding, J, Iles-Caven, Y, Northstone, K, Fraser, A, and Heron, J. Measures of puberty in the Avon Longitudinal Study of Parents and Children (ALSPAC) offspring cohort. Wellcome Open Res. (2024) 8:453. doi: 10.12688/wellcomeopenres

2. Mendis-Handagama, SM, and Ariyaratne, HB. Differentiation of the adult Leydig cell population in the postnatal testis. Biol Reprod. (2001) 65:660–71. doi: 10.1095/biolreprod65.3.660

3. Teerds, KJ, and Huhtaniemi, IT. Morphological and functional maturation of Leydig cells: from rodent models to primates. Hum Reprod Update. (2015) 21:310–28. doi: 10.1093/humupd/dmv008

4. Huang, F, Wang, J, Wang, H, Hu, Y, Li, Z, Xu, J, et al. Effects of Leydig cell elimination on testicular interstitial cell populations: characterization by scRNA-seq and immunocytochemical techniques. Front Endocrinol. (2024) 15:1423801. doi: 10.3389/fendo.2024.1423801

5. Neaves, WB, Johnson, L, and Petty, CS. Age-related change in numbers of other interstitial cells in testes of adult men: evidence bearing on the fate of Leydig cells lost with increasing age. Biol Reprod. (1985) 33:259–69. doi: 10.1095/biolreprod33.1.259

6. Petersen, PM, Seierøe, K, and Pakkenberg, B. The total number of Leydig and Sertoli cells in the testes of men across various age groups– a stereological study. J Anat. (2015) 226:175–9. doi: 10.1111/joa.12261

7. Manasco, PK, Umbach, DM, Muly, SM, Godwin, DC, Negro-Vilar, A, Culler, MD, et al. Ontogeny of gonadotropin, testosterone, and inhibin secretion in normal boys through puberty based on overnight serial sampling. J Clin Endocrinol Metab. (1995) 80:2046–52. doi: 10.1210/jcem.80.7.7608253

8. Pincus, SM, Mulligan, T, Iranmanesh, A, Gheorghiu, S, Godschalk, M, and Veldhuis, JD. Older males secrete luteinizing hormone and testosterone more irregularly, and jointly more asynchronously, than younger males. Proc Natl Acad Sci U S A. (1996) 93:14100–5. doi: 10.1073/pnas.93.24.14100

9. Ivell, R, and Anand-Ivell, R. The biology of Insulin-like Factor 3 (INSL3) in human reproduction. Hum Reprod Update. (2009) 15:463–76. doi: 10.1093/humupd/dmp011

10. Ivell, R, Wade, JD, and Anand-Ivell, R. INSL3 as a biomarker of Leydig cell functionality. Biol Reprod. (2013) 88:147. doi: 10.1095/biolreprod.113.108969

11. Busch, A, Ljubicic, M, Upners, E, Fischer, M, Raket, L, Frederiksen, H, et al. Dynamic changes of reproductive hormones in male minipuberty: temporal dissociation of Leydig- and Sertoli-cell activity. J Clin Endocrinol Metab. (2022) 187:135–42. doi: 10.1210/clinem/dgac115

12. Johansen, ML, Anand-Ivell, R, Mouritsen, A, Hagen, CP, Mieritz, MG, Søeborg, T, et al. Serum levels of insulin-like factor 3, anti-Mullerian hormone, inhibin B, and testosterone during pubertal transition in healthy boys: a longitudinal pilot study. Reproduction. (2014) 147:529–35. doi: 10.1530/REP-13-0435

13. Anand-Ivell, RJK, Wohlgemuth, J, Haren, MT, Hope, PJ, Hatzinikolas, G, Wittert, G, et al. Peripheral INSL3 concentrations decline with age in a large population of Australian men. Int J Androl. (2006) 29:618–26. doi: 10.1111/j.1365-2605.2006.00714.x

14. Anand-Ivell, R, Tremellen, K, Soyama, H, Enki, D, and Ivell, R. Male seminal parameters are not associated with Leydig cell functional capacity in men. Andrology. (2021) 9:1126–36. doi: 10.1111/andr.13001

15. Anand-Ivell, R, Heng, K, Severn, K, Antonio, L, Bartfai, G, Casanueva, FF, et al. Association of age, hormonal, and lifestyle factors with the Leydig cell biomarker INSL3 in aging men from the EMAS (European Male Aging Study) cohort. Andrology. (2022) 10:1328–38. doi: 10.1111/andr.13220

16. Ivell, R, Heng, K, Severn, K, Antonio, L, Bartfai, G, Casanueva, FF, et al. The biomarker INSL3 as a predictor of age-related morbidity: findings from the EMAS cohort. Front Endocrinol. (2022) 13:1016107. doi: 10.3389/fendo.2022.1016107

17. Anand-Ivell, R, Heng, K, Antonio, L, Bartfai, G, Casanueva, FF, Maggi, M, et al. Insulin-like peptide 3 (INSL3) as an indicator of Leydig Cell Insufficiency (LCI) in middle-aged and older men with hypogonadism: reference range and threshold. Aging Male. (2024) 27:2346322. doi: 10.1080/13685538.2024.2346322

18. Boyd, A, Golding, J, Macleod, J, Lawlor, DA, Fraser, A, Henderson, J, et al. Cohort Profile: The ‘Children of the 90s’–the index offspring of the Avon Longitudinal Study of Parents and Children (ALSPAC). Int J Epidemiol. (2013) 42:111–27. doi: 10.1093/ije/dys064

19. Fraser, A, Macdonald-Wallis, C, Tilling, K, Boyd, A, Golding, J, Davey Smith, G, et al. Cohort Profile: The Avon Longitudinal Study of Parents and Children: ALSPAC mothers cohort. Int J Epidemiol. (2013) 42:97–110. doi: 10.1093/ije/dys066

20. Northstone, K, Lewcock, M, Groom, A, Boyd, A, Macleod, J, Timpson, NJ, et al. The Avon Longitudinal Study of Parents and Children (ALSPAC): an updated on the enrolled sample of index children in 2019. Wellcome Open Res. (2019) 4:51. doi: 10.12688/wellcomeopenres

21. Harris, PA, Taylor, R, Thielke, R, Payne, J, Gonzalez, N, and Conde, JG. Research electronic data capture (REDCap) – A metadata-driven methodology and workflow process for providing translational research informatics support. J BioMed Inform. (2009) 42:377–81. doi: 10.1016/j.jbi.2008.08.010

22. Taneli, F, Ersoy, B, Özhan, B, Çalkana, M, Yılmaz, O, Dinç, G, et al. The effect of obesity on testicular function by insulin-like factor 3, inhibin B, and leptin concentrations in obese adolescents according to pubertal stages. Clin Biochem. (2010) 43:1236–40. doi: 10.1016/j.clinbiochem.2010.07.026

23. Kim, S. Overview of cotinine cutoff values for smoking status classification. Int J Environ Res Public Health. (2016) 13:1236. doi: 10.3390/ijerph13121236

24. Albrethsen, J, Johannsen, TH, Jørgensen, N, Frederiksen, H, Sennels, HP, Jørgensen, HL, et al. Evaluation of serum Insulin-like factor 3 quantification by LC-MS/MS as a biomarker of Leydig cell function. J Clin Endocrinol Metab. (2020) 105:1868–77. doi: 10.1210/clinem/dgaa145

25. Ferlin, A, Pepe, A, Gianesello, L, Garolla, A, Feng, S, Giannini, S, et al. Mutations in the insulin-like factor 3 receptor are associated with osteoporosis. J Bone Miner Res. (2008) 23:683–93. doi: 10.1359/jbmr.080204

26. De Toni, L, Agoulnik, AI, Sandri, M, Foresta, C, and Ferlin, A. INSL3 in the muscolo-skeletal system. Mol Cell Endocrinol. (2019) 487:12–7. doi: 10.1016/j.mce.2018.12.021

27. Ferlin, A, De Toni, L, Agoulnik, AI, Lunardon, G, Armani, A, Bortolanza, S, et al. Protective role of testicular hormone INSL3 from atrophy and weakness in skeletal muscle. Front Endocrinol. (2018) 9:562. doi: 10.3389/fendo.2018.00562

28. Grossmann, M, Ng Tang Fui, M, and Cheung, AS. Late-onset hypogonadism: metabolic impact. Andrology. (2020) 8:1519–29. doi: 10.1111/andr.12705

29. Shen, P, Ji, S, Li, X, Yang, Q, Xu, B, Wong, CKC, et al. LPS-induced systemic inflammation caused mPOA-FSH/LH disturbance and impaired testicular function. Front Endocrinol. (2022) 13:886085. doi: 10.3389/fendo.2022.886085

30. Bobjer, J, Katrinaki, M, Tsatsanis, C, Lundberg-Giwercman, Y, and Giwercman, A. Negative association between testosterone concentration and inflammatory markers in young men: a nested cross-sectional study. PloS One. (2013) 8:e61466. doi: 10.1371/journal.pone.0061466

31. Barbosa, LP, Aguiar, SD, Santos, PA, Rosa, TDS, LA, M, de Deus, LA, et al. Relationship between inflammatory biomarkers and testosterone levels in male master athletes ands non-athletes. Exp Gerontol. (2021) 151:111407. doi: 10.1016/j.exger.2021.111407

32. Ivell, R, Heng, K, Nicholson, H, and Anand-Ivell, R. Maternal xenobiotic exposure alters adult-type Leydig cell development in male rats. Asian J Androl. (2013) 15:261–8. doi: 10.1038/aja.2012.138

33. Heng, K, Anand-Ivell, R, Teerds, K, and Ivell, R. The endocrine disruptors dibutyl phthalate (DBP) and diethylstilbestrol (DES) influence Leydig cell regeneration following ethane dimethane sulfonate (EDS) treatment of adult male rats. Int J Androl. (2012) 35:353–63. doi: 10.1111/j.1365-2605.2011.01231.x

34. Ivell, R, Vinggaard, AM, Soyama, H, and Anand-Ivell, R. Maternal exposure of rats to environmental endocrine disrupting chemicals (EDCs) may affect final Leydig cell functional capacity in adult male offspring: a retrospective study. Andrologia. (2022) 19:e14566. doi: 10.1111/andr.14566

35. Anand-Ivell, R, Byrne, CJ, Arnecke, J, Fair, S, Lonergan, P, Kenny, DA, et al. Prepubertal nutrition alters Leydig cell functional capacity and timing of puberty. PloS One. (2019) 14:e0225465. doi: 10.1371/journal.pone.0225465

36. Abbara, A, Koysombat, K, Phylactou, M, Eng, PC, Clarke, S, Comninos, AN, et al. Insulin-like peptide 3 and inhibin B as markers of testicular Leydig and Sertoli cells in constitutional delay of growth and puberty (CDGP) and congenital hypogonadotrophic hypogonadism (CHH). Front Endocrinol. 13:1076984. doi: 10.3383/fendo.2022.1076984

37. Santi, D, Ivell, R, Anand-Ivell, R, De Toni, L, Fanelli, F, Mezzullo, M, et al. Effects of acute hCG stimulation on serum INSL3 and 25-OH vitamin D in Klinefelter syndrome. Andrology. (2020) 8:1720–7. doi: 10.1111/andr.12851

38. Johannsen, TH, Ljubicic, ML, Young, J, Trabado, S, Petersen, JH, Linneberg, A, et al. Serum insulin-like factor 3 quantification by LC-MS/MS in male patients with hypogonadotropic hypogonadism and Klinefelter syndrome. Endocrine. (2021) 71:578–85. doi: 10.1007/s12020-021-02609-0

39. Wikström, AM, Bay, K, Hero, M, Andersson, AM, and Dunkel, L. Serum insulin-like factor 3 levels during puberty in healthy boys and boys with Klinefelter syndrome. J Clin Endocrinol Metab. (2006) 91:4705–8. doi: 10.1210/jc.2006-0669

40. Rasmussen, JJ, Albrethsen, J, Frandsen, MN, Jørgensen, N, Juul, A, and Kistorp, C. Serum Insulin-like factor 3 levels are reduced in former androgen users, suggesting impaired Leydig cell capacity. J Clin Endocrinol Metab. (2021) 106:e2664–72. doi: 10.1210/clinem/dgab129

41. Bay, K, Matthiesson, KL, McLachlan, RI, and Andersson, AM. The effects of gonadotropin suppression and selective replacement on insulin-like factor 3 secretion in normal adult men. J Clin Endocrinol Metab. (2006) 91:1108–11. doi: 10.1210/jc.2005-1865

42. Roth, MY, Lin, K, Bay, K, Amory, JK, Anawalt, BD, Matsumoto, AM, et al. Page ST.Serum insulin-like factor 3 is highly correlated with intratesticular testosterone in normal men with acute, experimental gonadotropin deficiency stimulated with low-dose human chorionic gonadotropin: a randomized, controlled trial. Fertil Steril. (2013) 99:132–9. doi: 10.1016/j.fertnstert.2012.09.009




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.


Copyright © 2025 Tulumcu, Ivell, Alhujaili and Anand-Ivell. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Defining the end of puberty in boys: INSL3 and the acute determinants of adult Leydig-cell functional capacity

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          Introduction

        



        		

          Methods and materials

        

          		

            Measures

          



          		

            Blood samples

          



          		

            Smoking habits

          



          		

            Statistical analysis

          



          		

            Ethical considerations

          



        



        



        		

          Results

        

          		

            Circulating INSL3 at ages 24 and 17 years from the ALSPAC cohort

          



          		

            Sources of INSL3 variance at 24 and 17 years

          



          		

            Influence of smoking on INSL3 concentration

          



          		

            Influence of pubertal trajectory on INSL3 concentration

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
INSL3 at 24 years INSL3 at 17 years

Pearson correlation = Significance Pearson correlation = Significance
INSL3 at 17 0243 <0001 645
CRP -0.020 0.513 1,064 -0.009 0.741 1,242
IFNy 0.011 0.719 1,031 - - -
IL-6 -0.023 0.451 1,031 - - ‘ -
IL-8 0.046 0.144 1,031 - - -
TNFo. 0.044 0.163 1,031 - 7 - -

I ‘WBC -0.057 0.054 | 1,159 = = i =
Age (mo.) U137 < 0.001 1,176 0.038 0.184 1,250
Bone mass -0.041 0.169 1,143 —-0.032 0.266 1212

Fat mass -0.011 0714 1,143 -0.018 0523 1212
Lean mass -0.113 <0001 1,143 ~0.041 0.157 1212
BMD - - - -0.014 0624 1212
Height 0031 0.296 1,169 0.048 0.091 1227
weight —0.081 0.006 1,168 -0.032 0.264 1,227
BMI ~0.101 <0.001 1,168 ~0.059 0038 1,226
Waist circ. -0.071 0.016 1,166 - - .
APHV' -0.018 0578 1,002 -0.067 0024 1,150
Smoking’ -0.152 0.002 398 = = =
Smoking3 -0.033 0.767 82 -0.157 0.043 167
Cotinine - - - 0.039 0.279 770

CRP, c-reactive protein; WBC, white blood cell count; BMD, bone mineral density; BMI, body mass index; APHV, age at peak height velocity. "The correlation with INSL3 at 17 years becomes
insignificant when corrected for actual age in months. *Smoking assessed as “age when last smoked”. *Smoking assessed as “number of cigarettes smoked per week.”
Red text indicates significant correlations.





OEBPS/Images/fendo-16-1574760-g004.jpg
AINSL3 (ng/ml)





OEBPS/Images/table4.jpg
Included + Significance @ 95% CI

parameter

Ln INSL3 at 17 years 0.184 + 0.048 P <0.001 (0.088, 0.279)

Parameters excluded: CRP, IFNY, IL-6, IL-8, TNFo, WBC, age (months), lean, bone and fat
mass, waist circumference, height, BMI, smoking. Abbreviations as in Table 2






OEBPS/Images/table3.jpg
INSL3 at 17 years (ng/ml) INSL3 at 24 years (ng/ml)

Mean + SD n Significance Mean + SD n Significance
Cotinine _ 3.0 ng/ml 1.52 +£2.55 235 ns na
Cotinine < 3.0 ng/ml 1.37 £ 1.70 535 na
Regular smokers 1.45 +1.32 169 ns 1.95 + 1.37 225 P <0.001
Never smoked 1.30 +0.98 105 232£1.70 681

Even when separated into quartiles, cotinine at age 17 still does not indicate an effect of smoking on INSL3 concentration (not shown). “regular smokers” are those that indicated in questionnaires
that they smoked at least weekly or daily; “never smoked” were those that amongst the remainder indicated that they had never smoked a single cigarette. Occasional smokers (less than weekly or
only occasionally) were not included in the analysis. ns, not significant; na, not applicable, no data.





OEBPS/Images/fendo-16-1574760-g002.jpg
257 A. Iincreasing 2571 B. decreasing

20 20

-
()
-
8)

-
=

INSL3 (ng/ml)
INSL3 (ng/ml)

Z / 4

T T

17 years 24 years





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2025.1574760_cover.jpg
& frontiers | Frontiers in Endocrinology

Defining the end of puberty in boys: INSL3
and the acute determinants of adult Leydig-
cell functional capacity





OEBPS/Images/fendo-16-1574760-g001.jpg
INSL3 (ng/ml)

40

N

INSL3 (ng/ml)

=

20 30
Age (years)

40

50





OEBPS/Images/table1.jpg
17 years 24 years

Median (25%, 75%) Median (25%,75%)
Age (months) 2131 +45 213 (211, 215) 1545 2945 +9.4 294 (288, 301) 1,238
Height (cm) 1789 £ 6.8 178.9 (1744, 183.3) 1513 180.0 + 6.7 179.9 (175.3, 184.3) 1,231
Weight (kg) 720 £12.8 70.3 (63.2, 78.3) 1514 80.3 + 14.8 78.1 (700, 87.7) 1,230
BMI 225%3.7 21.7 (20.7, 24.1) 1512 248 43 24.1 (21.9, 26.8) 1,230
Waist circ (cm) - - - 86.0 +11.4 83.5 (78.2, 90.7) 1,228

INSL3 (ng/ml) 148 £ 1.79 1.12 (0.68, 1.82) 1250 2.16 + 1.55 1.80 (1.32, 2.57) 1,177





OEBPS/Images/fendo-16-1574760-g003.jpg
10

Y = 0.2662*X + 1.838
n=645: p<0.0001

(Jw/Bu) sieah $z e ¢ISNI

==
-—

INSL3 at 17 years (ng/ml)





