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Abstract

Leydig cell functional capacity reflects the numbers and differentiation status of the steroido-

genic Leydig cells in the testes and becomes more or less fixed in early adulthood with the

final establishment of the hypothalamo-pituitary-gonadal (HPG) axis after puberty. Factors

influencing Leydig cell functional capacity and its role in puberty are poorly understood.

Using a bovine model of dairy bulls fed four different nutritional regimes from 1 month to 12

months, and applying circulating Insulin-like peptide 3 (INSL3) as an accurate biomarker of

Leydig cell functional capacity, showed that a high plane of nutrition in the first 6 months of

life, but not later, significantly increased INSL3 in young adulthood. Moreover, INSL3 con-

centration at 4 months indicated a marked differential in early feeding regime and correlated

well (negatively) with the timing of puberty, as reflected by the age in days for the first pro-

duction of an ejaculate with >50 million sperm and >10% forward motility, as well as with tes-

tis size at 18 months. Reversing the diet at 6 months was unable to rectify the trend in either

parameter, unlike for other parameters such as testosterone, body weight, and scrotal cir-

cumference. This study has shown that early prepubertal nutrition is a key factor in the

development of Leydig cell functional capacity in early adulthood and appears to be a key

driver in the dynamic progression of puberty.

Introduction

The Leydig cells of the testes are responsible for producing the major sex steroids throughout

life and are essential for supporting sperm production [1]. Their numbers and differentiation

status (functional capacity) are established during puberty and change little across the lifespan,

thereby correlating also with testosterone production and morbidity in older age [2]. Besides

testosterone and androstenedione, the Leydig cells also make and secrete large amounts of the

constitutive peptide hormone INSL3 (insulin-like peptide 3) which has become an important

new biomarker uniquely reflecting Leydig cell functional capacity [2], and which may vary up

to ten-fold in adult men [3]. However, relatively little is known about the early life factors
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which influence the relative rates of Leydig cell proliferation and differentiation, and hence

Leydig cell functional capacity in the young adult.

In order to explore the effect of nutrition on this parameter, we have made use of a bovine

model in which food intake in the prepubertal period has been carefully controlled [4]. The

model was developed because application of modern genetic selection algorithms to young

calves, rather than waiting for actual sire performance, is putting pressure on the cattle indus-

try to accelerate the growth and sexual maturation of bulls to deliver qualitatively and quantita-

tively adequate semen as early as possible. For modern Bos taurus breeds, puberty as defined

by the attainment of 50 million sperm in an ejaculate with>10% forward motility [5] occurs

at 8–10 months of age, and in tropical breeds, including B. indicus, may be as late as 15 months

[6]. Such early semen may not prove adequate in terms of fertilizing potential nor overall

quantity [7,8]. There is therefore a need for a better understanding of the physiological pro-

cesses involved as well as criteria by which to monitor optimal physiological and sexual devel-

opment, thus allowing collection of semen with consistent and reliable quality and quantity as

early as possible. Such criteria could be used to predict the timing of puberty and understand

the processes being modulated by, for example, altering management and feeding regimes.

Sexual development in the bull can be broadly divided into two phases: the prepubertal

phase occupies approximately the first 6 months of life; and the peri-pubertal phase from 6 to

12 months [9,10]. As in all mammals, these phases are governed primarily by the hormones of

the HPG (hypothalamo-pituitary-gonadal) axis [11]. In the bovine, modest levels of pituitary

Follicle Stimulating Hormone (FSH) promote the proliferation and then maturation of testicu-

lar Sertoli cells from about 5 weeks through to about 32 weeks, whereas the steroidogenic Ley-

dig cells undergo a rapid proliferation and maturation phase between 5 and 28 weeks, largely

under the influence of a prepubertal surge of Luteinising Hormone (LH) evident between 10

and 20 weeks [9]. In contrast, spermatogenesis commences only around week 20 [9]. The

appearance of sperm in the ejaculate as well as scrotal circumference both reflect the process of

spermatogenesis: in the mature testis, Leydig cells comprise usually only about 10% of the cell

volume [12] and Sertoli cells even less [4], though this may vary between species, with the

remainder mostly dedicated to sperm production. Sertoli cells support and nourish the differ-

entiating germ cells, whose number ultimately reflects the quality and quantity of the Sertoli

cells. Leydig cells make both local paracrine factors essential for the healthy development of

the seminiferous epithelium, including Sertoli cells, as well as androgens, such as testosterone,

required for spermatogenesis and for general growth and metabolism of the animal including

its appropriate behavioural development.

To date, circulating testosterone and/or its relationship to the gonadotropin LH has been

used as a measure of Leydig cell development [1]. Testosterone and LH are challenging to mea-

sure accurately due to high technical and biological variance. Both are secreted in response to

GnRH in a pulsatile manner, which is particularly dramatic during puberty. In contrast,

INSL3 is a major secretory product of the steroidogenic Leydig cells of the testes in all mam-

mals so far investigated [2,13], but unlike testosterone does not appear to show marked diurnal

or intra-individual variation [13,14]. It is produced and secreted constitutively into the blood-

stream, in a manner which appears to be acutely independent of the hormones of the HPG

axis [15,16]. INSL3 production only appears to be dependent upon the number and stage of

development of the individual Leydig cells within the testes, and is not made by any other

organ in the male [2,13,17]. However, its expression may be influenced by LH in the long-

term since this influences the differentiation of the Leydig cells, and high pulses of exogenous

LH may also affect its production [18]. Findings from humans and rodents [2,19] support the

view that INSL3 is an excellent biomarker for Leydig cell functional capacity (i.e. the residual

potential to make androgenic steroids and other factors) and could represent an important

Prepubertal nutrition and INSL3
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parameter with which to assess pubertal progression in bull calves, especially during the

important prepubertal phase.

Whilst most information concerning INSL3 expression in the male pertains to rodents or

humans, limited findings from bulls fully support the above interpretation. Northern blot of

multiple male tissues shows that the testis is the only male tissue to express INSL3 mRNA [20]

and, when castrated, steers indicate no circulating INSL3 above the non-detectable level ([21]

and Anand-Ivell R, unpublished). Within the bovine testis both in situ mRNA hybridization

[20] as well as immunohistochemistry using different antibodies [22,23] confirm that only

Leydig cells express INSL3. Moreover, circulating INSL3, as in the present article, correlates

closely to the growth of the testes between birth and puberty (present article; [24]).

The present study evaluated the expression of INSL3 during pubertal progression in male

Holstein-Friesian calves which had been closely monitored for a series of physical and hor-

monal parameters under four different feeding regimens [4,25]. For the first 6 months of life,

calves were fed either a relatively low plane of nutrition (Lo) or a high plane of nutrition (Hi);

these two groups were further subdivided for the peri-pubertal period between 6 and 12

months, the calves in each group being provided either a continuation of the high or low feed-

ing regimen, or their reversal, creating four groups of animals referred to as Hi-Hi, Hi-Lo, Lo-

Hi, and Lo-Lo, respectively [4,25]. The study used a well-validated homologous time-resolved

fluorescent immunoassay (TRFIA) to measure INSL3 in peripheral serum [22,26], which was

further optimized for the current application. The results indicate that INSL3 expression is

markedly influenced by nutritional status and offers an additional and very useful parameter

of low variance with which to map pubertal trajectory. In particular, the importance of the pre-

pubertal period for the establishment of a persistent high Leydig cell functional capacity was

clearly evident.

Materials and methods

Animals and procedures

Details of the study protocol have been described previously [4]. All procedures on animals

were carried out under license from the Irish Department of Health and Children (license no.

B100/4516), and followed the Cruelty to Animals Act (Ireland 1876, as amended by EC regula-

tions 2002 and 2005) and the EC Directive 86/609/EC. All calves were sourced from commer-

cial dairy farms and housed at Teagasc Grange, Animal and Grassland Research Centre,

Dunsany, Co. Meath, Ireland. Calves were group housed on sawdust bedding in well-venti-

lated, purpose-built calf housing. Briefly, autumn-born Holstein-Friesian male calves (n = 83)

were blocked according to age, body weight, sire and farm of origin and assigned either a high

(Hi) or low (Lo) plane of nutrition until 6 months of age. Those assigned to Hi (n = 37) or Lo

(n = 46) were provided 1200 g or 450 g milk replacer, respectively. The former were fed con-

centrate ad libitum, the latter only to a maximum of 1 kg per day. Calves were fed individually

using an electronic feeding system (Vario, Forster-Technik, Engen, Germany) until weaning.

Hay as roughage and water were offered ad libitum to all calves. They were penned according

to treatment and turned out to pasture at 6 months, with rotational grazing in their respective

treatment groups. Animals either remained on the same diet or were switched to the opposite

diet until onset of puberty, creating four treatment groups: Hi-Hi (n = 19), Hi-Lo (n = 18), Lo-

Hi (n = 22), and Lo-Lo (n = 24). In order to determine the onset of puberty, electroejaculation

commenced every two weeks at a scrotal circumference of 24 cm. Attainment of puberty was

defined here as the first of two successive electro-ejaculates with>50 million sperm and>10%

progressive motility [5]. After puberty, all bulls were fed a moderate plane of nutrition [4] until

slaughter at 18 months, when both testes were removed and weighed together (paired testis
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weight). Animals were not subjected to any procedures that required administration of anaes-

thetic or analgesic and at 18 months were euthanized using a captive bolt, followed by exsan-

guination at Eurofarm Foods, Duleek, Co. Meath (EU factory approval number: EC297).

Assayed parameters

Monthly blood samples were collected from the jugular vein into either Li-plasma tubes (for

Insulin-like Growth Factor 1, IGF1) or allowed to clot overnight for serum (gonadotropins,

total testosterone, INSL3). IGF1 was measured by validated radioimmunoassay (RIA) follow-

ing acid-ethanol extraction [27]; intra- and inter-assay coefficient of variation (CV) were 12.5,

6.6, and 5.1% and 13.7, 8.4, and 9.6% for low, medium and high values, respectively, with a

limit of detection (LOD) of 4 ng/ml. Serum FSH was measured by the method of Crowe et al.

[28] with an LOD of 0.05 ng/ml; intra- and inter-assay CV were 8.7, 7.2, and 9.3% and 15.8,

19.7, and 9.5% for low, medium, and high values, respectively. Serum LH was determined by

the method of Cooke et al. [29] with a polyethylene glycol separation step [25]. The LOD was

0.05 ng/ml, and intra- and inter-assay CV were 9.1, 18.2, and 7.2% and 2.5, 4.6, and 2.4% for

low, medium, and high values, respectively. Total serum testosterone was determined by solid-

phase RIA (DIAsource Immunoassays, Louvain-la-Neuve, Belgium) as previously described

[30]. The LOD was 0.1 ng/ml, and intra- and inter-assay CV were 12.1, 10.0, and 9.0% and

12.5, 8.2, and 9.5% for low, medium, and high values, respectively.

INSL3 was measured in serum using a validated, species-specific time-resolved fluorescent

immunoassay (TRFIA), as described previously [22,26,31]. This was modified slightly by

three-fold sample dilution to accommodate the higher serum INSL3 concentration of peripu-

bertal bulls. Dilution controls showed this to have no effect on the concentration measured.

Assay range was 0.02–16 ng/ml; intra- and inter-plate coefficients of variation at the lower,

middle and upper range limits were intra: <1% at all concentrations, and inter: 8.0%, 3.3%

and 4.4%.

Statistics

Animals were allocated to the nearest monthly bins based on dates of birth and analysis. Multi-

ple comparisons made use of ANOVA followed by Tukey post hoc tests of significance apply-

ing Graphpad Prism, version 7.0 (Graphpad Software, San Diego, CA). For the multiple

correlation, Pearson bivariate analysis was used without further correction (SPSS software

package, IBM United Kingdom Limited, Portsmouth, UK). Since mean INSL3 values for each

treatment group did not differ significantly between time-points after 8 months, where indi-

cated, values were pooled for the period 8–10 months to create a ‘mean INSL3 (8–10 months)’

representative of the maximal concentration achieved in each individual at puberty. Similarly,

since these values showed no significant difference in the effect of the peri-pubertal feeding

regimen (post 6 months), data were further combined to represent only the differences

between the pre-pubertal feeding regimen (indicated as Hi or Lo, respectively). A similar

approach was adopted to compare the effect of feeding regimen on time of puberty. All origi-

nal underlying data are included in two supplemental datafiles (S1 and S2 Datafiles).

Results

Effect of nutrition on pubertal parameters

Data for body weight, scrotal circumference and testosterone (S1 Fig) have been previously

reported [4] and are re-drawn here to put INSL3 data in context. The data show that the differ-

ential achieved in body weight, scrotal circumference and testosterone by offering a high or

Prepubertal nutrition and INSL3
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low plane of nutrition in the pre-pubertal period (<6 months) can be reversed by altering the

nutritional regime in the ensuing 6 months. It also emphasizes the high variance observed for

the Leydig cell relevant parameter testosterone.

Effect of nutrition on circulating INSL3

INSL3 reflected the development of the Leydig cells in the pre- and peri-pubertal period in

dairy bulls (Fig 1), and notably with a relatively smaller variance, compared to the other Leydig

cell parameter, testosterone (S1C Fig). Individual INSL3 values ranged from approximately 0.1

ng/ml at 1 month to maximal values of approximately 10 ng/ml at puberty. As for the other

parameters (S1 Fig), there was a significant differential effect of the plane of nutrition on circu-

lating INSL3 concentration in the first 6 months (Fig 1), which was statistically significant at

Fig 1. Profiles of INSL3 concentration in peripheral serum during the pre- and peri-pubertal periods. Up to 6 months, Holstein bull

calves were fed either a high plane of nutrition (Hi) or a low plane of nutrition (Lo). At 6 months (black arrows) four groups (Hi-Hi, red

circles; Hi-Lo, green squares; Lo-Hi, ochre upright triangles; and Lo-Lo, blue inverted triangles) were segregated, reflecting whether they

subsequently received a Hi or Lo feeding regimen. Data are given as ng/ml (means ± SEM).

https://doi.org/10.1371/journal.pone.0225465.g001
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most time-points. Importantly, and unlike the other parameters, changing the plane of nutri-

tion in the peri-pubertal period (6–12 months) did not markedly influence this difference (Fig

1). Because the data for the individual groups did not differ significantly between time-points

after 8 months, representing the maximal levels achieved at puberty, these have been pooled to

provide the results in Fig 2, which illustrate clearly the lack of effect of nutrition on INSL3 in

the later peri-pubertal period. Those animals fed a high plane of nutrition in the first 6 months

achieved maximal INSL3 concentration at 8 months, whereas those fed a low plane of nutri-

tion in the same period reached maximal INSL3 concentration somewhat later (Fig 1).

Relationship between INSL3 concentration and pubertal parameters

Two parameters which are important from the perspective of commercial semen production

are the timing of puberty (defined here as the minimum time in days to have an ejaculate with

>50 million sperm and>10% sperm with progressive motility [5]) and the average density of

sperm in an ejaculate. Considering the latter parameter, averaging the sperm density for

Fig 2. Average INSL3 concentration at months 8 to 10. Holstein bull calves were fed either a high (Hi-Hi) or low

(Lo-Lo) plane of nutrition throughout, or had the nutritional paradigm reversed at 6 months to create Hi-Lo or Lo-Hi

groups, as indicated. Hi or Lo, represent the combined INSL3 concentration for all animals fed either a high (Hi) or

low (Lo) plane of nutrition in the first 6 months, irrespective of the later feeding regimen. Data are given as ng/ml

(means ± SEM); n.s., not significant.

https://doi.org/10.1371/journal.pone.0225465.g002
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between 4 and 7 successive ejaculates taken once puberty has been achieved (12–18 months)

shows that a consistently high plane of nutrition positively influences the sperm density (Fig

3), though any period of low nutrition has a negative effect. Neither testis weight at slaughter

(18 months) nor INSL3 concentration appear to correlate with average sperm density (Fig 4A–

4C), although the former does exhibit a trend towards significance (p<0.10; Fig 4A). Whereas

Fig 4C represents the average INSL3 concentrations in months 8–10, Fig 4B shows values for

INSL3 at 4 months, the time for which INSL3 appears to have maximal discriminatory ability

in regard to nutritional regimen. This is interesting since INSL3 at 4 months (Fig 5A), though

not at 8–10 months (Fig 5B), does appear to correlate with later testis weight at slaughter at 18

months.

The timing of puberty in days indicates that nutrition in the prepubertal period is critical,

and that this cannot be compensated by improving nutrition in the peri-pubertal period after

6 months (Fig 6) [25]. Importantly, this relationship is very similar to that for INSL3 (Fig 2),

and in fact INSL3 either measured in the prepubertal phase at 4 months (Fig 7A) or in the

peri-pubertal period at 8–10 months (Fig 7B) indicates a good correlation with the timing of

puberty as defined here.

Fig 3. Average sperm density in 4–7 successive ejaculates per animal. Semen samples were collected after puberty between

months 12 and 18. Data are given as number of sperm x109/ml (means ± SEM).

https://doi.org/10.1371/journal.pone.0225465.g003
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Fig 4. Regressions of average sperm density against (A) paired testis weight at slaughter (18 months), (B) INSL3

concentration at 4 months, and (C) average INSL3 concentration at 8–10 months). Probability of a significant

regression is indicated as p value, or n.s. (not significant).

https://doi.org/10.1371/journal.pone.0225465.g004
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Multiple correlation analysis

Multiple correlation analysis was undertaken to determine, of those parameters measured,

those factors best able to predict either sperm density in the early post-pubertal period or the

time to puberty (Table 1). Besides the plane of nutrition and post-pubertal (12 months) scrotal

circumference, only INSL3 measured at either 4 months or at puberty, or IGF1, showed a

Fig 5. Regressions of paired testis weight at slaughter (18 months) against (A) INSL3 concentration at 4 months,

and (B) average INSL3 concentration at 8–10 months. Probability of a significant regression is indicated as p value,

or n.s. (not significant).

https://doi.org/10.1371/journal.pone.0225465.g005
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significant correlation. Interestingly, none of the classical hormones of the HPG axis (LH,

FSH, testosterone) suggested any predictive ability in regard to sperm production and timing

of puberty onset.

Discussion

INSL3 has been shown to be an accurate measure of Leydig cell development during male

puberty in several mammals, including rodents [16], humans [32–34], pigs [35] and rumi-

nants, such as goats [36] and bulls [24,37]. Its value lies both in its more or less constitutive

expression pattern, with low intra-individual biological variance, the accuracy of modern

assays, with low technical variance, and its significance in effectively measuring Leydig cell

functional capacity [2]. It therefore differs substantially from other Leydig-related parameters

such as testosterone or LH, or their derivatives, such as the testosterone/LH ratio, with their

large biological and/or technical variance. Leydig cell functional capacity can be considered as

the product of cell number and their differentiation status, and thus represents their potential

to produce testicular steroids as well as non-steroidal pro-spermatogenic factors. In most

mammals, other than seasonal breeders, the Leydig cells undergo a phase of proliferation from

resident stem cells during pre-puberty, followed by differentiation, which results in a fixed

number of Leydig cells persisting with only modest attrition throughout life [1]. Only where

there is a specific involution, or Leydig cell death, as may occur in seasonal breeders [2,38], or

subsequent to a steroidal contraceptive regimen, or when rats are treated with the toxicant

Fig 6. Timing of puberty (days) segregated by nutritional regimen. Puberty is measured as first appearance in the ejaculate of>50 million sperm and

>10% forward motility, segregated by nutritional regimen as in Fig 2. Probability of a significant regression is indicated as p value.

https://doi.org/10.1371/journal.pone.0225465.g006
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ethane dimethyl sulfonate, is there evidence for a regeneration of Leydig cells from resident

peritubular stem cells [39]. Leydig cell mitosis in the normal adult testis of any mammal is an

extremely rare event. Importantly, by measuring Leydig cell functional capacity, INSL3 has

been shown, for example in rats, to reflect accurately the development of the HPG axis through

puberty [19]. Commencing at low levels in the postnatal period, circulating INSL3 increases

during pubertal development as the pulses of LH increase in frequency and amplitude,

Fig 7. Regressions of timing of puberty (days) against INSL3 measured at (A) 4 months or (B) 8–10 months.

Probability of a significant regression is indicated as p value.

https://doi.org/10.1371/journal.pone.0225465.g007
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concomitant with Leydig cell proliferation and subsequent differentiation; it reaches a zenith

at puberty when Leydig cells have stopped proliferating, sperm are first evident in the epididy-

mis, and both LH and testosterone pulses are maximal. INSL3 concentration then declines

somewhat to a stable adult concentration with the attainment of regular sperm and steroid

production in young adulthood [16].

Functionally, INSL3 reflects Leydig cell differentiation and hence steroidogenesis and the

production of androgens essential for Sertoli cell function and spermatogenesis [1]. INSL3 also

directly impacts on spermatogenesis, via its specific receptors, called RXFP2 (relaxin family

peptide receptor 2), which are expressed on pre- and post-meiotic male germ cells [40]. Studies

in rats and boars have shown that a lack of INSL3 leads to increased germ cell apoptosis

[41,42], and in a male steroidal contraception study in humans residual spermatogenesis was

greatest where there was highest circulating INSL3 [43]. Therefore, although Leydig cells com-

prise less than 10% of the testis, INSL3 production (though not testosterone) in bulls correlates

with sperm production, scrotal circumference, and testis weight [24] (Table 1). Moreover,

INSL3 concentration is reduced in bulls where there appears to be deficient spermatogenesis

[23,37]. Because of its low biological and technical variance, INSL3 appears to be better for

monitoring testis development than either LH or testosterone, both of which are highly pulsa-

tile. Although scrotal circumference also correlates well with the timing of puberty and sperm

density in the present study, there are several factors which in practise can confound its appli-

cation; these include the thickness of subdermal scrotal fat, as well as common pathological

conditions including scrotal edema [44,45].

This is the first study to use INSL3 in the assessment of puberty in dairy bulls. Previous

studies have looked at puberty in Japanese Black beef bulls [21,23,37], as well as in goats [36].

The present study also exploited the high resolution of INSL3 as a puberty parameter to look at

the effect of pre- or peri-pubertal feeding regimen on pubertal development. Scrotal

Table 1. Multiple correlation analysis.

Parameter Sperm density Time of puberty INSL3 (8mo)

p-value (Pearson r) p-value (Pearson r) p-value (Pearson r)
Sperm density (12–18 mo) - 0.041 (-0.236) 0.036 (0.240)

Time of puberty (days) 0.041 (-0.236) - 0.000 (-0.395)

Testis weight (18 mo) Ns ns 0.046 (0.238)

Plane of nutrition (<6 mo) 0.032 (-0.246) 0.000 (0.535) 0.000 (-0.408)

Plane of nutrition (>6 mo) 0.008 (-0.303) 0.000 (0.482) 0.004 (-0.317)

Scrotal circumference (12 mo) 0.005 (0.326) 0.000 (-0.553) 0.005 (0.314)

INSL3 (8–10 mo) Ns 0.001 (-0.359) 0.000 (0.836)

INSL3 (4 mo) ns 0.006 (-0.351) 0.001 (0.415)

INSL3 (8 mo) 0.036 (0.240) 0.000 (-0.395) -

LH (4 mo) ns ns ns

LH (8 mo) ns ns ns

FSH (4 mo) ns ns ns

FSH (8 mo) ns ns ns

Testosterone (4 mo) ns ns ns

Testosterone (8 mo) ns ns ns

IGF1 (4 mo) ns 0.001 (-0.367) 0.000 (0.395)

IGF1 (8 mo) 0.003 (0.341) ns ns

Data for individual animal parameters (left column) were subjected to multiple correlation analysis against average sperm density, time of puberty, and INSL3

concentration at 8 months. Only significance values p<0.05 are indicated. ns, not significant. 0.000, p<0.0005.

https://doi.org/10.1371/journal.pone.0225465.t001
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circumference (S1B Fig), body weight (S1A Fig) and IGF1 [4,25] were greater in the prepuber-

tal period with a high plane of nutrition promoting the parameters, compared to a low plane

of nutrition. This effect was mostly reversed when the treatments were exchanged in the peri-

pubertal period between 6 and 12 months (S1 Fig) [4]. A similar finding was noted also for tes-

tosterone (S1C Fig) though, because of the large parameter variance, differences between treat-

ments were not significant in the peri-pubertal period. Importantly, the timing of puberty as

defined by the presence of>50 million sperm in the ejaculate was not reversed by exchanging

treatments after 6 months [4] (Fig 6) but followed largely the feeding regimen from the first 6

months. Total sperm counts appeared not to show any marked influence of diet [4], once

puberty had been attained. To reduce the variance in this parameter, we also averaged the

sperm concentration in ejaculates for between 4 and 7 successive electroejaculations between

12 and 18 months within any one animal, thus more reflecting the attainment goal of commer-

cially suitable ejaculates as early as possible after puberty. With this parameter, we observed

that the Hi-Hi feeding regimen was superior to the other three feeding combinations (Fig 3).

Applying this parameter in other data comparisons showed that both scrotal circumference

(12 months) and the average INSL3 concentration at 8 months were predictive of post-puber-

tal average sperm density (Table 1).

The key parameter to show the benefits of dietary choice on improving sperm harvesting

potential, appears to be the timing of puberty itself, which is advanced by approximately 1

month consequent on feeding a high plane of nutrition in the prepubertal phase up to 6

months (Fig 6). Interestingly, of the parameters measured, INSL3 shows one of the closest cor-

relations with the timing of puberty and is also predictive of total testis weight at 18 months.

INSL3 was also shown to correlate closely with total sperm count and testis weight in Japanese

Black beef bulls kept on a single feeding regimen [24]. Importantly, if we select the peripheral

INSL3 concentration at 4 months, which represents the time within the prepubertal period

when the INSL3 profile is increasing most rapidly and consequently shows most discrimina-

tory ability, then this value (and unlike other parameters, except for IGF1) is highly predictive

not only of the timing of puberty (Fig 7A), but also of later scrotal circumference, though not

of later testis weight nor average sperm density (12–18 months). In an independent study,

INSL3 mRNA in the testes of calves slaughtered at a comparable time-point (18 weeks) was

also shown to be significantly reduced if the calves were fed a low plane of nutrition [46]. IGF1

is known to reflect growth potential (and hence is a logical readout of improved nutritional

status) and is also an important co-factor in the expression of numerous gonadally expressed

genes [47].

Concluding remarks

In conclusion, this study reinforces the importance of offering a high plane of nutrition in the

first 6 months in order to advance sperm production in dairy bulls, and that the Leydig cell

parameter INSL3 closely predicts this effect. This implies that INSL3 is not only representing

Leydig cell development during puberty, but also, through the direct and/or indirect effects of

Leydig cell function on spermatogenesis, appears to reflect sperm production as well.

Supporting information

S1 Fig. Profiles of (A) body weight, (B) scrotal circumference, and (C) serum total testos-

terone during the pre- and peri-pubertal periods. Up to 6 months, Holstein bull calves were

fed either a high plane of nutrition (Hi) or a low plane of nutrition (Lo). At 6 months (black

arrows) four groups (Hi-Hi, red circles; Hi-Lo, green squares; Lo-Hi, ochre upright triangles

and Lo-Lo, blue inverted triangles) were segregated, reflecting whether they subsequently
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received a Hi or Lo feeding regimen. Data are given as means + SEM; based on data presented

in [4,25].

(PDF)

S1 Datafile.

(XLSX)

S2 Datafile.

(XLSX)

Acknowledgments

We are grateful to Mr Valentin Wegner for excellent technical assistance.

Author Contributions

Conceptualization: Ravinder Anand-Ivell, Colin J. Byrne, Pat Lonergan, David A. Kenny,

Richard Ivell.

Formal analysis: Ravinder Anand-Ivell, Colin J. Byrne, Richard Ivell.

Funding acquisition: Pat Lonergan.

Investigation: Ravinder Anand-Ivell, Colin J. Byrne, Jonas Arnecke, Sean Fair.

Methodology: Sean Fair, David A. Kenny.

Project administration: Pat Lonergan, David A. Kenny.

Supervision: Ravinder Anand-Ivell, Pat Lonergan, David A. Kenny, Richard Ivell.

Writing – original draft: Richard Ivell.

Writing – review & editing: Ravinder Anand-Ivell, Colin J. Byrne, Sean Fair, Pat Lonergan,

David A. Kenny, Richard Ivell.

References
1. Teerds KJ, Huhtaniemi IT. Morphological and functional maturation of Leydig cells: from rodent models

to primates. Hum Reprod Update. 2015; 21:310–328. https://doi.org/10.1093/humupd/dmv008 PMID:

25724971

2. Ivell R, Wade JD, Anand-Ivell R. Insulin-like factor 3 (INSL3) as a biomarker of Leydig cell functional

capacity. Biol Reprod. 2013; 88:147. https://doi.org/10.1095/biolreprod.113.108969 PMID: 23595905

3. 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–

626. https://doi.org/10.1111/j.1365-2605.2006.00714.x PMID: 17014531

4. Byrne CJ, Fair S, English AM, Cirot M, Staub C, Lonergan P et al. Plane of nutrition before and after 6

months of age in Holstein-Friesian bulls: I. Effects on performance, body composition, age at puberty,

and postpubertal semen production. J Dairy Sci. 2018; 101:3447–3459. https://doi.org/10.3168/jds.

2017-13719 PMID: 29428748

5. Wolf F, Almquist J, Hale E. Prepuberal behavior and puberal characteristics of beef bulls on high nutri-

ent allowance. J Anim Sci. 1965; 24:761–765. https://doi.org/10.2527/jas1965.243761x PMID:

14313741

6. Brito LFC, Silva AEDF, Unanian MM, Dode MAN, Barbosa RT, Kastelic JP. Sexual development in

early- and late-maturing Bos indicus and Bos indicus × Bos taurus crossbred bulls in Brazil. Theriogen-

ology. 2004; 62:1198–1217. https://doi.org/10.1016/j.theriogenology.2004.01.006 PMID: 15325547

7. Kenny DA, Heslin J, Byrne CJ. Early onset of puberty in cattle: implications for gamete quality and

embryo survival. Reprod Fertil Dev. 2017; 30:101–117. https://doi.org/10.1071/RD17376 PMID:

29539307

Prepubertal nutrition and INSL3

PLOS ONE | https://doi.org/10.1371/journal.pone.0225465 November 21, 2019 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225465.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225465.s003
https://doi.org/10.1093/humupd/dmv008
http://www.ncbi.nlm.nih.gov/pubmed/25724971
https://doi.org/10.1095/biolreprod.113.108969
http://www.ncbi.nlm.nih.gov/pubmed/23595905
https://doi.org/10.1111/j.1365-2605.2006.00714.x
http://www.ncbi.nlm.nih.gov/pubmed/17014531
https://doi.org/10.3168/jds.2017-13719
https://doi.org/10.3168/jds.2017-13719
http://www.ncbi.nlm.nih.gov/pubmed/29428748
https://doi.org/10.2527/jas1965.243761x
http://www.ncbi.nlm.nih.gov/pubmed/14313741
https://doi.org/10.1016/j.theriogenology.2004.01.006
http://www.ncbi.nlm.nih.gov/pubmed/15325547
https://doi.org/10.1071/RD17376
http://www.ncbi.nlm.nih.gov/pubmed/29539307
https://doi.org/10.1371/journal.pone.0225465


8. Murphy EM, Kelly AK, O’Meara C, Eivers B, Lonergan P, Fair S. Influence of bull age, ejaculate number,

and season of collection on semen production and sperm motility parameters in Holstein Friesian bulls

in a commercial artificial insemination centre. J Anim Sci. 2018; 96:2408–2418. https://doi.org/10.1093/

jas/sky130 PMID: 29767722

9. Rawlings N, Evans AC, Chandolia RK, Bagu ET. Sexual maturation in the bull. Reprod Domest Anim.

2008; 43 Suppl 2:295–301.

10. McGowan M, Holland MK, Boe-Hansen G. Ontology and endocrinology of the reproductive system of

bulls from fetus to maturity. Animal. 2018; 12:s19–s26. https://doi.org/10.1017/S1751731118000460

PMID: 29551096

11. Plant TM. The hypothalamo-pituitary-gonadal axis. J Endocrinol. 2015; 226:T41–54. https://doi.org/10.

1530/JOE-15-0113 PMID: 25901041

12. Ivell R, Spiess A. Analysing differential gene expression in the testis. Ernst Schering Research Founda-

tion Workshop, Suppl 9 ‘Testicular Tangrams’ (ed. Rommerts FFG & Teerds KJ), 2002; pp99-120.

13. Ivell R, Anand-Ivell R. The biology of Insulin-like Factor 3 (INSL3) in human reproduction. Hum Reprod

Update. 2009; 15:463–476. https://doi.org/10.1093/humupd/dmp011 PMID: 19329805

14. Chong YH, Pankhurst MW, McLennan IS. The daily profiles of circulating AMH and INSL3 in men are

distinct from the other testicular hormones, inhibin B and testosterone. PLoS One. 2015; 10:e0133637.

https://doi.org/10.1371/journal.pone.0133637 PMID: 26192622

15. Sadeghian H, Anand-Ivell R, Balvers M, Relan V, Ivell R. Constitutive regulation of the Insl3 gene in rat

Leydig cells. Mol Cell Endocrinol. 2005; 241:10–20. https://doi.org/10.1016/j.mce.2005.03.017 PMID:

16006031

16. Anand-Ivell R, Heng K, Hafen B, Setchell B, Ivell R. Dynamics of INSL3 peptide expression in the rodent

testis. Biol Reprod. 2009; 81:480–487. https://doi.org/10.1095/biolreprod.109.077552 PMID:

19420383

17. Ivell R, Agoulnik AI, Anand-Ivell R. Relaxin-like peptides in male reproduction—a human perspective.

Br J Pharmacol. 2017; 174:990–1001. https://doi.org/10.1111/bph.13689 PMID: 27933606

18. Hannan MA, Fukami Y, Kawate N, Sakase M, Fukushima M, Pathirana IN et al. Plasma insulin-like pep-

tide 3 concentrations are acutely regulated by luteinizing hormone in pubertal Japanese Black beef

bulls. Theriogenology. 2015; 84:1530–1535. https://doi.org/10.1016/j.theriogenology.2015.07.039

PMID: 26318230

19. Ivell R, Heng K, Anand-Ivell R. Insulin-like factor 3 (INSL3) and the HPG axis in the male. Front Endocri-

nol. 2014; 5:6.

20. Bathgate R, Balvers M, Hunt N, Ivell R. The relaxin like factor (RLF) is upregulated in the bovine ovary

of the cycle and pregnancy: sequence and mRNA analysis. Biol Reprod. 1996; 55:1452–1457. https://

doi.org/10.1095/biolreprod55.6.1452 PMID: 8949906

21. Kawate N, Ohnari A, Pathirana IN, Sakase M, Büllesbach EE, Takahashi M et al. Changes in plasma
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plasma concentrations of insulin-like peptide 3 and testosterone, and their association with scrotal cir-

cumference during pubertal development in male goats. Theriogenology. 2017; 92:51–56. https://doi.

org/10.1016/j.theriogenology.2017.01.009 PMID: 28237342

37. Weerakoon WWPN, Sakase M, Kawate N, Hannan MA, Kohama N, Tamada H. Plasma IGF-I, INSL3,

testosterone, inhibin concentrations and scrotal circumferences surrounding puberty in Japanese Black

beef bulls with normal and abnormal semen. Theriogenology. 2018; 114:54–62. https://doi.org/10.

1016/j.theriogenology.2018.03.006 PMID: 29597124

38. Hombach-Klonisch S, Schön J, Kehlen A, Blottner S, Klonisch T. Seasonal expression of INSL3 and

Lgr8/Insl3 receptor transcripts indicates variable differentiation of Leydig cells in the roe deer testis. Biol

Reprod. 2004; 71:1079–1087. https://doi.org/10.1095/biolreprod.103.024752 PMID: 15151926

39. Heng K, Anand-Ivell R, Teerds K, Ivell R. The endocrine disruptors dibutyl phthalate (DBP) and diethyl-

stilbestrol (DES) influence Leydig cell regeneration following ethane dimethane sulfonate (EDS) treat-

ment of adult male rats. Int J Androl. 2012; 35:353–363. https://doi.org/10.1111/j.1365-2605.2011.

01231.x PMID: 22150342

40. Anand-Ivell RJK, Relan V, Balvers M, Fritsch M, Bathgate RAD, Ivell R. Expression of the Insulin-like

peptide 3 (INSL3) hormone-receptor (LGR8) system in the testis. Biol Reprod. 2006; 74:945–953.

https://doi.org/10.1095/biolreprod.105.048165 PMID: 16467492

41. Del Borgo MP, Hughes RA, Bathgate RA, Lin F, Kawamura K, Wade JD. Analogs of insulin-like peptide

3 (INSL3) B-chain are LGR8 antagonists in vitro and in vivo. J Biol Chem. 2006; 281:13068–13074.

https://doi.org/10.1074/jbc.M600472200 PMID: 16547350

42. Minagawa I, Murata Y, Terada K, Shibata M, Park EY, Sasada H et al. Evidence for the role of INSL3 on

sperm production in boars by passive immunisation. Andrologia. 2018; 50:e13010. https://doi.org/10.

1111/and.13010 PMID: 29575065

43. Amory JK, Page ST, Anawalt BD, Coviello AD, Matsumoto AM, Bremner WJ. Elevated end-of-treat-

ment serum INSL3 is associated with failure to completely suppress spermatogenesis in men receiving

male hormonal contraception. J Androl. 2007; 28:548–554. https://doi.org/10.2164/jandrol.106.002345

PMID: 17314233

44. Abbitt B, Fiske RA, Craig TM, Bitter JW. Scrotal hydrocele secondary to ascites in 28 bulls. J Am Vet

Med Assoc. 1995; 207:753–756. PMID: 7657577

45. Barth AD. The use of bull breeding soundness evaluation to identify subfertile and infertile bulls. Animal.

2018; 12:s158–s164. https://doi.org/10.1017/S1751731118000538 PMID: 29560847

Prepubertal nutrition and INSL3

PLOS ONE | https://doi.org/10.1371/journal.pone.0225465 November 21, 2019 16 / 17

https://doi.org/10.1016/s0378-4320(97)00022-5
http://www.ncbi.nlm.nih.gov/pubmed/9452868
https://doi.org/10.3109/19396368.2014.911392
http://www.ncbi.nlm.nih.gov/pubmed/24785944
https://scicrunch.org/resolver/AB_2800359
https://doi.org/10.1210/jc.2006-0821
https://doi.org/10.1210/jc.2006-0821
http://www.ncbi.nlm.nih.gov/pubmed/16804040
https://doi.org/10.1210/jc.2006-0669
http://www.ncbi.nlm.nih.gov/pubmed/16926256
https://doi.org/10.1530/REP-13-0435
https://doi.org/10.1530/REP-13-0435
http://www.ncbi.nlm.nih.gov/pubmed/24459206
https://doi.org/10.1530/JOE-13-0430
https://doi.org/10.1530/JOE-13-0430
http://www.ncbi.nlm.nih.gov/pubmed/24464024
https://doi.org/10.1016/j.theriogenology.2017.01.009
https://doi.org/10.1016/j.theriogenology.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28237342
https://doi.org/10.1016/j.theriogenology.2018.03.006
https://doi.org/10.1016/j.theriogenology.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29597124
https://doi.org/10.1095/biolreprod.103.024752
http://www.ncbi.nlm.nih.gov/pubmed/15151926
https://doi.org/10.1111/j.1365-2605.2011.01231.x
https://doi.org/10.1111/j.1365-2605.2011.01231.x
http://www.ncbi.nlm.nih.gov/pubmed/22150342
https://doi.org/10.1095/biolreprod.105.048165
http://www.ncbi.nlm.nih.gov/pubmed/16467492
https://doi.org/10.1074/jbc.M600472200
http://www.ncbi.nlm.nih.gov/pubmed/16547350
https://doi.org/10.1111/and.13010
https://doi.org/10.1111/and.13010
http://www.ncbi.nlm.nih.gov/pubmed/29575065
https://doi.org/10.2164/jandrol.106.002345
http://www.ncbi.nlm.nih.gov/pubmed/17314233
http://www.ncbi.nlm.nih.gov/pubmed/7657577
https://doi.org/10.1017/S1751731118000538
http://www.ncbi.nlm.nih.gov/pubmed/29560847
https://doi.org/10.1371/journal.pone.0225465


46. English AM, Byrne CJ, Cormican P, Waters SM, Fair S, Kenny DA. Effect of early calf-hood nutrition on

the transcriptional regulation of the hypothalamic-pituitary-testicular axis in Holstein-Friesian bull calves.

Sci Rep. 2018; 8:16577. https://doi.org/10.1038/s41598-018-34611-4 PMID: 30409985
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