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Abstract

The concentrations of the boar taint compounds androstenone and skatole in plasma and fat, together with those of testosterone

in plasma, were investigated in pubertal purebred Duroc and Landrace boars following stimulation with human chorionic

gonadotrophin (hCG). Higher initial levels of androstenone and testosterone were found in Duroc than Landrace boars. Duroc

boars, which were approximately ten days older than the Landrace boars, also showed a more advanced stage of spermatogenesis

than Landrace boars. While Landrace boars had the highest skatole levels. Following stimulation with hCG the relative increases

in testosterone, androstenone, and skatole concentrations were highest in Landrace boars. The level of androstenone in fat three

days after hCG stimulation exceeded 1 mg/g fat in all stimulated boars. The decreases in plasma levels of androstenone and

testosterone on Days 2 and 3 after hCG stimulation were more pronounced in Landrace than Duroc boars. However, unlike the

plasma androstenone and testosterone levels, the plasma concentrations of skatole did not decrease on Days 2 and 3 following

stimulation, but remained elevated on Day 3. These results indicate that the lower levels of testicular steroids in Landrace boars

compared with Duroc boars was not due to a lower production capacity, but more likely to a faster dissapearance of steroids in

Landrace boars. In the present study, age, live weight, and testicular development did not significantly contribute to the variation

in fat androstenone. The present data and previous reports on candidate genes related to androstenone biosynthesis and metabolism

suggests that future selection against factors associated with boar taint remains a possible solution for the problem of boar taint

in the swine industry.

© 2010 Elsevier Inc. All rights reserved.

Keywords: Boar; Boar taint; Androstenone; Skatole; Testosterone; Sexual maturation

1. Introduction

The restricted use of intact males in the production

of pork is due to an offensive odour, known as boar

taint, associated with heated fat from boars. Boar taint

develops in connection with the onset of testicular ac-

tivity. Two substances, androstenone (5a-androst-16-

ene-3-one) and skatole (3-methyl-indole) are regarded

as the main contributors to boar taint [1–3]. Andro-

stenone is a steroid that acts as a pheromone, and is

produced and released together with androgens in the

testes [4–6]. Skatole is formed from tryptophan by

bacteria in the colon [7]. Both androstenone and skatole

are transported in the peripheral plasma, and both are

lipophilic, and accumulate in the adipose tissue. Cur-
* Corresponding author. Tel.: 1 47 23070000; fax: 14723072940.
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rently, surgical castration of male piglets is the most

usual method used to prevent boar taint [8], but this

operation does not comply with good animal welfare

principles. In addition, by removing the major source of

anabolic steroids, the advantages of entire boar produc-

tion upon growth and leanness are compromised.

As with androgens, breed and age differences have

also been observed regarding the levels of 16-androstene

steroids in pigs [9–11]. Duroc pigs normally have con-

siderably higher androstenone levels than Yorkshire and

Landrace varieties [10,12], while Large White breeds gen-

erally show higher levels than Landrace breeds [13].

Genetics greatly affect fat androstenone levels [9,14],

and the heritabilities of androstenone level in fat are

reported to range from 0.25 to 0.87 [9,13,15], meaning

that in the pig population different individuals have a

high or low potential for particular androstenone levels.

Gene expression studies in the testes and livers of

Duroc and Landrace boars with extremely high and

extremely low levels of androstenone in fat have been

performed, and a number of genes related to the bio-

synthesis and metabolism of androstenone have been

identified [16,17]. Genetic aspects of boar taint have

been reviewed by Robic et al [18].

When approaching puberty, androstenone levels are

known to increase in parallel with the increase in tes-

tosterone levels [4,11,19,20]. Thus, in addition to the

genetic effects and breed differences associated with

androstenone levels, breed differences in sexual matu-

ration and underlying changes in androstenone biosyn-

thesis during Leydig cell development must also be

taken into consideration.

Levels of androgens and androstenone are expres-

sions of the steroidogenic capacity of the individual

Leydig cells and their total number per testis [21,22].

However, hepatic metabolism may also affect the pe-

ripheral plasma level of androstenone, and thus the

accumulation of this steroid in adipose tissue [23,24].

Skatole levels in fat are also higher in uncastrated

males than in females or castrated males. However, as

skatole levels in the intestines are similar in male and

female pigs [25], different levels in fat might be due to

sex-dependent differences in hepatic metabolism and

clearance [26]. In vitro studies have shown that the

metabolism of skatole by cytochrome P450IIE1 is in-

duced by skatole and the induction is blocked by an-

drostenone [27,28], indicating that androstenone may

play an important role in the regulation of skatole

levels.

Skatole levels are more affected by diet and envi-

ronmental factors than androstenone [29–31]. In addi-

tion, genetic factors affect the accumulation of skatole

in fat and breed differences in skatole levels have been

reported [32]. There is a positive genetic correlation

between levels of skatole and androstenone in fat. This

means that boars with a genetic disposition towards

high androstenone levels will often also be disposed

towards high skatole levels [9].

Molecular genetic studies have demonstrated ge-

netic polymorphisms in enzymes involved in andro-

stenone production [33]. Studies on polymorphisms in

candidate genes have indicated the possibility of being

able to reduce boar taint without having a severe impact

on the levels of steroids involved in reproductive func-

tions [34]. Based on the genetic variability for boar

taint and the promising development of genetic markers

for the compounds involved, the potential for selection

of taint-free uncastrated male boars appears to be prom-

ising [35]. One factor that is essential with regard to the

possible selection against high levels of androstenone is

the preservation of normal androgen production in or-

der for the fertilization capacity of the adult entire male

to be maintained. Thus, in addition to understanding the

androgen and androstenone profiles in plasma and ad-

ipose tissue, more knowledge is needed about the ste-

roidogenic potential of Leydig cells in uncastrated male

pigs.

The primary objective of the present study was to

obtain more information on differences in levels of boar

taint compounds between purebred Duroc and Land-

race boars belonging to the population of breeding

animals. To sharpen breed differences the pigs were

treated with a standard dose of human chorionic gona-

dotrophin (hCG), and thereafter the levels of andro-

stenone and testosterone in plasma and in fat were

monitored for 3 days. The effects of testicular steroids

on indolic compounds were studied by measuring ska-

tole and indole levels. DNA flow cytometry (FCM) of

testicular tissue was performed to obtain insight into the

progression of spermatogenesis, as a measurement of

testicular development. The second objective of this

study was to investigate the effect of a variety of vari-

ables, including the heritability of androstenone levels,

on the variation in androstenone levels in adipose tissue

following hCG stimulation.

2. Materials and methods

2.1. Animals and sampling

Purebred Duroc (n 5 60) and Landrace (n 5 67)

male pigs were collected from nucleus farms at approx-

1089I.C. Oskam et al. / Theriogenology 74 (2010) 1088–1098



imately 25 kg live weight and transported to NORSVIN’s

boar test station. The animals were included in The

Norwegian Pig Breeders’ (Norsvins’) operative breed-

ing program and belonged to the population from which

breeding animals are selected. At the test station the

animals were kept grouped, together with other pigs,

with a total of 12 pigs per pen, and the different breeds

were housed separately. Each boar’s estimated breed-

ing value (EBV) for androstenone deposition in fat was

calculated based on androstenone levels. The major

information source was phenotypes of related boars,

either half-siblings or half-siblings of their sires (1728

for Landrace and 1202 for Duroc respectively) [9]. The

pigs were fed a commercial diet on an ad libitum basis

and had free access to water. After the pigs had com-

pleted their participation in the breeding programme at

100 kg live weight, the current experiment was per-

formed. On Day 0, prior to hCG stimulation, blood and

adipose tissue were sampled. Briefly, blood was sam-

pled by venapuncture of the jugular vein into 10 ml

lithium heparin sample tubes, which were stored on ice

for subsequent centrifugation, and the separation and

storage of plasma at 220 °C for later analysis. After

disinfection and local anaesthesia, an incision of ap-

proximately 2 cm was made 8–10 cm lateral to the

midline in the neck region and a piece of adipose tissue

removed. The tissue was placed in a cryovial on dry ice

and stored at 280 °C for later analysis of boar taint

compounds. The skin wound was sutured within 5 min.

Immediately after, the boars were treated with hCG

(Pregnyl®, N.V Organon, Oss, The Netherlands, 30 IU

per kg live weight) intravenously through an ear vein to

stimulate testicular steroid production [36–42]. Blood

samples were collected at the same time each day for

three consecutive days following stimulation. After

slaughter, on Day 3 following stimulation, adipose tis-

sue from the abdominal region was sampled and stored

at 280 °C for later analysis for androstenone, skatole,

and indole. Following removal, the testes were trimmed

of excessive connective tissue, the epididymis, and vas

deferens. One testis from each boar was cut longitudi-

nally and a piece of testis tissue of approximately 5

mm3 removed from the area between the tunica albu-

ginea and mediastinum, and placed into a cryo vial on

dry ice for storage at 270 °C and later DNA FCM

analysis.

The experiment was carried out in compliance with

the provisions enforced by the National Animal Re-

search Authority. Approval of the experimental proto-

col: 2005/23090.

2.2. Chemical analyses

Androstenone concentrations in plasma were measured

by a time-resolved fluoroimmunoassay for plasma sam-

ples described by Tuomola [43], which was modified by

replacing the standard curve with standards diluted in zero

androstenone plasma and using antiserum produced and

characterized by Andresen [44]. The standard curve

ranged from 0 to 100 ng/ml. Assay sensitivity was 2

ng/ml, corresponding to 95% binding of the labelled

steroid. Inter-assay variation coefficients were 10.8%

(3.8 ng/ml) and 3.5% (28.6 ng/ml) respectively.

Testosterone concentrations in plasma were deter-

mined by a solid-phase radioimmunoassay kit Coat-a-

CountR, Total Testosterone, (Siemens Medical Solu-

tions Diagnostic Europe Ltd., Eschborn, Germany)

according to the manufacturer’s instructions. The stan-

dard curve ranged from 0 ng/ml to 16 ng/ml. Assay

sensitivity was 0.1 ng/ml, corresponding to 95% bind-

ing of the labelled hormone. Inter-assay variation co-

efficients were 3.5% (6.3 ng/ml) and 7.5% (11.9 ng/ml)

respectively.

Fat androstenone was measured by a time resolved

fluoroimmunoassay [43] using the aforementioned an-

tiserum [44]. Standard curve ranged from 0.1 mg/g fat

to 10 mg/g fat. Assay sensitivity was 0.04 mg/g, corre-

sponding to 95% binding of labeled steroid. Interassay

coefficients of variation for samples with 0.27, 0.63,

and 3.36 mg androstenone/g fat were 10.4%, 6.7%, and

7.6%, respectively.

Skatole and indole concentrations in extracted fat

were determined by HPLC using fluorescence detec-

tion, according to a method developed by Gibis [45].

Fat samples were melted in a microwave oven for 4 min

at 350W. The tubes were centrifuged (3000 g, 15 s) and

water was removed by pipette and discarded. After

heating to 55 °C, samples were spiked with internal

standard (2-methyl-indole, 0.2 mg/g fat). 200 ml meth-

anol was added to the samples, incubated for 5 min at

55 °C, mixed with a vortex mixer for 30 s and centri-

fuged (3000 g, 30 s). After freezing, the methanol phase

was removed by pipette. This procedure was repeated.

Mobile phase A was added to the samples up to 1 ml,

cooled down and frozen and consequently filtered

through a 0.22 mm-filter.

Plasma samples for the determination of skatole

were prepared as described by Tuomola et al [46]. In

brief, a 1.0 ml plasma sample spiked with 50 ml of

internal standard (2-methyl-indole, 0.1 mg/ml in meth-

anol) was extracted with 3 ml of diethylether, centri-

fuged (3000 g, 15 s), and frozen. The ether phase was

decanted into a tube containing 1.0 ml mobile phase A,
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and the ether removed by evaporating at 40 °C. A 100

ml aliquot of the resulting sample was analyzed by

HPLC.

HPLC equipment: Agilent Technologies (www.agi-

lent.com/chem/1100), Agilent 1100 Series. The col-

umns used for the separation were: ZORBAX Eclipse

XDB-C18, 4.6 3 150 mm, 3.5 micron with a precol-

umn Eclipse XDB-C18, 4.6 3 12.5 mm, 5 micron.

Running conditions were: column temperature 40 °C,

fluorescence detection at Ex 5 270 nm, Em 5 350 nm,

injection volume 5 50 ml, flow rate 5 1 ml/min and

isocratic elution of the components with a mobile phase

consisting of 60% 0.02 M acetic acid, 25% acetonitrile,

and 15% 2-propanol. Detection limit was 0.005 mg/ml

for both skatole and indole. Intra-assay % CV for in-

dole was 4.7%, mean 5 0.0223 mg/ml (n 5 8), and for

skatole 1.3%, mean 5 0.0235 mg/ml (n 5 8).

2.3. Preparation of testicular cells and quantification

by DNA flow cytometric analysis

The ploidy of isolated germ cells from the seminif-

erous tubules was analyzed by FCM, using the method

described by Evenson et al [47], with minor boar-

specific adjustments. In brief, the frozen testis tissue

was placed into a 60 mm Petri dish containing 2 ml

TNE buffer (0.15 M NaCl, 1 mM Tris-HCL, 1mM

disodium ethylenediaminetetraacetic acid (EDTA), pH

7.4). The tissue was thawed at room temperature and

minced with curved surgical scissors to liberate cells.

Cell suspensions were gently transferred into the test

tubes with a glass transfer pipette and tissue fragments

were allowed to settle for about 2 min. The supernatant

was filtered through a 40 mm nylon mesh and testicular

cell samples were analyzed instantly. Chromatograph-

ically-purified acridine orange (AO) (Polyscience Inc.,

Warrington, Pennsylvania) was used for differential

staining of DNA and RNA. The intensity of red and

green staining was measured in a Coulter EPICS XL

flow cytometer (Beckman Could Ltd., Luton, England)

equipped with a 15 mW argon laser, excitation at 488

nm. Green fluorescence was detected using a 505–545

nm band pass (BP) filter (FL1), and red fluorescence

detected using a 660–900 nm BP filter (FL4). Measure-

ments were recorded 2.5 min after the acid pre-treat-

ment. Fluorescence data were acquired on 5000 cells/

sample at a flow rate of 100 –200 cells/s. The

percentage of the haploid (1n), diploid (2n) and tet-

raploid (4n) compartments were analyzed using

EXPO32TM ADC (Beckman Coulter version 1.1c). The

percentages of round, elongating, and elongated sper-

matids were summarized as total haploids in order to

evaluate the spermatogenetic progress in the pigs.

2.4. Statistical analysis

Statistical analyses were performed using JMP7

(SAS Institute, Inc, Cary, NC, USA). The frequency

distributions of investigated variables were tested for

normality by the Shapiro-Wilk’s test. Log transforma-

tion of the dependent variables fat and plasma andro-

stenone, plasma testosterone, and fat skatole gave a

better fit to the normal distribution and were used in

multivariate analyses. The Wilcoxon two-sample test

was used to assess differences between mean values of

steroids, skatole, indole, body weight, and age. Individ-

ual differences in steroid or skatole concentrations were

analysed by Student’s t-test.

The elimination of plasma androstenone and testos-

terone was analysed in multivariate mixed models us-

ing Proc Mixed in SAS [48]. Explanatory variables

were breed, day of sampling, and the interaction of

these variables. Measurements within the same boar

were correlated; this was accounted for by using a first

order autoregressive correlation structure. Other corre-

lation structures were also modelled, but the first order

autoregressive correlation resulted in the best model fit

(Schwartze’s Bayesian criterion was closest to zero).

The breed differences in number of haploid testicu-

lar cells (1ntot), the relative proportions of haploid

versus diploid, and the log transformed ratio between

haploid versus tetraploid cell populations (log 1n:4n)

were investigated with General Linear Models (GLM).

Predictor variables for cell populations and their ratios

were breed, body weight, and age.

Sources of variation in fat androstenone were inves-

tigated prior to hCG stimulation and 3 days after hCG

stimulation. Best fit models (GLM) were developed

based on the predictor variables breed, age, body

weight, testicular cell composition, plasma testoster-

one, estimated breeding value (EBV) for androstenone,

and possible interactions. The predictor variable EBV

was nested within breed.

3. Results

3.1. Weight and age

Although Duroc boars were on average ten days

older than Landrace boars at slaughter [age of Duroc

boars: mean (SE) 168 (1.2) and age of Landrace boars:

mean (SE) 158 (1.0) days], the mean (SE) live body
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weight was slightly higher in Landrace than in Duroc

boars [Landrace: 110 (0.44); Duroc: 107 (0.41) kg].

3.2. Testosterone, androstenone, and skatole

concentrations in plasma

The initial mean (SE) plasma testosterone concen-

tration in Duroc boars [4.4 (0.43) ng/ml] was signifi-

cantly higher than in Landrace [2.4 (0.40) ng/ml] (Fig.

1A). For both breeds the highest mean testosterone

concentration was measured one day after stimulation.

However, both the actual mean concentration and the

increase in mean testosterone was significantly higher

in Landrace boars than in Duroc (Fig. 1A). The mean

level in Duroc boars was increased by a factor of 5.7,

compared with 13.3 in Landrace. Over the following

two days plasma testosterone concentrations decreased

in both breeds towards those levels observed before

stimulation. The elimination of testosterone was slower

in Duroc boars than in Landrace. In mixed models,

taking account of repeated measurements, log plasma

testosterone was affected by day of sampling (P ,

0.001), breed (P 5 0.06), and the interaction between

breed and day of sampling (P , 0.001).

Prior to hCG stimulation, the mean (SE) plasma

androstenone concentration was significantly higher in

Duroc boars [12.1 (1.1) ng/ml] than in Landrace [5.2

(0.5) ng/ml]. All animals responded to the hCG stimu-

lation with a significant increase in plasma andro-

stenone concentrations on Day 1, but the mean peak

concentrations did not differ significantly between

breeds (Fig. 1B). However, the increase in mean

plasma androstenone after hCG stimulation was con-

siderably higher for Landrace boars than for Duroc.

The level in Duroc boars was increased by a factor of

2.5, while a 6.1 fold increase was observed in Landrace.

On Days 2 and 3 after hCG stimulation the mean (SE)

plasma androstenone concentrations decreased in both

breeds, but on Day 3 the plasma androstenone levels

were still substantially higher than the levels before

stimulation (Fig. 1B) The elimination of androstenone

was slower in Duroc than Landrace boars (Fig. 1B). In

mixed models, taking account of repeated measure-

ments, log plasma androstenone concentrations were

significantly affected by day of sampling (P , 0.001),

breed (P , 0.01), and the interaction between breed and

day of sampling (P , 0.001).

The mean (SE) plasma androstenone/testosterone ra-

tio on Day 1 after hCG stimulation was significantly

higher for Duroc than Landrace boars [3.4 (0.29) versus

3.2 (0.27), respectively], indicating a breed-specific dif-

ference in the ratio between plasma testosterone and

androstenone.

On Day 0 the mean (SE) plasma concentration of

skatole was more than three times higher in Landrace

[6.7 (0.8) ng/ml] than Duroc boars [1.94 (0.8) ng/ml].

Three days after hCG stimulation, the mean plasma

skatole concentrations had increased 1.7-fold in Duroc

and 2-fold in Landrace boars (Fig. 1C).

3.3. Androstenone, skatole and indole skatole

concentrations in fat

The mean initial level of androstenone in fat was

3.2-fold higher in Duroc than Landrace boars (Fig. 2A).

For both breeds, there was a significant increase in fat

androstenone concentrations 3 days after hCG stimula-

tion. In Duroc boars, the mean (SE) level increased

from 2.48 (0.23) mg/g to 6.58 (0.29) mg/g. In Landrace

Figure 1. Testosterone (A), androstenone (B), and skatole (C) in

plasma in Duroc (n 5 60) and Landrace (n 5 67) boars following

stimulation with human chorionic gonadotrophin (hCG). hCG was

given i.v. immediately after sampling on Day 0.
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boars, the mean (SE) level increased from 0.78 (0.20)

mg/g to 3.56 (0.27) mg/g. The difference in fat concen-

trations before and after hCG, as well as the maximal

response to hCG stimulation, was significantly greater

in Duroc than Landrace boars (Fig. 2A). The mean

level was increased by a factor of 2.6 in Duroc, and by

a factor of 4.6 in Landrace boars. Three days after hCG

stimulation, all boars had fat androstenone levels higher

than 1 mg/g.

The initial levels of skatole in fat were higher in

Landrace than Duroc boars (Fig. 2B). In both breeds,

there was a significant increase in skatole concentra-

tions in fat following hCG stimulation (Fig. 2B). In

Duroc boars, the mean (SE) level of skatole in fat

increased from 0.02 (0.05) mg/g before stimulation to

0.10 (0.03) mg/g at Day 3, and in Landrace boars, the

mean (SE) level increased from 0.13 (0.03) mg/g to

0.31 (0.03) mg/g. The increase was significantly higher

in Landrace boars than in Duroc (P 5 0.002).

Indole levels in fat followed the same trend as skatole

levels in fat: both breeds showed a significant increase in

indole concentration following hCG stimulation (Fig. 2C).

Although no significant difference between the breeds

was observed (P 5 0.07 for both), it should be noted that

the number of observations included for skatole and in-

dole levels before hCG stimulation was n 5 16 for Duroc

and n 5 32 for Landrace respectively, due to the limited

fat volume available for analysis.

3.4. Sexual maturation evaluated by DNA flow

cytometry

Quantitative evaluation of testicular cells by the ap-

plication of DNA FCM showed activated testicular

activity in both breeds based on the presence of all

ploidy compartments, including the haploid testicular

cells (Table 1). However, significant differences were

observed between the two breeds concerning progress

through spermatogenesis. Univariate analyses showed

significantly higher relative percentages of the total

number of spermatids in Duroc boars, of which the

higher percentage of elongating/elongated spermatids

was most prominent. Furthermore, the germ cells

showed that transformation of spermatogonia (2n) to

primary spermatocytes (4n) and round spermatids (1n),

as well as the overall conversion of diploid (2n) to

haploid spermatogonia, was reduced in Landrace boars

compared with Duroc boars. Additionally, the Duroc

boars exhibited significantly higher ratios of haploid

and diploid populations, as well as for the haploid and

tetraploid populations (Table 1).

When correcting for body weight and age, the num-

ber of haploid testicular cells (1ntot), the relative pro-

Figure 2. Androstenone (A) Duroc (n 5 54) and Landrace (n 5 64),

skatole (B), and indole (C) (D; n 5 16, L; n 5 32), in fat following

stimulation with human chorionic gonadotrophin (hCG).

Table 1

Relative fractions (mean (SE)) of the various testis subpopulations from entire male boars (Duroc and Landrace) At slaughter.

elongating/ed round 1n tot 2n 4n 1n:2n 1n:4n

Duroc (n 5 54) 18.9a (1.2) 42.9a (1.4) 61.9a (1.8) 23.0a (1.4) 10.0a (0.8) 3.3a (0.2) 8.9a (1.0)

Landrace (n 5 60) 14.7b (1.0) 41.2a (1.3) 55.9b (1.7) 26.7b (1.3) 13.2b (0.7) 2.5b (0.2) 5.3b (0.5)

a,b P , 0.05; Wilcoxon 2- sample test.
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portions of haploid versus diploid, and the log trans-

formed ratio between haploid versus tetraploid log

1n:4n cell populations were significantly higher in Du-

roc boars.

3.5. Variations in fat androstenone concentrations

Breed and log plasma testosterone were the main

variables explaining variation in log fat androstenone

concentrations. Age, but not body weight, contributed

significantly positively to log fat androstenone prior to

hCG stimulation, but not afterwards. A significant pos-

itive relationship was found between estimated breed-

ing value (EBV) in Duroc boars prior to hCG stimula-

tion (Day 0) and after hCG stimulation in Landrace

boars (Day 3; Table 2). Testicular development, as

indicated by cell population characteristics, did not

explain the additional variation in log fat androstenone

when taking into account the aforementioned variables.

4. Discussion

In the present study, differences between purebred

Duroc and Landrace boars were studied with respect to

levels of boar taint-compounds and testosterone before

and after hCG stimulation and in relation to develop-

ment in the pubertal testis. To our knowledge these

kinds of comparisons between purebred pig breeds

have not been carried out previously.

4.1. Initial levels of steroids

Duroc boars revealed higher levels of androstenone

in plasma and in fat than Landrace boars, as well as

higher plasma levels of testosterone. This confirms pre-

vious results of studies done on different animals of the

same population of animals [9,34]. With respect to

levels of androstenone in different breeds, these results

concur with those reported by Xue et al [10] and

Squires and Lou [12]. The mean percentage fat in

Duroc and Landrace boars reported by NORSVIN’s

testing station was 33.2% and 27.1% respectively. A

larger distribution volume for androstenone in Duroc

boars than in Landrace will obviously result in a lower

concentration, and that higher concentrations of andro-

stenone were found in fat in Duroc boars strengthens

the view that there are probably substantial differences

in production and/or elimination of androstenone be-

tween the two breeds.

4.2. Age and sexual maturation

Duroc animals were at slaughter, on average 10 days

older than Landrace boars and showed a more advanced

stage of spermatogenesis as analyzed by the accurate

DNA FCM method, than the Landrace boars. In all

likelyhood this difference also existed before stimula-

tion, 72 h earlier. DNA FCM showed the appearance of

round spermatids as a result of completion of the first

meiosis and start of a full spermatogenetic cycle at the

onset of puberty for all males of both breeds. However,

the significantly lower percentage of elongated/elongat-

ing spermatids in Landrace boars suggests a less-advanced

spermiogenesis in this breed at time of slaughter. Further-

more, fewer mature germ cells were observed in Landrace

boars compared with the total number of haploid cells

observed in Duroc boars. Additionally, the germ cell pop-

ulations differed significantly between the two breeds fol-

lowing correction for age and body weight. Accordingly,

with regard to differences in initial androstenone and

testosterone levels, differences in testicular develop-

ment must also be considered and it is possible that the

differences in initial steroid levels between the two

breeds may be partly explained by a more advanced

testicular development in Duroc boars. In practice,

there is no weight difference between the breeds and

therefore, in a system where Duroc and Landrace boars

are raised for pork production and slaughtered at the

Table 2

Variation in Log fat androstenone in Landrace and Duroc boars on Day 0 (prior to hCG stimulation) and Day 3 (three days after hCG

stimulation). Parameter estimates with standard errors (SE) and ANOVA table with sums of squares explained (SS), degrees of freedom (df),

and residual SS, As well as the df values for the best fit regression models.

Term Day 0; R2-model 5 0.57 Day 3; R2-model 5 0.48

Estimate SE df SS P-value Estimate SE df SS P-value

Intercept 20.52 0.09 1 ,0.0001 1.09 0.08 1 ,0.0001

Breed. e.g. (Duroc - Landrace) 0.49 0.07 1 23.3 ,0.0001 0.27 0.04 1 7.3 ,0.0001

Log plasma testosterone 0.58 0.08 27.4 ,0.0001 0.31 0.06 4.8 ,0.0001

Estimated Breeding Value (Duroc) 1.08 0.41 2 3.8 0.0088 0.26 0.23 2 1.2 0.2612

Estimated Breeding Value (Landrace) 0.39 0.43 0.3664 0.60 0.25 0.0169

Breed*log plasma testosterone 0.13 0.08 1 1.3 0.0995 0.11 0.06 1 0.6 0.0506

Residual 112 54.0 114 18.6
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same live weight, boar taint due to androstenone will be

more problematic in Duroc boars than in Landrace

boars.

4.3. Initial levels of indolic compounds

The significantly higher levels of skatole in plasma

and in fat before stimulation in Landrace boars than

Duroc reflect results previously reported by Tajet et al

[9], in which skatole in Landrace was higher than in

Duroc boars. Similar results have also been reported

from Denmark [49,50]. However, Squires and Lou [12]

found similar levels of skatole equivalents in the two

breeds. It is well-known that both diet and environment

affect skatole levels [7]. These factors were identical

for both breeds in the present study. It is likely that

differences in the rate of skatole metabolism in the liver

is a main factor explaining different levels in Duroc and

Landrace boars [51], with cytochrome P4502E1

(CYP2E1) and P4502A (CYP2A) as the most promi-

nent enzymes for skatole metabolism [26,52–54], al-

though differences in the intestinal content of indolic

compounds between very different pig breeds (Jinhua

and Landrace) have been reported [55]. Androstenone

appears to block the induction of CYP2E1 and thus

reduce the metabolism of skatole [27,28]. However,

higher levels of skatole and, simultaneously, lower lev-

els of androstenone in Landrace than Duroc boars,

indicate breed differences in the regulation of skatole

levels. Nevertheless, previous studies on breed differ-

ences in skatole metabolism have given unequivocal

results. Doran et al [56] found a negative correlation

between skatole level in fat and hepatic microsomal

cytochrome CYP2E1content in Large White boars, but

not in Meishan boars. Moe et al [34] found significant

associations between single nucleotide polymorphisms

(SNPs) and halotypes within CYP2E1 and levels of

skatole and indole in Duroc and Landrace boars. How-

ever, the extent of variation in skatole and indole levels

in fat that could be explained by CYP2E1, differed

between the two breeds. In a study on hCG stimulation

of Duroc and Landrace boars from different animals in

the same population group of animals as in the present

study, breed-related differences in the hepatic activities

of CYP2E1 or CYP2A could not be detected in un-

stimulated animals [57].

4.4. Levels of steroids following hCG stimulation

Human chorionic gonadotrophin is a homologue an-

alogue of luteinizing hormone (LH), binding to and

activating the same LH receptor, and exerting similar

effects on Leydig cell maturation and steroidogenesis

[37,58,59]. In the present study, and similar to previous

studies [36,38–42], intravenous hCG administration

stimulated steroidogenesis, causing a peak in the

plasma levels of testosterone and androstenone as well

as in the androstenone levels in fat. As previously

reported by Malmfors [42] and Claus and Alsing [41],

maximum plasma levels for testosterone and andro-

stenone were observed approximately 24 h after stim-

ulation.

As the relative increases in steroids following hCG

injection were much higher in Landrace than Duroc

boars, it appears that the lower steroid levels found in

Landrace boars under normal circumstances are not due

to a lower production capacity in the testes, but more

probably a result of either a lower stimulation of the

testes by gonadotropic hormones or a faster disappear-

ance of steroids.

The animals were slaughtered on Day 3 following

stimulation, as maximum levels of androstenone in fat

appear to be reached about 72 h following stimulation

[42]. At slaughter all boars had androstenone levels

higher than 1 mg/g fat, showing that all animals pro-

duced sufficient androstenone to cause an unpleasant

odour and off-flavour in pork products. The consider-

able increase in fat levels of androstenone at slaughter

indicates a similar increase in the level of free andro-

stenone in plasma, rather than sulphated androstenone,

as this compound is not expected to be transferred to

adipose tissue [60].

The results of the present study revealed a signifi-

cant positive relationship between EBV after hCG stim-

ulation in Landrace boars. As the initiation of spermat-

ogenesis requires only LH [61], the observed delay in

spermatogenesis, as well as the higher response to hCG

stimulation in Landrace boars, may indicate a gonado-

trophin-dependent breed difference. The findings re-

ported in Table 2 could imply that phenotypic selection

of boars based on 5a-androstenone might be best per-

formed before hCG-stimulation in Duroc boars, but

after stimulation in Landrace boars.

The decrease in plasma steroid levels was slower for

androstenone than for testosterone in both pig breeds.

Carlström et al [39] also found differences in half-lives

of testosterone and androstenone decaying from hCG

induced levels, reporting half-lives of approximately 1

day and 1.8 days respectively. Lower plasma testoster-

one and androstenone levels were found in Landrace

boars compared with Duroc boars 48 and 72 h after

stimulation. Thus the balance between synthesis and

elimination of the steroids was different between the

breeds with a more rapid disappearance of the plasma
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steroids in Landrace boars. The levels of androstenone

in adipose tissue are mainly determined by the balance

between production rate in the testes and elimination of

the steroid [18,62]. Studies on hepatic metabolism of

androstenone have been reported [24,63,64]. Nicolau-

Solano et al [65,66] found a significant negative rela-

tionship between the expression of hepatic 3b-hydrox-

steroiddehydrogenase (3b-HSD) protein and the level

of androstenone in backfat. They concluded that the

regulation of hepatic 3b-HSD activity may be a factor

that influences the deposition of androstenone in pig

adipose tissue, and found evidence to suggest that he-

patic 3b-HSD protein in pigs is under the control of sex

hormones. Chen et al [67] also found low 3b-HSD gene

expression in the liver from boars with high andro-

stenone levels in fat. In a study on polymorphisms in

the porcine hepatic 3b-HSD gene [68], polymorphisms

in the 3b-HSD 5=-flanking region was identified. Al-

though these polymorphisms were breed-dependent,

they were not associated with androstenone levels in

fat. Moe et al [23] found a difference between Landrace

and Duroc boars in gene expression of enzymes in-

volved in both phase I and phase II metabolism of

androstenone, with the expression of 3b-HSD being

decreased in Landrace boars with extremely high con-

centrations of androstenone, while in Duroc boars with

extremely high concentrations of androstenone the ex-

pression of hepatic sulphotransferase 2B1 was de-

creased. These studies, along with the results of the

present study, suggest that hepatic androstenone metab-

olism may have a decisive role in regulating andro-

stenone deposition in adipose tissue. On this basis, it

should also be noted that adipose tissue is a major site

for metabolism of sex steroids [69]. However, the ex-

tent to which the metabolism of androstenone in adi-

pose tissue might have affected our results remains to

be studied.

4.5. Indolic compounds following hCG-stimulation

The continued elevation of plasma skatole levels

three days after stimulation indicates a lasting effect of

increased androstenone/testicular steroid levels on ska-

tole levels. Following hCG stimulation, Chen and co-

authors [40] found a significant increase in the levels of

indole in plasma and fat, but in contrast to the present

study, no significant increase in skatole levels. Changes

in indolic compounds could be due to changes in in-

testinal production as discussed by Chen et al [40],

and/or by a decrease in the activities of metabolizing

enzymes through the inhibitory effect of androstenone

on skatole metabolism in the liver [27,28]. Different

results have been reported regarding activities of

CYP2E1 and CYP2A in the liver following hCG stim-

ulation. Zamaratskaia et al [26] did not find any differ-

ences in enzyme activities although hCG administra-

tion caused a significant increase in fat androstenone

levels. In contrast, studies on the hepatic activities of

CYP2E1 and CYP2A in boars from the present study

indicated that hCG stimulation can suppress hepatic

CYP2E1 and CYP2A activities probably through an

increase in the levels of testicular steroids [57]. How-

ever between-breed variations in skatole levels in fat

were not found to be related to the activities of these

enzymes.

The results of the present study revealed significant

differences in the levels of boar taint substances be-

tween pubertal purebred elite Landrace and Duroc

boars. The response to hCG stimulation and the elim-

ination of these compounds varies between the two

breeds. Differences in hepatic metabolism may be an

important explanatory factor. Selection against factors

associated with boar taint remains a possible solution

for the problem of boar taint in the swine industry.
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Abstract

Breed differences in steroidogenic activity between primary Leydig cells derived from neonatal purebred Duroc and

Norwegian Landrace boars were investigated in vitro. Concentrations of testosterone, estradiol, androstenone, cortisol and

progesterone produced into the medium were determined. To explore underlying mechanisms the cellular expression of a suite of

genes relevant in steroidogenesis was measured using reverse transcription and quantitative PCR (RT-qPCR). Basal steroid

concentrations indicated a larger production capacity for steroids in unstimulated Duroc cells. Stimulation of the cells with LH

increased steroid hormone secretion significantly in both breeds in a dose dependent manner. Testosterone and androstenone

concentrations increased approximately 50- and 15-fold, respectively, whereas concentrations of estradiol, cortisol and proges-

terone increased to a lesser extent. At levels of maximal LH stimulation, absolute steroid concentrations were higher in Duroc.

However, the relative increase in hormone concentrations was significantly lower in Duroc cells for estradiol, progesterone and

cortisol when compared to basal levels. LH exposure was associated with a general up-regulation of mRNA levels for

steroidogenic genes, stronger in Duroc than in Norwegian Landrace. This was in agreement with the higher absolute concentra-

tions of steroid hormones measured in culture medium from the LH-stimulated Duroc Leydig cells, but did not concur with the

fact that the relative increase in hormone production was lower in Duroc than in Norwegian Landrace Leydig cells for some

hormones. It was concluded that breed differences in steroid hormone concentrations and gene expression between Norwegian

Landrace and Duroc are complex and cannot be explained by a simple mechanism of action.

© 2011 Elsevier Inc. All rights reserved.

Keywords: Pig breeds; LH; hCG; Steroidogenesis; Gene expression; Androstenone; Estradiol; Boar; Leydig cells in vitro

1. Introduction

In intact boars, levels of testicular steroids reflect the

steroidogenic capacity of the individual Leydig cells

and their total number per testis, although hepatic me-

tabolism may also affect the peripheral plasma steroid

concentrations [1,2].

The pig testis has been described as “the most ver-

satile steroid producing organ known” [3]. Dynamic

changes occur in the pig testis during the neonatal

period. Increases of Leydig cell volume and Sertoli cell

proliferation take place during the first month after birth

[4]. In the neonatal pig, predominantly between two

and three weeks of age, most of the testicular volume is

made up of Leydig cells [5]. Syntheses of androgens,

androstenone (5a-androst-16-ene-3-one), and estrogens

occur in Leydig cells, so that these cells require a
* Corresponding author. Tel.: 147 95079209; fax: 147 22597469.
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number of steroidogenic enzymes. The expression and

presence of steroidogenic enzymes have been well ad-

dressed in the domestic pig testis [6–11]. Estrogens are

synthesized from aromatization of androgens through

the action of cytochrome P450 aromatase (CYP19). In

fetal pig testis, CYP19 is present in Leydig cells and/or

gonocytes [10,12,13]. Differential expression of other

steroidogenic enzymes has also been reported during

fetal and postnatal development in the pig testis

[11,14,15].

Biosynthesis of androgens and 16 unsaturated ste-

roids has been described in neonatal porcine testicular

preparations [16]. The peak of estrogen concentrations

occurs during neonatal development, between one and

three weeks of age, then transiently decreases and re-

mains at low level until pubertal development [17].

Changes in the serum levels of free androgens and of

conjugated steroids also show similar patterns to those

of estrogens during the postnatal development of male

pigs [18,19]. Androstenone is a testicular steroid with

special interest in the boar. It accumulates in adipose

tissue and constitutes a major component of the boar

taint, an unpleasant odor and flavor, limiting the use of

intact males in the production of pork [20].

Breed and age differences have emerged regarding

the levels of steroids in pigs. Duroc pigs normally have

considerably higher androstenone levels than Yorkshire

and Norwegian Landrace varieties, while Large White

breeds generally show higher levels than Landrace

breeds [21–23]. Genetic variation greatly affects fat

androstenone levels [24,25]. In the pig population dif-

ferent individuals have a high or low potential for

particular androstenone levels. Gene expression studies

have been performed in the testes and livers of Duroc

and Norwegian Landrace boars with extremely high

and low levels of androstenone in fat [26–28, 35]. A

recent genome wide single nucleotide polymorphism

(SNP) association analysis revealed several areas of the

genome responsible for variation of androstenone lev-

els in intact Duroc boars. These regions contain both

old and new candidate genes [29]. Thus, in addition to

understanding the sex steroid and androstenone profiles

in plasma and adipose tissue, more knowledge is

needed about the steroidogenic potential of Leydig cells

and the underlying mechanisms for breed differences.

The primary objective of the present study was to

obtain more information on differences in steroidogenic

activity between purebred Duroc and Norwegian Lan-

drace boars by investigating steroid secretion from pri-

mary neonatal porcine Leydig cells in vitro. In order to

get a better picture of breed differences, cells were

exposed to increasing doses of LH. The breed differ-

ences in basal and LH-stimulated hormone secretion

were investigated by measuring concentrations of tes-

tosterone, estradiol, androstenone, cortisol, and proges-

terone and the expression of a suite of genes relevant in

steroidogenesis. Primary neonatal porcine Leydig cells

provide a powerful tool to study the physiology and

genetics of porcine steroidogenesis and also could pos-

sibly be used as a model for adult steroidogenesis.

2. Materials and methods

2.1. Collection of porcine testicular tissue

Testis tissue was obtained in Norwegian breeding

farms from male offspring in approximately 21-day-old

litters. Gonads were collected at three different occa-

sions from a total of 29 Duroc and 29 Norwegian

Landrace piglets. Due to litter size, the donors came

from 10 Duroc litters, and seven Norwegian Landrace

litters. Local anesthesia, a total of 2 mL 1% lidocaine

without adrenalin (Haukeland Hospital Pharmacy, Ber-

gen, Norway), was given subcutaneously on both sides

of the scrotum and in the inguinal string. The skin was

washed and then disinfected with 70% ethanol. Stan-

dard surgical procedure for castration of male piglets

was followed on both sides. After intervention, piglets

received a single treatment (6 mg/kg body weight i.m.)

with ketoprofen (Romefen Vet; Merial GmbH, Hall-

bergmoos, Germany).

Extracted testes were left encapsulated and stored in

Dulbecco’s modified Eagles medium and Ham’s mod-

ified medium F12 (DMEM/F12) mixture (1:1) supple-

mented with 1.2 mg/mL sodium bicarbonate and 15

mM HEPES buffer with L-glutamine and pyridoxine

HCL pH 7.4 (Invitrogen, Paisley, UK) in presence of

penicillin/streptomycin/neomycin (10 mL per 500 mL

medium; Invitrogen). The material was transported on

ice (2 h maximum). The experiment was carried out in

compliance with the provisions enforced by the Na-

tional Animal Research Authority.

2.2. Isolation and purification of porcine leydig cells

Isolation, subsequent purification, and culture of

porcine Leydig cells were adapted from the protocol

described by Lejeune et al. [30]. Testes were decapsu-

lated, the tissue chopped with scissors, and digested

with 0.5 mg/mL collagenase/dispase (Vibrio alginolyti-

cus/Bacillus polymyxa, Roche Neuss, Düsseldorf, Ger-

many) in DMEM/F12 medium at 34oC under agitation.

Digested tissue was collected after 45, 90, and 120 min
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and filtered through a nylon mesh. The cell suspension

from each time point was centrifuged at 250 X g for 10

min, and the pellet resuspended in 50 mL DMEM/F12

medium. After two sedimentations at unit gravity (5

and 15 min respectively) the supernatants were centri-

fuged at 250 X g for10 min. The final pellet was

resuspended in DMEM/F12 and kept at 4oC. All sam-

ples from each breed were pooled. This resulted in two

pooled populations from Duroc and three from Norwe-

gian Landrace which were collected on the different

sampling days.

Leydig cells were purified by centrifugation through

a discontinous Percoll gradient. Percoll (Sigma-Al-

drich, St. Louis, MO, USA) was made iso-osmotic by

adding 1 volume of 103 Ham’s F-10 (Biological In-

dustries, Kibbutz Beit-Haemek, Israel) to 9 volumes of

Percoll. This 90% Percoll was further diluted with

DMEM/F12 to generate 60, 34, 26, and 21% Percoll

solutions. These were layered to form the gradient [30].

About 108
21.5 3 108 cells from the pooled samples, in

5 mL of DMEM/F12, were added to each gradient and

centrifuged at 1250 X g for 30 min at 4 °C. The

enriched Leydig cell fraction was harvested from the

34% layer, washed, filtered, and counted in a hemacy-

tometer (Superior, Paul Marienfeld GmbH & Co. KG,

Lauda-Königshofen, Germany).

2.3. 3 beta-hydroxysteroid dehydrogenase (HSD3B)

staining for assessment of cell population purity

To assess cell identity, one round with cytochemical

staining for HSD3B was performed on cultured cells.

Due to reduction of tetrazolium by the enzyme, the

Leydig cells turn blue and the color change is consid-

ered specific for Leydig cells in the testis [31]. Isolation

of Leydig cells was performed as described above. The

cells (300 000 cells/mL) were incubated with a solution

containing 0.2 mg/mL nitro blue tetrazolium (Sigma-

Aldrich), 0.12 mg/mL 5-androstane-3b-ol-one (Sigma-

Aldrich) and 1 mg/mL NAD1 (Sigma-Aldrich) in 0.05

mol/L PBS, pH 7.4 at 34°C for 90 min. Upon devel-

opment of the blue formazan deposits, the abundance of

HSD3B-positive cells was determined with a hemocy-

tometer.

2.4. Cell plating and addition of test compounds

The cell suspension was adjusted to 300 000

cells/mL and cells plated in 24-well plates (Primaria;

BD Bioscience, Franklin Lakes, NJ, USA) in DMEM/

F12 supplemented with 5 mL ITS and Premix (Invit-

rogen) and 12.5 mL NuSerum (BD Bioscience) in 500

mL medium. Cells were incubated under 5% CO2 at

34°C. After 72 h medium was refreshed and cells

exposed to recombinant porcine LH (tuenre.pLH.ig;

Tucker Endocrine Research Institute, Atlanta, GA,

USA) at different concentrations (0.025, 0.05, 0.25, 0.5,

and 2.5 ng/mL). Controls were included with no LH

exposure (medium blank). After 48 h, medium was

collected and stored at 220°C prior to hormone anal-

ysis. Plates with cells were stored at 280°C until har-

vest for RNA extraction. Each exposure was performed

in triplicates and carried out as independent Leydig cell

isolations.

2.5. Cell viability assay

Cell viability was estimated using the AlamarBlue

(Invitrogen) assay after collecting aliquots for hormone

assays. Each well received 1 mL fresh medium con-

taining 10% AlamarBlue (Invitrogen). Plates were in-

cubated for 1 h, before a 100 mL sample from each well

was transferred in duplicates to a fresh 96-well ELISA

plate (Falcon, Franklin Lakes, NJ, USA) and absor-

bance read in a Victor3TM spectrophotometer (Perkin

Elmer, Shelton, CT, USA) at 570 nm and 600 nm.

Viability was expressed as percentage of control (me-

dium blank).

2.6. Hormone quantification

Cell medium levels of testosterone, estradiol, and

cortisol were measured by using Coat-A-Count (Sie-

mens Medical Solutions Diagnostics, Los Angeles, CA,

USA) solid phase radioimmunoassay kits (RIA). All

hormone kits were used according to manufacturer in-

structions although modified by replacing the standards

with fresh standard curves prepared in medium from

the same batch as the medium used for the Leydig cell

cultures. The assays were validated for use in cell

culture medium by demonstrating parallelism between

dilution in medium and the standard curve, and by

recovery of the unlabeled ligand. No further modifica-

tions of the standard procedures were needed. Samples

were measured in duplicate.

The sensitivity of the testosterone assay was 0.1

ng/mL, corresponding to 95% binding of the labeled

hormone. The standard curve ranged from 0–20 ng/mL

and the inter assay coefficients of variation were 10.2%

(0.86 ng/mL) and 7.5% (11.89 ng/mL), respectively.

For estradiol, the assay sensitivity was 20 pg/mL.

The standard curve range was 0–4000 pg/mL. The

inter assay variation coefficients were 7.9% (154.3 pg/

mL) and 10.9% (1397 pg/mL), respectively.

The cortisol assay sensitivity was 3 ng/mL, with

standard curve range 0–500 ng/mL and inter assay
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variation coefficients of 9.8% (57.7 ng/mL) and 7.3%

(210.2 ng/mL), respectively.

Progesterone concentrations were analyzed by the

Spectria Progesterone radioimmunoassay kit (Orion

Diagnostica, Espoo, Finland) modified by using stan-

dards diluted in zero cell medium. The sensitivity of the

progesterone assay was 0.8 ng/mL, the standard curve

range was 0–40 ng/mL and the inter assay variation

coefficients were 6.5% (3.87 ng/mL) and 6.1% (12.8

ng/mL), respectively.

Androstenone concentration in cell medium was

measured by a time-resolved fluoroimmunoassay for

serum samples [32] modified by replacing the standard

curve with standards diluted in cell medium. The assay

was validated to use in cell culture medium by demon-

strating parallelism between dilution in medium and the

standard curve, and by recovery of the unlabeled li-

gand. The antiserum has been described by Andresen

[33]. Assay sensitivity was 2 ng/mL and the standard

curve ranged from 0–100 ng/mL. Inter assay variation

coefficients were 11.8% (4.3 ng/mL) and 9.2% (20.1

ng/mL).

2.7. RNA isolation

Following removal of media by suction, Leydig

cells were lysed by addition of RLT Lysis Buffer (Qia-

gen Ltd., Crawley, West Sussex, UK) directly to each

well of the culture plate. Triplicates from each plate

were pooled and transferred to a Qia shredder column

(Qiagen) and centrifuged. Total RNA was isolated us-

ing RNeasy Mini kit (Qiagen) as described by the

manufacturer. Samples were eluted in 55 mL RNase

Free Water (Qiagen) and stored at 275°C until further

use. Each sample was treated with DNase I (Invitrogen)

for 10 min followed by inactivation at 65oC for 5 min.

RNA concentration was measured using a NanoDrop

ND-1000 Spectrophotometer (Thermo Scientific, Wal-

tham, MA, USA) and the RNA quality was checked by

Agilent 2100 Bioanalyzer using RNA 6000 Nano Lab-

Chip kit (Agilent Technologies Inc, Santa Clara CA,

USA).

2.8. Reverse transcription and quantitative PCR (RT-

qPCR)

cDNA synthesis and quantitative polymerase chain

reaction (qPCR) were performed using SuperScript III

Platinum Two-Step RT-qPCR Kit with SYBR Green

(Invitrogen) according to the manufacturers protocol.

Initially, the assay was optimized with respect to the

concentration of cDNA and annealing temperature. The

products of each primer pair were analyzed by agarose

gel electrophoresis for single bands of the predicted

size. Amplification efficiency was also investigated and

found to be nearly 100% for all primer pairs. cDNA

was produced from 600 ng total RNA in a total volume

of 20 mL. The reactions were performed by DNA

Engine Tetrad Thermal Cycler (MJ Research, Wal-

tham, MA, USA) during 10 min at 25°C, 50 min at

42°C, and 5 min at 85°C. The resulting cDNA was

further diluted with sterile water.

Quantitative PCR reactions were run in a DNA En-

gine Thermal Cycler with Chromo 4 Real-Time Detec-

tor (MJ Research) operated by the Opticon Monitor 3

software (Bio-Rad Laboratories, Hercules, CA, USA)

with uracil DNA glycosylase (UDG) incubation for 2

min at 50°C, enzyme activation for 2 min at 95°C,

followed by 40 cycles of 95°C for 15 sec, 62°C for 30

sec and 72°C for 30 sec, and finally a melting curve

from 65°C to 90°C read for 1 sec every 0.3°C. Each

qPCR reaction contained 10 ng cDNA, 200 nM of each

primer, and kit reagents in a total volume of 25 mL.

Both cDNA and qPCR reactions were set up as tech-

nical duplicates. For each RNA sample a control with

no added reverse transcriptase was included to check

for genomic DNA contamination. For each primer pair

a negative control with no added template and a posi-

tive control (Duroc, DMSO control) were included.

A set of 6 housekeeping genes were tested for suit-

ability as reference genes for the qPCR assays. Porcine

primers for these genes were derived from Duvigneau

et al. [34] (ACTB, HPRT, PPIA, and GAPDH) or de-

signed using PrimerExpress version 1.5 (Applied Bio-

systems, Carlsbad, CA, USA) (PGK1, accession

number AY677198, forward: TGCCATCCCAAGCA-

TCAA and reverse: GCCTAGGTGGCTCATAAGAA-

CAA and S18, accession number NR_002170, forward:

AGGGCCTCGAAAGAGTCCTG and reverse: ACATC-

CAAGGAAGGCAGCAG). According to GeNorm sof-

ware analysis (Primer Design Ltd., Southampton, UK)

ACTB, HPRT, and PPIA showed best stability (M value ,

0.5) and were chosen as reference genes for normalization

in the present experimental material.

Genes were selected based on data from microarray

analysis of prepubertal (manuscript in preparation) and

pubertal [35] porcine testis, and from genes known to

be involved in the steroidogenesis of Leydig cells.

Porcine primers were designed using PrimerExpress

version 1.5 (Applied Biosystems). The primers were

checked for specificity using nucleotideBLAST and

primerBLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

The list of selected genes with primer sequences are

given in Table 1.
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2.9. Statistical analysis

Data were analyzed by JMP 7 software (SAS

Institute Inc., Cary, NC, USA). The frequency dis-

tribution of investigated variables was tested for nor-

mality by Shapiro-Wilk test. Log transformation of

the dependent variables androstenone, testosterone,

progesterone, and cortisol gave a better fit to the

normal distribution and were used in statistical

analyses.

Differences between mean log hormone concen-

trations were assessed with Tukey HSD (Honestly

Significant Difference) test. Cell viability differences

between LH exposed cells and unexposed controls

were also analyzed using this test.

General linear mixed models were used to assess dose-

response relationships and fold change in hormone con-

centrations. Measured hormone concentrations (estradiol)

or log-transformed hormone concentrations were depen-

dent variables. Independent variables were experiment

(N 5 3), modeled as a random effect, and LH concentra-

tion in culture medium modeled as a fixed effect. Corre-

lation analysis (Spearman correlation coefficient, rs) was

used to investigate the relationship between hormone con-

centrations.

Quantitaive PCR raw data generated by the Opticon

Monitor 3 software (Bio-Rad Laboratories) were im-

ported to Excel 2003 (Microsoft Office, Redmond,

WA, USA) and all genes were normalized to the mean

of the three reference genes (ACTB, HPRT, PPIA) in

each sample. The 2-DDCt [36] method was used to vi-

sualize the fold changes in gene expression.

The log2 transformed fold change values (DDCt*(21))

were used for statistical testing using the Wilcoxon signed

rank test. Gene expression data were available for three

Table 1

Porcine primers designed and used in this work.

Gene symbol, and name Accession Number Primers 5=–3=

AKR1C4, aldo-keto reductase family 1, member C4 NM_001123075 F: TGCCAATCACGATGAAGCCT

R: CGCAGGTCCACCGTATCAAA

CYB5A, cytochrome b5 type A (microsomal) NM_001001770 F: TCAAAGATTGCCAAGCCTTCG

R: ACAACCAGTGCTGAGATGGCTG

CYP11A, cytochrome P450, family 11, subfamily A, polypeptide 1 NM_214427 F: CACCCCATCTCCGTGACC

R: GCATAGACGGCCACTTGTACC

CYP17A1, cytochrome P450 17A1 NM_214428 F: AGCCAAGACGAACGCAGAA

R: CCCCAAAGATGTCCGCAAC

CYP19A1, cytochrome P450 19A1 NM_214429 F: AAAGCACCCCCAGGTTGAA

R: CCACCACTTCGAGTTTTTGCA

CYP21A2, cytochrome P450, family 21, subfamily A, polypepide 2 NM_214433 F: CCATAGAGAACAGGGACCACCT

R: TAGTCCAGCATGTCCCTCCAC

CYP51, cytochrome P450, family 51, subfamily A, polypeptide 1 NM_214432 F: TATGTGCCATTTGGAGCTGG

R: CGAAGCATAGTGGACCAAATTG

FTL, ferritin, light polypeptide AY610290 F: TTCCTGGATGAGGAGGTGAAGC

R: CTTTCGAAGAGGTACTCGCCCA

HSD3B1, hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid

delta-isomerase 1

NM_001004049 F: GGAGGAAGCCAAGCAGAAAA

R: TTTTCAGCGCCTCCTTGTG

HSD17B1, hydroxysteroid (17-beta) dehydrogenase 1 BP144707 F: TCGGGTCGCATATTGGTGA

R: GCGCAGTAAACAGCGTTGAA

HSD17B4, hydroxysteroid (17-beta) dehydrogenase 4 NM_214306 F: TTGCCATGAGAGTTGTGAGGAA

R: GTCTTACAAGGGCTCCAAGGG

INSL3, insulin-like 3 (Leydig cell) NM_213970 F: GAGGACGGGCGAGCTGT

R: ACTGGCCATCAGCCCATG

MGST1, microsomal glutathione S-transferase 1 NM_214300 F: GAACGTGTACGAAGAGCCCACC

R: TGGCCGTAGAGAGATCTGGACC

NR5A1, nuclear receptor subfamily 5, group A, member 1 (SF1) NM_214179 F: GCCAGGAGTTCGTCTGCCT

R: GTTCGCCTTCTCCTGAGCG

ST5AR2, steroid 5-alpha-reductase 2 NM_213988 F: ATCGGCTATGCCTTGGCCA

R: AAGCTCGCAGCCCAAGGAA

STAR, steroidogenic acute regulatory protein NM_213755 F: AGAGCTTGTGGAGCGCATG

R: CATGGGTGATGACTGTGTCTTTTC

ST8SIA5, ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 5 EV996704 F: TCCGCGTCAAGTACGTGCTG

R: AGCCAGTAGCGCGACACGTT

F, forward; R, reverse.
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concentrations of LH (e.g., 0.25, 0.5, and 2.5 ng/mL).

Dose-response relationships were assessed by general lin-

ear mixed models as described above. In addition, all data

for single genes were pooled to assess an overall effect of

LH exposure on gene expression. P values # 0.05 were

considered statistically significant.

3. Results

3.1. Leydig cell purity and viability

Staining for HSD3B activity, a marker for Leydig

cells, showed 80% positive cells in the fraction used.

No adverse effect of LH stimulation on cell viability

was found by the AlamarBlue assay (Invitrogen).

3.2. Hormone production in Duroc and Norwegian

Landrace Leydig cells

The mean basal concentration of all hormones was

significantly greater in Duroc than in Norwegian Lan-

drace Leydig cells (Table 2; Fig. 1) except progesterone

which was borderline significantly greater in Duroc

cells (P 5 0.05).

The mean concentration of all hormones increased

significantly in both breeds as a result of increasing

concentration of LH in the culture medium (Fig. 1; P ,

0.05). The increase in hormone concentration in re-

sponse to the highest LH levels was approximately

15-fold for androstenone and 50-fold for testosterone

when compared with unstimulated cells (Fig. 1A and

B). Lower increments (approximately 3–10 fold) were

found for estradiol, progesterone, and cortisol (Fig. 1C

and E).

Absolute mean steroid concentrations were higher in

Duroc at levels of maximal LH stimulation (Fig. 1).

However, when including the three highest LH concen-

trations and expressing fold change in hormone con-

centrations relative to the mean of unstimulated cells,

the increase in mean hormone concentrations was sig-

nificantly lower from Duroc cells for estradiol, proges-

terone, and cortisol. Although the increase in testoster-

one was significantly higher from Duroc Leydig cells

than from Norwegian Landrace cells, the increase in

androstenone was not meaningfully different between

breeds.

Depending on breed and LH concentration in the

culture medium androstenone, testosterone, and corti-

sol reached plateau levels in response to increasing LH

concentration in the culture medium. The plateau level

was reached at a lower LH concentration for andro-

stenone than for testosterone in both breeds (0.05 vs.

0.5 ng LH/mL, respectively; Fig. 1A and B).

An apparent breed difference in the response to LH

was observed for estradiol in that Duroc cells showed a

maximal estradiol concentration already at the lowest

LH concentration (0.025 ng LH/mL culture medium),

whereas estradiol production by Norwegian Lan-

drace cells reached a plateau at a LH concentration of

0.25 ng/mL (Fig. 1C). Progesterone was the only

hormone where no apparent plateau level was ob-

served (Fig. 1D).

A negative relationship was found between andro-

stenone and testosterone in unstimulated cells from

both breeds (rs 5 20.60 [N 5 9; P 5 0.09] and rs 5

20.52 [N 5 12; P 5 0.08] in Duroc and Norwegian

Landrace, respectively).

Breed differences in hormone secretion in response

to high LH concentrations were indicated by correlation

analysis. When including the three highest LH concen-

trations, the correlation coefficients (rs) between andro-

stenone and testosterone were 0.20 (N 5 60; NS) and

0.82 (N 5 60; P , 0.001) in Duroc and Norwegian

Landrace cells, respectively.

There was a borderline significant negative correla-

tion between testosterone and estradiol (rs 5 20.38;

P 5 0.06; N 5 60) in Duroc cells, whereas the corre-

lation coefficient was significantly positive in Norwe-

gian Landrace (rs 5 0.69; P , 0.0001; N 5 60).

Estradiol and androstenone was significantly positively

correlated in both breeds.

3.3. Gene expression in LH stimulated Duroc and

Norwegian Landrace Leydig cells

LH exposure of Leydig cells from both Duroc and

Norwegian Landrace resulted in a general upregulation

of mRNA levels for most genes analyzed (Table 3).

In Duroc Leydig cells, the upregulation was signif-

icant only for STAR, CYP11A1 (at two LH doses), and

MGST1 (Table 3B), whereas for Norwegian Landrace

Table 2

Concentration of androstenone, testosterone, estradiol,

progesterone, and cortisol in cell culture medium of unstimulated

primary Leydig cells from neonatal (21 days of age) Duroc and

Norwegian (N.) Landrace piglets.

Steroid (ng/mL) N. Landrace Duroc

Androstenone 10.4 6 1.2a 13.2 6 0.9b

Testosterone 3.7 6 0.5a 5.9 6 1.7b

Estradiol 0.5 6 0.06a 1.2 6 0.10b

Progesterone 0.2 6 0.04* 0.3 6 0.04*

Cortisol 0.3 6 0.2a 1.1 6 0.54b

Data are mean 6 SEM.
a,b Differences between mean values differ significantly (P , 0.05).

* Borderline significant difference (P 5 0.05).
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Leydig cells the upregulation was significant at all three

LH doses for STAR, CYP17A1, CYP11A1, HSD17B4,

FTL, AKR1C4, and MGST1 and at one or two doses for

CYP51, CYB5, and CYP21 (Table 3A).

The most prominent alteration in expression was

that of STAR, with a 30-fold upregulation in Duroc and

a 17-fold upregulation in Norwegian Landrace relative

to respective controls at the highest LH dose. STAR also

showed a significant LH-dose dependent increase in

expression in both breeds. In Duroc dose-responses

were also significant for CYP51 and CYP21, although

the levels of expression were not significantly altered in

comparison with control. In Norwegian Landrace CYP21

and FTL displayed significant positive dose-responses,

while CYB5 had a significant negative dose-response.

Only the expression of HSD3B was significantly

downregulated as a result of LH exposure. This was ob-

served in cells from both breeds, although in Norwegian

Landrace only for the two highest LH doses. However, as

opposed to Duroc, Norwegian Landrace HSD3B expres-

sion decreased in a dose-dependent manner.

When pooling results from all LH exposures (Fig.

2A and B), the alteration in gene expression compared

with control was more pronounced than reported for

individual LH doses in both breeds. The expression of

most genes was significantly upregulated compared

with control (P # 0.05). However, HSD3B expression

was significantly downregulated (P , 0.05), while the

expression of ST5AR2, HSD17B1, and ST8SIA5

showed no regulation.

When investigating LH-exposed cells and compar-

ing Duroc versus Norwegian Landrace, expression of

STAR, CYP17A1, HSD17B4, CYP21, and HSD17B1

(P , 0.05) were significantly higher, while that of

ST8SIA (P , 0.05) was significantly lower in Duroc

(Fig. 2C).

Fig. 1. Mean 1 SEM concentrations of (A) androstenone, (B) testosterone, (C) estradiol, (D) progesterone, and (E) cortisol in cell culture medium

of unstimulated and LH stimulated primary Leydig cells from neonatal (21 days of age) Duroc and Norwegian Landrace piglets. LH concentration

range, 0.025–2.5 ng/mL culture medium.
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4. Discussion

The present study is, to our knowledge, the first to

compare hormone secretion in primary neonatal Leydig

cells between pig breeds. The observed breed differ-

ences in basal steroid concentrations between Duroc

and Norwegian Landrace Leydig cells indicated a

larger production capacity for steroids in unstimulated

Duroc cells. Before LH stimulation, a higher concen-

tration of all measured steroids was found in the

medium from Duroc Leydig cells compared with Nor-

wegian Landrace cells. Basal testosterone levels from

primary cultures of porcine Leydig cells have been

reported previously [37,38], at levels which would

compare with concentrations measured in the present

study (Table 2). Basal androstenone levels do not seem

to have been reported previously.

Differences in basal steroid concentrations between

Norwegian Landrace and Duroc are also reported in

vivo. Results from the same populations of boars as in

the present study, showed higher plasma concentrations

of testosterone and androstenone in Duroc boars than in

Norwegian Landrace [23,25,39].

Table 3

Gene expression in Norwegian Landrace and Duroc Leydig cells exposed to three different concentrations of LH relative to expression in

control cells.

Gene 0.25 ng LH/mL P 0.5 ng LH/mL P 2.5 ng LH/mL P Dose response

A. Norwegian Landrace

STAR 7.49 6 2.25 0.02 11.73 6 3.81 0.02 17.35 6 4.15 0.01 *

CYP17A1 6.10 6 2.13 0.03 6.43 6 2.69 0.05 6.05 6 2.47 0.05 NS

CYP51 2.90 6 1.17 0.14 3.76 6 1.07 0.04 4.59 6 1.78 0.06 NS

CYP19A1 2.71 6 1.49 0.30 2.88 6 1.54 0.25 2.86 6 1.41 0.21 NS

CYB5 3.00 6 0.23 0.01 2.29 6 0.16 0.01 1.56 6 0.32 0.27 †

CYP11A1 2.31 6 0.20 0.01 2.68 6 0.30 0.01 2.62 6 0.36 0.02 NS

INSL3 3.17 6 1.01 0.07 2.69 6 1.25 0.21 1.50 6 0.72 0.73 NS

HSD17B4 1.94 6 0.27 0.05 2.25 6 0.16 0.01 2.27 6 0.16 0.01 NS

CYP21 1.22 6 0.12 0.19 1.72 6 0.22 0.05 2.69 6 0.11 0.00 †

FTL 1.53 6 0.30 0.01 1.82 6 0.19 0.03 1.98 6 0.17 0.02 *

NR5A1 1.59 6 0.30 0.14 1.58 6 0.19 0.06 1.48 6 0.26 0.17 NS

AKR1C4 1.48 6 0.06 0.01 1.63 6 0.08 0.01 1.36 6 0.09 0.04 NS

MGST1 1.43 6 0.02 0.00 1.50 6 0.08 0.02 1.29 6 0.04 0.02 NS

ST5AR2 0.95 6 0.19 0.70 1.04 6 0.20 0.10 0.95 6 0.16 0.71 NS

HDS17B1 0.99 6 0.09 0.88 0.76 6 0.08 0.11 1.06 6 0.14 0.55 NS

ST8SIA5 1.01 6 0.05 0.91 0.93 6 0.06 0.34 0.82 6 0.14 0.91 NS

HSD3B 0.71 6 0.06 0.06 0.60 6 0.07 0.05 0.44 6 0.05 0.02 *

B. Duroc

STAR 11.58 6 0.65 0.02 16.06 6 1.59 0.02 30.39 6 1.98 0.01 †

CYP17A1 11.39 6 3.61 0.09 16.40 6 5.31 0.08 16.87 6 6.50 0.09 NS

CYP51 3.35 6 0.62 0.10 4.12 6 0.81 0.09 6.06 6 1.18 0.07 *

CYP19A1 4.86 6 3.90 0.51 4.47 6 3.15 0.42 8.63 6 6.90 0.37 NS

CYB5 3.53 6 0.89 0.13 3.12 6 0.87 0.16 2.02 6 0.40 0.18 NS

CYP11A1 2.20 6 0.04 0.01 2.29 6 0.35 0.12 2.90 6 0.00 0.00 NS

INSL3 3.33 6 1.05 0.18 2.46 6 0.86 0.26 1.47 6 0.86 0.84 NS

HSD17B4 3.36 6 1.19 0.12 3.52 6 0.70 0.10 4.52 6 2.08 0.22 NS

CYP21 1.16 6 0.11 0.37 1.56 6 0.20 0.19 2.56 6 0.76 0.21 *

FTL 1.46 6 0.43 0.47 1.49 6 0.43 0.46 1.55 6 0.43 0.39 NS

NR5A1 1.55 6 0.08 0.08 1.72 6 0.54 0.37 1.83 6 0.21 0.12 NS

AKR1C4 1.49 6 0.38 0.40 1.49 6 0.10 0.10 1.56 6 0.46 0.41 NS

MGST1 1.56 6 0.02 0.02 1.45 6 0.03 0.04 1.70 6 0.05 0.04 NS

ST5AR2 0.98 6 0.02 0.57 2.05 6 0.56 0.25 1.26 6 0.40 0.68 NS

HSD17B1 0.90 6 0.08 0.43 1.02 6 0.23 0.97 0.87 6 0.08 0.35 NS

ST8SIA5 0.84 6 0.19 0.55 0.17 6 0.29 0.63 0.70 6 0.04 0.10 NS

HSD3B 0.48 6 0.01 0.01 0.43 6 0.02 0.03 0.49 6 0.01 0.01 NS

Data are presented as mean fold change 6 SEM (three repeats). Expression of the genes was normalized to the mean expression of HPRT, PPIA,

and ACTB. Each exposure was performed in triplicate and carried out from three independent Leydig cell isolations. P-values were calculated from

log2-transformed DDC(t)-values.

* Significant (P value # 0,05)

† Highly significant (P value # 0,001)
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The results demonstrated that LH exposure signifi-

cantly increased steroid hormone secretion in neonatal

porcine Leydig cells. Androstenone and testosterone

concentrations increased 15- and 50-fold, respectively,

whereas lower increments were observed for estradiol,

progesterone, and cortisol.

The action of LH on steroidogenesis in Leydig cells

is caused by binding and activation of the LH receptor

Fig. 2. The effect of LH exposure on gene expression in (A) Norwegian Landrace and (B and C) Duroc Leydig cells. The data are pooled values

from three doses of LH exposure presented as mean fold change 6 SEM (two replicates for Duroc and three for Norwegian Norwegian Landrace)

relative to control (A and B) or to LH exposed Norwegian Landrace cells (C; set to 1, dotted line). When compared with unexposed controls the

alteration in gene expression was significant in both breeds (P # 0.05) for all genes investigated except ST5AR2, HSD17B1, and ST8SIA. When

Duroc was compared with Norwegian Landrace cells, differences in expression were significant for STAR, CYP17A1, HSD17B4, CYP21,

HSD17B1 and ST8SIA (P , 0.05).
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[40]. Previously, Leydig cells from different species,

particularly in pigs, cultured in vitro, have demon-

strated a high capacity for steroid synthesis [37,38].

These findings also concur with in vivo studies report-

ing increased plasma steroid concentrations following

administration of hCG [39,41–44].

There were apparent differences in the way Leydig

cells from Duroc and Norwegian Landrace responded

to LH stimulation. Although absolute mean steroid con-

centrations were higher in Duroc cells at levels of

maximal LH stimulation (i.e., the three highest LH

concentrations; Fig. 1), the relative increase in hormone

concentrations was significantly lower in Duroc cells

for several measured steroids (estradiol, progesterone,

and cortisol) when basal steroid concentrations were

accounted for. The present data also suggested qualita-

tive differences between Duroc and Norwegian Lan-

drace in the steroid response to LH stimulation. This

was particularly evident for estradiol secretion which

increased at a much lower LH concentration in Duroc

than in Norwegian Landrace cells (Fig 1C). Also, there

was a breed difference in the relative amounts of ste-

roids produced in response to LH, as indicated by breed

differences in correlation coefficients between steroid

hormone concentrations.

The fact that neonatal Leydig cells used in the pres-

ent study had a high steroid production would indicate

that they could possibly be used as a model for steroid-

ogenesis in adult cells. However, further studies seem

indicated to validate such a model, because in boars,

neonatal and prepubertal Leydig cells do not survive

into adulthood [5,45,46]. It has been documented that

neonatal Leydig cells have higher amounts of LH re-

ceptors than pubertal and adult Leydig cells [1]. Also,

size and volume of Leydig cells vary at different ages,

affecting LH-hCG responsiveness and thereby also ste-

roid secretion [2,5]. Furthermore, it was reported that

steroid levels after hCG stimulation in prepubertal

boars (30 kg body weight) could not predict steroid

levels in the same individuals at puberty (85 kg body

weight) [47]. However, at puberty (e.g., 75 days of

age), when the same population of Leydig cells were

present as in adult boars, steroid levels in older boars

were successfully predicted [48].

There was a similar trend in the gene expression

pattern after LH stimulation in both breeds (Table 3;

Fig. 2A and B), although in general, the change in

expression of genes encoding enzymes in the steroido-

genesis was stronger in Duroc than in Norwegian Lan-

drace. This is in agreement with the higher concentra-

tions of steroid hormones measured in culture medium

from the LH-stimulated Duroc Leydig cells in the pres-

ent study (Fig. 1), but does not concur with the fact that

the relative increase in hormone production was lower

for several hormones in Duroc than in Norwegian Lan-

drace cells.

The final enzymatic steps in estradiol production are

catalyzed by either aromatase, encoded by CYP19A1,

or hydroxysteroid (17 beta) dehydrogenase 1, encoded

by HSD17B1, from testosterone or estrone, respec-

tively. mRNA levels of CYP19A1 were elevated, al-

though not significantly, in both breeds after LH stim-

ulation. Although not significant, there was a trend for

higher levels in Duroc. At the highest LH doses (0.5

and 2.5 ng/mL), the expression of CYP19A1 increased

from around 4.5-fold to 8.6, but no increase in estradiol

production was observed in this interval, which might

indicate that Duroc cells had reached maximum estra-

diol production.

In both breeds, the expression of STAR was most

altered by LH stimulation. After LH release the steroid-

ogenic acute regulatory protein (STAR) mediates an

acute transfer of cholesterol, which is the key substrate

for all steroidogenesis, to the inner mitochondrial mem-

brane, where the cholesterol side-chain cleavage en-

zyme (encoded by CYP11A1) resides. This enzyme

catalyzes the conversion of cholesterol to pregnenolone

and is regarded the first rate-limiting step of steroidogen-

esis. While the relative increase in mRNA levels of STAR

was higher in Duroc cells than in Norwegian Landrace

cells after LH stimulation, no significant differences in

CYP11A1 expression was seen between breeds.

After LH stimulation the transcription of the

CYP17A1 gene increased significantly in both bre-

eds. This gene codes for cytochrome P450 17A1

(CYP17A1), an enzyme with both hydroxylase and

lyase activity, which is involved in several steps in the

steroidogenesis. An increase in this enzyme’s activity

would lead to more substrates necessary for production

of cortisol, testosterone, and estradiol. In fact, it is with

these three hormones we see the biggest differences in

production level between breeds. Duroc cells produced

higher amounts of these three hormones after LH stim-

ulation and had a significantly higher expression of

CYP17A1 than Norwegian Landrace when combining

all concentrations of LH in the comparison.

The HSD3B enzyme converts pregnenolone to pro-

gesterone. The mRNA level of HSB3B was signifi-

cantly downregulated after LH stimulation in both

breeds. However, the sequence of only one isoform of

porcine HSDB3 (HSD3B1) is available at present.

Comparing with other species (human, mouse) our
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primers correspond to several isoforms. The levels of

progesterone did not decrease after LH stimulation.

One possible explanation could be that there are several

isoforms of HSD3B in porcine Leydig cells and the

observed regulation of mRNA does not reflect the cor-

rect isoform responsible for the conversion of preg-

nenolone. Another option may be that the half-life of

HSD3B is of such a length that the incubation time in

this study did not affect the enzyme population. This

should be investigated in future studies.

In conclusion, neonatal Duroc Leydig cells pro-

duced more hormones and altered gene expression to a

higher degree than neonatal Norwegian Landrace Ley-

dig cells after LH stimulation. The results suggested

that breed differences in steroid hormone secretion and

gene expression between Norwegian Landrace and Du-

roc Leydig cells are complex and cannot be explained

by a simple mechanism of action. The hormone pro-

duction plateau for testosterone, estradiol, andro-

stenone, and cortisol, reached at higher concentrations

of LH, is most likely related to mechanisms or events

occurring downstream in the steroidogenesis pathway.
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a b s t r a c t

Androstenone and testosterone levels in Duroc boars with an estimated breeding value for

androstenone (EBVandrostenone) were followed in the period from birth to sexual maturity.

The breeding value for androstenone had been estimated based on androstenone levels in

1202 Duroc boars at an age of 24 weeks. Testosterone and androstenone levels in plasma

were recorded in 19 boars at 1 week of age and in their 15 respective litter-siblings at

3 weeks of age. Between 12 and 27 weeks of age, plasma levels were recorded weekly in

a third set of 16 litter-siblings. In the last group, histomorphology was performed at 12, 16,

20, and 27 weeks of age to determine sexual maturity status. The EBVandrostenone was

positively related to plasma androstenone in animals 12 to 27 weeks of age and to plasma

testosterone levels in 1- and 3-week-old animals. The EBVandrostenone was not related to

testis morphology. The concentration of fat androstenone was positively correlated to the

percentage of immature seminiferous tubules and negatively correlated to the percentage

of mature seminiferous tubules at 20 weeks. Testosterone in plasma showed no rela-

tionship with testis morphology. Most individuals reached puberty at 20 weeks of age,

which indicates that Duroc mature later than crossbred boars. The results indicated that

breeding value based on the single trait boar taint parameter EBVandrostenone was not

related to testicular development.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

Approximately 100 million pigs are castrated [1,2] in

Europe every year (European Food Safety Authority, 2004)

[3]. In Norway, a ban on castration was introduced in 2009.

However, the implementation was postponed. Castration

can nowonly be performed by veterinarians and anesthesia

is mandatory. Castration is carried out to avoid the

unpleasant odor (and flavor) known as boar taint, which

develops when meat from some intact boars is heated. The

pheromone androstenone (5a-androst-16-en-3-one) and

the tryptophan metabolite skatole are the main factors

responsible for this characteristic off-flavor. Androstenone

is produced and secreted by the Leydig cells, together with

other steroids. It is lipophilic and accumulates in adipose

tissue [4,5].

There is significant testicular steroidogenic activity in

newborn male pigs [6,7], and testicular steroid levels reach

a peak at 2 to 4weeks of age. From 2 to 5months, low levels

have been reported followed by marked increases in older

animals [8,9]. Wide individual variation in levels of both

androstenone and testosterone has been reported in

pubertal boars [10,11]. There have been few studies of

androstenone levels in newborn and prepubertal boars and

on the correlations between levels in young and older
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animals. Early prediction of androstenone levels in mature

animals could be useful in efforts to reduce the boar taint

problem. Elimination of young individuals with high

androstenone levels would be beneficial, especially for

breeding animals.

The development of Leydig cells reaches a maximum at

a fewweeks postpartum. This is followed by regression and

then by renewed development in the pubertal animal

[8,12]. Histomorphometrical studies of testes from boars

with varying fat androstenone levels showed that peri-

pubertal fat androstenone concentration was positively

associated with the number and size of Leydig cells [13].

The fraction of Leydig cells relative to other testis tissue has

been found to reach a maximum proportion of four to one

at 12 to 17 days of age [14]. Opposite distribution of Leydig

cells of one to four is present in testis tissue of mature

animals where seminiferous tubules are the predominant

structures [8].

The heritability of androstenone levels in fat is high

[15,16], and knowledge of the genetic component of boar

taint has greatly increased in recent years [17–19]. Breeding

against androstenone therefore appears to be an inter-

esting approach to reducing the boar taint problem.

However, there are indications that breeding against

androstenone might affect reproductive traits negatively

[20,21].

Purebred Duroc boars have gained use in commercial

crossbreeds because of their desirable meat quality traits.

However, the use of Duroc boars also results in undesirably

high levels of androstenone. The proportion of Duroc boars

with undesirably high concentrations of androstenone is

considerably higher than for other purebreds at slaughter

age [5,22]. Profound steroidogenic differences between

Duroc and Landrace boars are also evident in neonatal

Leydig cells [23], underscoring the need for more knowl-

edge on the effect of breeding on testis development in

Duroc boars.

Androstenone measurements in fat from 1202 Duroc

boars from the breeding nucleus in Norway made it

possible to determine the estimated breeding values for

androstenone (EBVandrostenone) [16]. The aim of this study

was to investigate the relationship between the EBVan-

drostenone and phenotypic traits, such as steroid profiles and

testicular morphology during development. The study was

conducted in Duroc boars because they have high andros-

tenone levels and thus also a very significant boar taint

problem [5,22]. The possibility of a relationship between

levels of androstenone and sexual maturation was also

investigated. In addition, neonatal piglets were studied to

find out whether hormone levels at this early age could be

used to predict testosterone and/or androstenone levels at

mature age. Ages well known for high steroidogenic and

proliferative activity in testis [24] were chosen to gain

further knowledge on possible relationships to

EBVandrostenone.

2. Materials and methods

The experiment was conducted in agreement with the

provisions enforced by the National Animal Research

Authority.

2.1. Animals and EBVandrostenone

The study used 51 Duroc male piglets originating from

16 litters born on a Norsvin breeding nucleus farm. The

litters were selected on the basis of EBVandrostenone [16]. The

breeding values for sires, dams, and their offspring were

calculated based on androstenone levels measured in

subcutaneous neck fat from a total of 1202 Duroc boars

with extensive pedigree information. The fat samples were

collected immediately after slaughter, at an average age of

170 days (24 weeks). The model used for estimation of

EBVandrostenone calculated variance components [16,25].

Three male siblings were selected randomly from each

of the 16 litters at three different ages: (1) Week 1, in the

first week of life, before 3 days of age and preferably on the

day of birth; (2) Week 3, at 3 weeks of age; and (3) Week 5,

at weaning at approximately 5 weeks of age. Siblings

selected in Week 1 and Week 3 were euthanized after

collection of tissues and blood. The group selected in Week

5 was transported to facilities at the Norwegian School of

Veterinary Science at 8 weeks of age. From 12 to 27 weeks

of age, this group of 16 boars was used in a longitudinal

study of sexual development. They were kept in five 11-m2

pens with concrete floors covered in sawdust and fed

commercially.

2.2. Sampling of neonatal boars (Week 1 and Week 3)

Blood and mesenterial fat were sampled from 19

neonatal boars inWeek 1 and in 15 of their litter-siblings at

3 weeks of age. Blood was collected from the cranial vena

cava accessed in Vacutainers (Leuven, Belgium) containing

heparin. Samples were centrifuged at 3000 rpm for

10minutes. After separation of blood plasma, samples were

stored at "20 #C until analyzed. After blood sampling,

animals were premedicated by administering 80 mg/kg

medetomidine (Domitor, Orion Corporation, Turku,

Finland) intramuscularly.

Anesthesia was induced and maintained using sevo-

flurane (SevoFlo, Abbott Scandinavia AB, Sweden) vapor-

ized in oxygen and air administered through a mask.

During anesthesia, testes were surgically removed fol-

lowing standard procedures. After castration while still

under anesthesia, the boars were euthanized by intrave-

nous injection of saturated potassium chloride, after which

mesenterial fat was collected and stored on ice (<3 hours)

and subsequently transferred to storage at "20 #C.

2.3. Sampling during the longitudinal study

In the period from 12 to 27 weeks of age, blood samples

were collected and body weights recorded once a week,

before 11:00 AM. At four time points (12, 16, 20, and

27 weeks of age), the boars went through a surgical

procedure to collect testis and fat tissues. Premedication

and anesthesia were in principle as described for neonatal

boars, endotracheal intubation was performed and anes-

thesia maintained by sevoflurane vaporized in oxygen and

air. A venous and an arterial catheter were placed and

a 10-mL/kg/h infusion of a balanced polyionic electrolyte

solution (Ringers acetate, Fresenius Kabi, Oslo, Norway)
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was administered. The boars were connected to a multipa-

rameter anesthetic monitor (S-5; Datex-Ohmeda, Helsinki,

Finland) for monitoring of end-tidal carbon dioxide and

sevoflurane, arterial oxygen saturation, electrocardiography,

invasive arterial blood pressure, and body temperature.

2.4. Assessment of testicular diameter

Testis diameter was measured during anesthesia. The

animal was positioned in dorsal recumbency with fixed

back limbs. A carpenters caliper was used to read the width

at the widest horizontal axis. The maximum length of each

testis was also measured.

2.5. Testis and adipose tissue

A sample of approximately 0.3 to 2.0 cm subcutaneous

adipose tissue was surgically removed from the neck area

and the incision closed with 0:2 Ethicon (Johnson &

Johnson, Lifescan Norway) and wound enclosure silicon

spray (Carex Health Brands, Sioux Falls, SD, USA). Tissue

samples were processed as described for the neonatal

piglets.

Fifteen animals were included for histological evalua-

tion of testis development and spermatogenic activity.

Testis tissue biopsies were collected from each animal at 12,

16, 20, and 27 weeks of age. The scrotum was surgically

prepared. After a 0.5-cm incision through the scrotum and

tunica vaginalis, biopsies were collected with a 14-gauge

9-cm needle (Quick-Core; Cook, Bjaeverskov, Denmark)

inserted 2.5 cm into the testicular parenchyma in various

angles to the longitudinal axis of the testis.

After the surgery was complete, still during anesthesia,

45,000 IU procaine penicillin (Penovet; Boehringer Ingel-

heim, Copenhagen, Denmark) and 3 mg/kg ketoprofen

(Romefen; Merial SAS, Lyon, France) was given intramus-

cularly. At the end of the session, 40 mg/kg atipamezolhy-

drochloride (Antisedan; Orion Corporation, Turku, Finland)

was administered intravenously and 40 mg/kg intramus-

cularly to reverse the pharmacological effects of medeto-

midine and shorten the postoperative convalescence. At

the end of the last session of the longitudinal experiment

(27 weeks), the boars were euthanized as described for the

neonatal boars.

2.6. Steroid analyses

Testosterone concentrations in plasmawere determined

using a solid-phase radioimmunoassay kit, Coat-a-Count,

Total Testosterone (Siemens Medical Solutions Diagnostic

Europe Ltd., Eschborn, Germany), according to the manu-

facturer’s instructions. The standard curve ranged from 0 to

6 ng/mL. Assay sensitivity was 0.1 ng/mL, corresponding to

95% binding of the labeled hormone. Interassay coefficients

of variation were 3.5% (6.3 ng/mL) and 7.5% (11.9 ng/mL).

Androstenone concentrations in plasmawere measured

by a time-resolved fluoroimmunoassay for serum samples

as described by Tuomola et al. [26], modified by replacing

the standard curve with standards diluted in zero andros-

tenone plasma and by using antiserum produced and

characterized by Andresen [27]. The standard curve ranged

from 0 to 100 ng/mL. Assay sensitivity was 2 ng/mL, cor-

responding to 95% binding of the labeled hormone. Inter-

assay coefficients of variation were 10.8% (3.8 ng/mL) and

3.5% (28.6 ng/mL).

Fat androstenone was measured by time-resolved

fluoroimmunoassay as described by Tuomola et al. [26],

modified by using antiserum produced and characterized

by Andresen [27]. The standard curve ranged from 0.1 mg/g

to 10 mg/g androstenone fat. Assay sensitivity was 0.04 mg/g,

corresponding to 95% binding of the labeled hormone.

Interassay coefficients of variation for samples containing

0.27, 0.63, and 3.36 mg/g androstenone fat were 10.4%, 6.7%,

and 7.6%, respectively. Specificity of assay was assessed by

measuring cross-reactivity of related hormones. Accuracy

was evaluated by linearity spiking of serial dilutions of fat

samples with known concentrations.

2.7. Histological evaluation of testes

Testis tissue sections of 6 mm were fixed with Bouin’s

solution, prepared and stainedwith hematoxylin and eosin.

Samples were scored as described by Oskam et al. [28] with

some modifications (Table 1). Each tissue section was

scored with respect to the general structure of the testis

and the presence of lumina and of round and elongating

spermatids. The specific types of germ cells were identified

according to their morphological characteristics. If possible,

150 randomly selected seminiferous tubules per section

were studied by light microscopy (magnification, 250-fold)

and scored according to the criteria summarized in Table 1.

Eighteen sections contained fewer than 150 tubules, and in

these cases all the tubules were scored. Briefly, tissue

sections with disorganized epithelium and little or no

evidence of lumen formationwere scored as category I, and

sections in which more than 50% of the tubules contained

two generations of spermatogonia and primarily round

spermatids as category II. Sections in which more than 50%

of the tubules showed a full spermatogenetic cycle were

scored as category III. The frequencies of the three cate-

gories in each section were used to classify the animal’s

state of sexual maturity.

If more than 90% of the seminiferous tubules in a section

were scored as category I and/or less than 10% of themwere

scored as category III, the animal was characterized as

immature. If more than 20% of the seminiferous tubules

were scored as category II and/or less than 70% as category

III, the animal was considered to be transitional. Mature

animals were those with more than 80% of tubules in

category III.

2.8. Statistical analyses

Statistical analyses were performed using JMP 9.0 soft-

ware (SAS Institute, Inc., Cary, NC, USA). Because individual

animals were sampled repeatedly between 12 and 27

weeks of age and not independent, the areas under the

androstenone and testosterone curves, androstenone (AUC)

and testosterone (AUC), respectively, were estimated

according to the trapezium rule (http://en.wikipedia.org/

wiki/Trapezoidal_rule). Samples collected in the neonatal

period (Week 1 and Week 3) consisted of, respectively, 13
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and 12 single individual samples, and samples collected

from Week 12 to Week 27 were repeated samples from

a group of 16 individuals.

Generalized linear models were established for the

outcome variables: plasma testosterone and androstenone

at 1 and 3 weeks of age, androstenone(AUC), and testos-

terone(AUC). The following explanatory variables and

interactions were investigated: plasma androstenone

and testosterone, week of age, androstenone(AUC), tes-

tosterone(AUC), body weight, testicular diameter, and

EBVandrostenone. When testosterone was the outcome vari-

able, androstenone was used as an explanatory variable

and vice versa. Variables with a P value <0.10 were main-

tained in the final models. The EBVandrostenone estimates

were used as explanatory variables for the variation in

androstenone(AUC) and testosterone(AUC) (Week 12–27)

and for neonatal plasma androstenone and testosterone

(Week 1 and 3).

The variables androstenone(AUC), testosterone(AUC),

and fat androstenone (12–27 weeks of age) were log-

transformed before analysis to obtain a satisfactory fit to

the normal distribution (Shapiro–Wilk test).

Boars were categorized as high or low phenotype

according to their fat androstenone concentration at

27 weeks of age. A discriminatory concentration greater

than 3.5 mg/g and less than 3.0 mg/g was used.

Correlation analysis (Spearman’s correlation coefficient, rs)

was used to investigate the relationship between studied

end points. P values $0.05 were regarded as statistically

significant.

3. Results

Therewas a significant difference inmean (SEM) plasma

androstenone from 13.3 (2.0) ng/mL in piglets sampled at

birth to 25.6 (2.8) ng/mL and in their siblings sampled at

3 weeks (P < 0.002). Similarly, mean fat androstenone

concentration increased from 0.06 (0.02) to 2.8 (0.4) mg/g

(P < 0.001). Mean plasma testosterone decreased in the

same period from 2.6 (0.2) to 1.5 (0.2) ng/mL (P < 0.001;

Fig. 1).

From 12 to 27 weeks, mean (SEM) live weight increased

from 36.6 kg (1.3) to 126.2 kg (5.4). In this period there was

a linear relationship between body weight and week of age

(body weight [kg] ¼ 6.8 [week of age] " 51.2; R2 ¼ 0.94;

P < 0.001). Mean (SEM) testicular diameter increased from

33.8 mm (0.9) to 70.7 mm (4.2) in this period. Testicular

diameter also increased linearly with age (testicular

diameter [mm] ¼ 2.8 [week of age] þ 1.1; R2 ¼ 0.87;

P < 0.001).

In the period between 12 and 27 weeks of age, the mean

of androstenone and testosterone concentrations in plasma

increased with age. There was considerable individual

variation in measured concentrations of both steroids

(Fig. 2). Individuals ranging at high levels of androstenone

contributed more to the mean level than the average

shown by the median steroid concentrations lower than

the mean values for the whole study period. Whenweek of

age was taken into account, live body weight and testicular

diameter had no significant effect on measured steroid

Fig. 1. (A) Mean (& SEM) plasma androstenone and testosterone levels in 19

newborn Duroc boars (Week 1) and in 15 of their litter-siblings at 3 weeks of

age (Week 3). (B) The mean (& SEM) mesenterial fat androstenone in eight

newborn Duroc boars (Week 1) and in 15 of their litter-siblings at 3 weeks of

age (Week 3).

Table 1

Criteria used to characterize testicular spermatogenesis and stages of sexual maturation by histological evaluation.

Category Criteria to quantify the level of spermatogenesis in seminiferous tubules in entire male pigs

I Disorganized germinal epithelium with a closed and/or hardly open visible lumen. The presence of spermatogonia and only a few

(<10%) primary spermatocytes.

II Organized germinal epithelium with a visible open lumen and the presence of spermatogonia, two generations of spermatocytes,

and one generation of spermatids; round spermatids.

III The presence of spermatogonia, two generations of spermatocytes, and two generations of spermatids; round spermatids and

elongating and/or elongated spermatids.

Sexual stage Histological evaluation

Immature >90% of the seminiferous tubules scored as category I and/or < 10% scored as category III

Transitional period >20% of the seminiferous tubules scored as category II and/or < 70% scored as category III

Mature >80% of the seminiferous tubules scored as category III
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concentrations or on testosterone log(AUC) and androste-

none log(AUC).

In neonatal piglets, themodels explained 47% and 41% of

the variation in plasma testosterone and androstenone,

respectively (Table 2). The models predicted a significant

positive relationship between EBVandrostenone and plasma

testosterone, but not between EBVandrostenone and plasma

androstenone. Week of age contributed most to the varia-

tion in neonatal plasma androstenone and testosterone, but

testosterone also made a significant positive contribution

to androstenone variation, and vice versa (Table 2).

Within weeks, except in Weeks 1 and 19, there was

a significant positive correlation between plasma andros-

tenone and testosterone. The correlation coefficients

ranged between 0.45 and 0.95, and were the highest

between 21 and 25 weeks of age. The mean (SEM) fat

concentrations of androstenone in Week 12, 16, 20, and 27

are shown in Figure 3. There was significant positive

correlation between plasma androstenone and fat andros-

tenone, with correlation coefficients in the same range as

for plasma androstenone and testosterone.

For samples collected between 11 and 27 weeks of age,

the outcome variable androstenone log(AUC) was signifi-

cantly positively influenced by testosterone log(AUC) and

EBVandrostenone (Table 2). A similar model with testosterone

log(AUC) as the dependent variable, but with androstenone

log(AUC) and EBVandrostenone as explanatory variables,

explained less variation (48% vs. 87%, respectively) and

there was no significant contribution from EBVandrostenone

(Table 2).

When the 27-week-old boars were separated into

high and low phenotypes (>3.5 mg/g ¼ high fat androste-

none;<3.0 mg/g¼ low fat androstenone), differences in the

weekly recorded mean plasma androstenone and testos-

terone could be traced back in time to Weeks 12 (andros-

tenone) and 18 (testosterone), respectively (Fig. 4).

3.1. Changes in germinal epithelium between the four time

points investigated (12, 16, 20, and 27 weeks)

Most individuals became sexually mature between

12 and 27 weeks of age (Fig. 5). At 12 weeks of age, all

individuals were immature, and 4 weeks later three of

14 animals had reached the transitional stage and the rest

were still immature. At 20weeks of age,11 individuals were

categorized as transitional, only two were still immature,

and one was sexually mature. At 27 weeks of age,

12 animals were mature, one was transitional, and one was

intermediate between transitional and mature. There was

a marked decrease in the percentage of category I semi-

niferous tubules and an increase in the percentage of

category III tubules with increasing age. The percentage of

category II tubuli peaked at 20 weeks. Figure 5 shows

typical histological views of the three different maturation

stages: immature, transitional, and mature.

There was a significant negative relationship between

fat androstenone and sexual maturation at 20 weeks of age.

This was indicated by a significant positive correlation

between fat androstenone and the percentage of category I

tubules (rs ¼ 0.67; P ¼ 0.01) and a negative correlation

between fat androstenone and the percentage of category

III tubules (rs¼ 0.61; P ¼ 0.02). The EBVandrostenone and

plasma testosterone were not significantly correlated with

testicular morphology.

4. Discussion

The EBVandrostenone [16] was related to plasma testos-

terone levels in the neonatal Duroc siblings, but not to

plasma androstenone levels. The relationship between the

EBVandrostenone and testosterone was strong in the newborn

piglets and in their 3-week-old siblings. This relationship

indicates that breeding to reduce androstenone levels on

the basis of the EBVandrostenone could influence neonatal

testosterone levels in Duroc boars. Another possible

outcome could be that testosterone-mediated functions

would be affected.

Higher testosterone levels in boars sampled at Week 1

than in their siblings in Week 3 has not been found in

previous studies, but different study designs must be taken

into consideration [6,29,30]. In the present study siblings

were sampled, and in previous studies, the same individ-

uals had been sampled repeatedly.

The neonatal increase in plasma androstenone was

associated with a substantial increase in fat androstenone

levels. The physiological effect of this increase is intriguing

and could be involved in pheromonic actions and social

Fig. 2. Individual plasma concentrations of androstenone (A) and testos-

terone (B) in 16 Duroc boars. Bold solid line shows the mean concentrations.
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interplay between siblings and or parents. Further research

must clarify possible behavioral responses of androstenone

in the young piglet.

There was little evidence of a direct link between

neonatal and pubertal androstenone levels in the present

data. This finding agrees with the results of other studies, in

which early neonatal and prepubertal testicular steroid

secretion were compared after treatment with chorionic

gonadotrophin [31,32]. The large variation between indi-

viduals and variability over time for levels of androstenone

[10,33] and testosterone [6,30] was in accordance with

previous studies.

However, when the 27-week-old boars were separated

into high and low phenotypes, differences in mean plasma

androstenone could be traced back in time toWeek 12. This

might indicate that the EBVandrostenonemirrors high and low

prepubertal phenotypes and the EBVandrostenone does

influence the phenotype more than environmental factors.

The high levels of testosterone in plasma in Week 1

were not associated with plasma androstenone. The

opposite was found in pubertal boars, with testosterone as

a strong predictor for androstenone secretion (AUC esti-

mates). The effects of gonadotrophins might contribute to

these differences. Differences between the testicular

sensitivity of neonatal and adult boars to luteinizing

hormone (LH) have been found [9]. Additionally, França

et al. (2000) recorded higher levels of follicle stimulating

hormone (FSH) in plasma in the first week of age than at

puberty [8]. A stronger relationship between prepubertal

androstenone and testosterone levels in plasma was indi-

cated in the older animals. The weaker relationship

between plasma levels of androstenone and testosterone

before sexual maturation might be explained by the great

variation in plasma testosterone concentrations before

puberty [11].

As expected, a strong relationship between plasma

androstenone and the EBVandrostenone was found at ap-

proximately the age of puberty, because the EBVandrostenone

is based on measurements at slaughter (100 kg dressed

weight), at approximately 24 weeks of age. However, most

of the samples from the 16 boars in the present study

were collected repeatedly, beforeWeek 24, at Weeks 12, 16,

and 20. The indication is that there might be a potential

for prepubertal prediction of adult androstenone

concentrations.

4.1. Development of testis morphology

In this study, most individuals were classified as transi-

tional at 20 weeks of age, indicating that they had reached

theonsetofpuberty, andmostwere fullymatureby27weeks

of age. Clear breed differences in testicular maturation and

onset of puberty have been reported. These are explained

by a combination of factors, including genetic variation. In

crossbred pigs, Landrace-Duroc ' Landrace-Yorkshire of

Table 2

Parameter estimates with standard errors (SE) and ANOVA tables with sums of squares (SS), degrees of freedom (df), for regression models explaining

variation in the dependent variables plasma testosterone and androstenone (upper panel) and in the area under the curve (AUC) for androstenone and

testosterone (lower panel).

Response Term df Estimate SE SS R2-model P

Weeks of age: 1 and 3

Plasma testosterone, ng/mL Intercept 1.51 0.33 0.47 <0.0001a

Plasma androstenone, ng/mL 1 0.04 0.01 4.14 0.0196a

Week of age 1 0.77 0.17 14.21 <0.0001a

EBVandrostenone 1 0.90 0.41 3.31 0.0351a

Residual 30 20.41

Plasma androstenone, ng/mL Intercept 9.54 4.53 0.41 0.0436a

Plasma testosterone, ng/mL 4.61 1.87 521 0.0196a

Week of age "8.65 1.90 1779 <0.0001a

EBVandrostenone "2.48 4.90 22 0.617

Residual 30 d d 2567

Weeks of age: 12 to 27

Androstenone, log(AUC) Intercept 2.66 0.66 d 0.87 0.0014a

Testosterone, log(AUC) 1 0.85 0.12 3.71 <0.0001a

EBVandrostenone 1 0.56 0.22 0.49 0.0245a

Residual 13 d d 0.97

Testosterone, log(AUC) Intercept 4.44 0.39 d 0.48 <0.0001a

Androstenone, log(AUC) 1 0.55 0.20 5.10 0.0184a

EBVandrostenone 1 0.12 0.44 0.02 0.7937

Residual 13 d d 1.22

a Independent variables were estimated breeding value (EBVandrostenone), week of age, plasma androstenone or testosterone in newborn piglet blood,

sampled either at birth (Week 1) or at 3 weeks of age (upper panel), or EBVandrostenone and log transformed (log(AUC)) for plasma androstenone or plasma

testosterone in piglet blood sampled once weekly between 12 and 27 weeks of age (lower panel).

Fig. 3. Mean (& SEM) fat androstenone concentration in 16 pubertal Duroc

boars.
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125 to 146 days of age, the percentages of animals charac-

terized as immature, transitional, and fullymaturewere 18%,

42%, and 40% respectively [28], which indicates earlier

maturation of the testes than in the present studies. Very

early testicular development has been reported in Chinese

Meishan boars, with the first spermatozoa present in the

tubules as early as 75 days of age and morphologically

normal spermatozoa at approximately 120 days [34]. França

et al. (2000) followed Sertoli cell, germ cell, and Leydig cell

proliferation from birth to adulthood in Piau pigs and

correlated this with plasma levels of testosterone. They

showedadramatic increase in germcells per cross-sectionof

seminiferous tubules from 120 to 150 days of age, simulta-

neously with a substantial increase in testosterone level,

indicating the onset of puberty [8]. In crossbred Landrace '

Duroc boars, Allrich et al. (1983) reported a marked increase

in volume and diameter of seminiferous tubules, indicating

the onset of puberty, at between 100 and 130 days [35].

No correlation between testis morphology and the

EBVandrostenone was found in the present study. This might

indicate that breeding for lower levels of androstenone

in Duroc boars does not influence sexual maturation.

Nevertheless, the negative relationship between fat

androstenone andmorphology at 20 weeks of age indicates

a link between androstenone and development of the

seminiferous tubules. In other studies, no relationship has

been reported between fat androstenone and morphology

during sexual maturation [13,34]. Several authors have

pointed out that breeding for low androstenone could

result in problems because of a delayed onset of puberty in

female offspring [20,21].

There was no correlation between measures of testis

morphology and testosterone in plasma. Testosterone

levels increased mainly fromWeek 13 to 18 and were more

stable in Week 19 to 27 which is in accordance with

previous reports [6,30]. The same time period for increased

Fig. 4. Mean (& SEM) plasma androstenone (A) and plasma testosterone (B)

from high phenotype (fat androstenone >3.5 mg/g; squares) and low

phenotype (fat androstenone <3.0 mg/g; triangles) at 27 weeks of age.

Fig. 5. Photomicrographs of cross-sections of seminiferous tubules at

different maturation stages (A) immature, (B) transitional, and (C) mature.
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levels of testosterone and onset of maturation might indi-

cate an association, even though this was not supported by

the present data.

4.2. Conclusions

The results suggest a strong genetic influence on

androstenone concentrations in Duroc boars and indicate

that environmental factors have less effect on the andros-

tenone phenotype. The drive from the EBVandrostenone as an

internal and not an environmental factor was further sup-

ported by the presented curves of high and low phenotypes

categorized by the EBVandrostenone. These data indicate that

breeding to reduce androstenone levels on the basis of the

pubertal EBVandrostenone might alter testosterone levels in

newborn boars. This could in turn influence testosterone-

mediated functions such as development and differentia-

tion of reproductive tissue and secondary sexual phenotype.

Despite the strong relationship between the EBVandrostenone

and androstenone phenotype, there was no significant

relationship with testicular morphology.
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