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TESTICULAR STEROIDS AND BOAR TAINT

W.D. BOOTH
A.R.C. Institute of Animal Physiology, Animal Research Station,
Huntingdon Road, Cambridge, UK

The testis of the mature boar is a large organ weighing as much as 500 g,
and occupying a conspicuous position in the scrotum. This fact may well
have impressed those concerned with domestication of the pig, to the
extent that they became aware of the testis being the source of determi-
nants responsible for the development of male characteristics. Some of
these characteristics were undesirable in so far as boars could develop a
high libido, presenting husbandry problems, and the carcasses of older
animals were often unpalatable in texture with a strong flavour and odour.
Similar problems with the intact males of other meat producing animals,
eventually led to the routine practice of castrating animals not required for
breeding.

However, contrary to established opinion, the entire male pig at least to
bacon weight, does not generally present the problems which castration
was intended to eliminate. In fact there are considerable advantages to be
gained both economically and gastronomically by producing meat from the
young entire boar. During development, intact boars utilize their food
efficiently, resulting in a more rapid growth rate and production of a leaner
carcass than that of castrated boars or gilts. Although it is evident that
testicular steroids are the active agents, there are few reports (Booth,
1980a) indicating which of the many steroids produced by the boar testis
are involved in stimulating the development of male characteristics. The
boar testis, like that of the stallion, is a prolific producer of oestrogen as
well as androgens, and it is possible that oestrogens may act synergistically
with androgens to produce both anabolic and androgenic effects.

A considerable body of evidence has accrued on the significance of one
major group of steroids produced by the boar testis, namely the 16-
unsaturated C,o steroids (l6-androstenes) (Gower, 1972; Claus, 1979;
Booth, 1980b). Interest in these musk-smelling compounds was aroused
initially when it was suggested that they may be responsible for the
well-known taint or ‘off odour’ in the carcasses of mature boars as well as
being involved in chemical communication (Sink, 1967). Subsequently,
Patterson (1968a,b) reported that, indeed, 16-androstenes are the major
compounds responsible for boar taint. Furthermore these compounds
when presented in aerosol form to oestrous pigs, facilitate the induction of
the mating stance (Melrose, Reed and Patterson, 1971; Reed, Melrose and
Patterson, 1974), and thus provide one of the first demonstrations of a
mammalian pheromone which has been identified chemically.
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26 Testicular steroids and boar taint

It is the aim of this review to give a detailed account of testicular steroids
in the boar, with particular reference to the biosynthesis, metabolism and
physiological role of androgens, oestrogens and 16-androstenes. A primary
objective is to emphasize that the boar testis is not only a versatile and
prolific steroid-producing organ, but also the knowledge gained through
endocrine studies on this organ is important to the more practical aspects
of reproduction and meat production in the pig.

Androgens

TESTICULAR PRODUCTION

Parkes (1966) noted that the testes of certain Chaeromorpha including the
pig contain abundant interstitial tissue, and suggested that this could be
related to a capacity of the boar testis to produce large quantities of
steroid. Evidence for this suggestion already existed since Prelog and
Ruzicka (1944) had isolated large amounts of the musk-smelling 16-
androstenes, 3a-androstenol (5«-androst-16-en-3«-ol) and 3B-androstenol
(5c-androst-16-en-3B-ol) from pig testes. However, Lindner (1960) was the
first to undertake a detailed study of testicular androgens in large farm
animals including the pig. Lindner (1961) determined testosterone and
androstenedione in the testis and spermatic vein blood of boars, and found
a close correlation between the content of steroid in the testis and blood;
the greatest amounts of steroid were found in mature boars. Large
amounts of 17-ketosteroid existing primarily as the sulphate conjugate of
dehydroepiandrosterone (DHA) (Gower, Harrison and Heap, 1970), were
found in boar urine (Huis in't Veld, Louwerens and Reilingh, 1964,
Lunaas and Velle, 1965; Raeside, 1965), and indicated that most of the
17-ketosteroids in boar urine originate in the testis. Later Liptrap and
Raeside (1970) measured DHA and oestrogen in boar urine to evaluate the
endocrine function of the cryptorchid testis. Although the excretion of
these steroids was comparable to that in normal boars, Liptrap and
Raeside (1971) subsequently showed that the cryptorchid testis was
refractory to human chorionic gonadotrophin (HCG) until returned to the
scrotum (Liptrap and Raeside, 1972).

The biosynthesis of testicular steroids in mammals has been reviewed by
Setchell (1978). In the testis, testosterone is synthesized from pregneno-
lone through two major pathways, the so called 4-ene and 5-ene pathways,
and in the boar evidence suggests that the 5-ene pathway is particularly
important (see Figure 2.1)}. Baulieu, Fabre-Jung and Huis in’t Veld
(1967) found larger quantities of DHA sulphate and testosterone than
unconjugated DHA and androstenedione in the testis and spermatic vein
blood of the boar, and recently Setchell et al. (personal communication)
confirmed these findings for spermatic vein blood, and in addition found
even higher concentrations of steroid, particularly DHA sulphate, in
testicular lymph. Raeside and Howells (1971) also isolated S5-
androstenediol (5-androstene-3f,173-diol) sulphate from spermatic vein
blood. Rugkonen and Vihko (1974) provided a detailed account of steroid
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Figure 2.1 Biosymr-lcsis of androgens from C,, steroids in boar testis.

sulphates in the boar testis and as DHA, 5-androstenediol and 3B-
androstanediol (Sa-androstane-38,17B-diol) were the main C, steroids
present as monosulphates, speculated that the 5-ene pathway for testoster-
one synthesis was probably important in the boar. Furthermore the
preponderance of steroid sulphates suggested that these might act as
intermediates or regulators of testosterone synthesis (Roberts e al., 1964;
Notation and Ungar, 1969; Payne and Jaffe, 1970). Booth (1975) also
found that DHA and 5-androstenediol {free and sulphated) were quantita-
tively more important than testosterone or androstenedione in boar
testicular extracts and particularly in those of mature animals (see Figure
2.2). A similar pattern for androgens was also found in the testicular tissue
.of intersex pigs (Booth and Polge, 1976). Previous speculation concerning

140
L

120
= 100+
8 .
2 6o} ' \
= & \\
? a0} . __,""

o A . \ ’,—’
n//.\\\ \ -
Ay

F Birth & 12 18 24 30 36 2 4 6 8 10
- Weeks —!- Years — -

Age

Figure 2.2 Age-related changes in the concentration of unconjugated androgens in boar
testis. Values between 84 days gestation (F) and two years are means, values for individual
boars older than two years are related by a broken line, @ testosterone; O androsienedione;
B DHA; A 5-androstenediol. From Booth (1975) -
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the role of sulphated androgen intermediates in testosterone synthesis was
substantiated when Ruokonen (1978) incubated minces of boar testis with
both unlabelled and radioactively labelled DHA sulphate; 5-
androstenediol sulphate was the main metabolite, but free 5-
androstenediol, testosterone and androstenedione were also formed. Re-
lated to this was the finding that 3-hydroxy,5-ene steroid sulphates were
formeq from pregnenolone sulphate with the sulphate moiety remaining
intact (Gasparini, Hochberg and Lieberman, 1976). A key enzyme in
steroid-producing tissues converting 5-ene to 4-ene steroids is 3B-
hydroxy,5-ene steroid dehydrogenase (4-ene/5-ene isomerase). Dufour
and Raeside (1968) demonstrated histochemically the presence of this
enzyme in mature boar testis with free DHA and S-androstenediol as
substrates. Testosterone S-androstenediol and oestradiol-17p were suitable
substrates for the histochemical demonstration of 17f-hydroxysteroid
dehydrogenase in boar testis, and these studies were extended to foetal
pigs (Moon and Raeside, 1972). More detailed studies have been carried
out on steroid intercoaversions in various preparations of boar testis.
Inano and Tamaoki (1975) studied the cofactor requirements for the
interconversion of androstenedione and testosterone by 17fB-
hydroxysteroid dehydrogenase, which is distributed evenly between
agranular and granular microsomes {Cooke and Gower, 1977), and
Shimizu (1978) found that pregnenolone was converted by the microsomal
fraction to 5-androstene-3f,17«-diol.

Testosterone is the predominant androgen in the testis of the foetal pig
(Segal and Raeside, 1975; Booth, 1975; see Figure 2.2), and significant
fluctuations in its occurrence are found during foetal life. Testosterone
production by the foetal testis is elaborated at the time of sexual dif-
ferentiation of the gonad (day 26 onwards) (Pelliniemi, 1976) as indicated
by the levels of steroid in the testis (Raeside and Sigman, 1975), in vitro
production by the testis (Stewart and Raeside, 1976), levels in the
umbilical artery and amniotic fluid (Ford, Christenson and Maurer, 1980)
and amounts in peripheral serum (Colenbrander, de Jong and Wensing,
1978). By the time sexual differentiation of the genital system has been
initiated (day 40) there is a fall in testosterone production until about 100
days of gestation, when levels in the testis (Segal and Raeside, 1975} and
plasma (Colenbrander, de Jong and Wensing, 1978) increase to term.
After parturition there is wide individual variation in the production of
testosterone and androstenedione (Hoffmann, Ciaus and Karg, 1970; Gray
et al. 1971, Elsaesser, Konig and Smidt, 1972), which has been confirmed
and extended to other steroids by Booth (1975). However despite this,
patterns of steroid production are apparent between birth and maturity.
Steroid determinations on the testis (Elsaesser, Konig and Smidt, 1972;
Booth, 1975) and peripheral blood (Elsaesser er al., 1976; Colenbrander,
de Jong and Wensing, 1978; Tan and Raeside, 1980) have shown that
relatively high levels of androgen are present during the postnatal period
(see Figure 2.2), decreasing during early puberty before increasing again
between late puberty and maturity. In the peripheral blood of the adult
boar, testosterone is usually >2ng/ml. However much higher levels of
DHA sulphate, 16-175ng/ml, (Booth, 1980a; Tan and Raeside, 1980;
Setchell er al., personal communication) and 5-androstenediol sulphate
(Booth, 1980a) are present.
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Ford and Schanbacher (1977) found elevated levels of plasma luteinizing
hormone (LLH) during the first three weeks of postnatal life, but in other
studies age-related changes in androgen production were not paralleled by
similar changes in LH secretion (Elsaesser et al., 1976; Lapwood and
Florcruz, 1978), although during puberty LH showed a highly pulsatile
mode of secretion. Reports of a diurnal variation in androgen secretion are
contradictory. The data of Claus and Gimenez (1977) and Claus and
Hoffmann (1980), indicate that the highest levels of testosterone in
spermatic vein and peripheral plasma occur during the afternoon and after
midnight. However, Sanford et af. (1976) and Lapwood and. Florcruz
(1978) did not find a diurnal variation in either testosterone or LH
secretion at any age; the latter workers stress that the contradictory
findings in relation to a diurnal variation in hormone secretion may be due
to differences in controlling for environmental factors such as light and
stress. This aspect has been studied to some extent by Liptrap and Raeside
(1975) and Pitzel ez al. (1980). These investigators have shown that in both
Yorkshire boars and miniature pigs respectively, the administration of
either corticosteroids or ACTH caused a rise in plasma testosterone (60-90
minutes post injection) which is followed by a decrease (6-12 hours post
injection}. No diurnal variation was found for testosterone following
ACTH, but marked diurnal changes were still found for corticosteroids
(Pitzel et al., 1980). It is postulated that the gradual decrease in LH after
ACTH treatment is due to the negative feedback of the initial increase in
testosterone; however the way corticosteroids influence testosterone secre-
tion is not known. Ellendorff er al. (1975) and Liptrap and Raeside (1978)
have shown that copulation results in an increase in plasma testosterone,
and the continued presence of an oestrous pig or exposure to an aggressive
boar leads to similar endocrine changes. Since Liptrap and Raeside (1978)
found plasma corticosteroids increased rapidly before testosterone levels
rose after exposure of their boars to other pigs, this adds further support
for a role of corticosteroids in mediating testosterone release in certain
behavioural situations.

Elsaesser er al. (1976) have measured Sa-dihydrotestosterone and prog-
esterone in the peripheral plasma of miniature boars; progesterone is
mainly testicular in origin since castration lowers the plasma concentration.
The plasma levels of 5o-dihydrotestosterone are a fifth to a tenth that of
testosterone, and although the Leydig cells could be a direct source of
Sa-dihydrotestosterone (Morat and Courty, 1979), extragonadal sources
are possible as is the case in the male rabbit (Booth and Jones, 1980).

Oestrogens

TESTICULAR PRODUCTION

LS
Among the earliest evidence for oestrogens in the boar was the determina-
tion of large amounts of these steroids in urine (see review by Velle, 1966)
with oestrone as the predominant oestrogen, followed by oestradiol and
oestriol (Busch and Ittrich, 1968; see also Table 2.1). The testis seems to be
the major source of oestrogens, since oestrone and oestradiol-17f have
been isolated from the testis (Velle, 1958a), castration results in a marked
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fall in urinary oestrogens, and gonadotrophin stimulation causes a signifi-
cant increase in urinary oestrogen excretion {Lunaas and Velle, 1963;
Raeside, 1965). Oestrogen excretion is similar to androgen excretion in so
far as it shows wide individual variation (Velle, 1958b), and considerable
daily variation (Raeside, 1965).

The pathways for the biosynthesis of oestrogen in the boar testis have
not been elucidated, but it is likely that androstenedione and testosterone
are obligatory intermediates (Engel, 1973). Furthermore since DHA and
its sulphate are precursors of oestrogen in those tissues capable of
converting 5-ene C,g steroids to 4-ene C,, steroids (Andersen and Lieber-
man, 1980), the boar testis would appear to be well equipped for oestrogen
synthesis.

Recently oestrogens have been measured in peripheral plasma, sperma-
tic vein blood, testicular lymph and rete testis fluid of boars (see Table
2.1). In keeping with earlier findings for oestrogen in urine, oesirone is the

Table 2.1 COMPOSITE DATA ON THE OCCURRENCE OF OESTROGENS IN
THE ADULT BOAR

Urine Peripheral Spermatic Testicular  Rete testis
{mg/24h) blood vein blood tymph fluid
(ng/ml) (ng/ml) (ng/ml)  (ng/mi)
Unconjugated oestrogens:
~0.20%®
Total 0.06-0.25¢ 0.08-2.37¢
0.06'= 0.30 0.05 0.08)
0.04-0.531
Oeslrone 0.07(¢
Qestradiol 0.03%

Conjugated oestrogens:
0.75-4.00¢? 0.78-7.58@

Total 10.1% 2620 284t 245l
8.41-198¢

Ocstrone 1.10-26.8 2016

Oestradiol 0.11-5.29%) 8.50(®

Data taken from the following sources:
®IRaeside (1965);

®velle (1976):

*)Claus and Holfmann (1980):

@ Booth (1980):

c}Setchell et af. (personal communication).

predominant oestrogen in plasma, particularly as the sulphate. It is
noteworthy that unconjugated oestrogen in boar plasma is higher than that
in the plasma of oestrous gilts (Henricks, Guthrie and Handlin, 1972). The
results of Booth (1980a) indicate'that some of the oestrogen in boar plasma
may originate from peripheral aromatization of androgens, since higher
levels of both unconjugated and sulphate conjugated oestrogen were found
in the plasma of castrated boars receiving itestosterone and 5-
androstenediol, than in controls receiving oil only. Claus and Hoffmann
(1980) found that plasma oestrogens increased from puberty to maturity,
and in response to HCG; conjugated oestrogen also showed a diurnal
variation similar to testosterone.
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Target organ responses to androgens and oestrogens

The testis is both a producer and target organ for steroids. Androgens
produced primarily in the Leydig cells play a vital role in supporting
spermatogenesis (Setchell, 1978). Richards and Neville (1973) found that
the seminiferous tubules of the rat converted DHA to 5-androstenediol
and this may occur in the boar, since the highest levels of 5-androstenediol
in relation to DHA are found in the boar testis after the onset of
spermatogenesis (see Figure 2.2). In the rat testis, cestrogen may be
directly involved in the regulation of androgen synthesis.in addition to an
indirect negative feedback effect on pituitary LH secretion (Ford and
Schanbacher, 1977; Kalla er al., 1980). Similarly, the high oestrogen levels
in boar testis, particularly in the lymph (see Table 2.7} may also have a
local effect in the gonad, modulating its potential to produce equally large
quantities of C, steroid.

In studies involving the administration of oestrogen to intact boars it is
not clear whether the effects on androgen production are direct, or through
the modulation of LH release. Echternkamp er al. (1969) found that 96 mg
of diethylstilboestrol implanted into young boars had no significant effect
on plasma androgen activity or on the weight of the testes and seminal
vesicles, but the weight of the prostate and boar odour were reduced.
Schilling and Lafrenz (1977} found injections of 5 and 10mg oestradiol
valerionate to boar piglets on days 8 and 25 of life, increased plasma
androgen levels and the development of interstitial tissue when the pigs
were 5 months old; however degenerative changes were present in the
spermatogenic epithelium, in keeping with known deleterious effects of
exogenous oestrogen on the testis (Kaur and Mangat, 1980). Some of these
findings are difficult to interpret, the more so since different oestrogens,
treatment regimes, age of @nimal and physiological indices were investi-
gated. This aspect is reinforced in studies on the castrated boar aimed at
elucidating the role of androgens and oestrogens on accessory organ
function and sexual behaviour. Joshi and Raeside (1973) castrated boars
around 12 months of age which had been trained to mount a dummy, and
then gave them a series of intramuscular injections for 6-week periods of
testosterone alone, or alternating with diethylstilboestrol, oestrone or
oestradiol-17p in combination with testosterone. Whereas testosterone
alone had only a slight effect on restoring the volume of ejaculates and
libido, oestrogen in combination with testosterone significantly enhanced
both the secretory activity of the accessory organs and libido; these
findings indicated a synergistic role for oestrogens with androgens. On the
other hand, Booth (1980a) did not find a synergistic effect of oestrone with
androgens on the development of accessory organs in castrated boars
(Tuable 2.2). Since the ratio between androgen and oestrogen, and the total
dose of steroid were similar to that used by Joshi and Raeside (1973), one
explanation for a certain lack of agreement between the two studies could
be the gross difference in the age of castration before steroid treatment.
Perhaps therefore the boar is somewhat refractory to oestrogen (Linde,
Einarsson and Gustafsson, 1975}, or alternatively the fact that most of the
circulating oestrogen is sulphated could mean that the steroid is in a
relatively inactive form. However preliminary results from a study in

-
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progress indicate that the prostate and seminal vesicles of the boar have the
capacity to convert *H-labelled oestrone sulphate in vitro to free oestrone
and oestradiol-17B. One of the aims of the investigation by Booth (1980a)
and a subsequent unpublished study using 1 mg/5 kg 5-androstenediol, was
achieved by the demonstration that this steroid has significant androgenic
activity in the boar, particularly with regard to stimulating the seminal
vesicles (Table 2.2). This finding is supported by recent findings in the
author’s laboratory showing that the prostate and seminal vesicles have the
capacity in vitro to convert *H-labelled 5-androstenediol to testosterone,
Swx-dihydrotestosterone and 5«-androstanediols.

Table 2.2 RESPONSE OF ACCESSORY ORGANS (AT 38 WEEKS OF AGE) IN
BOARS CASTRATED PREPUBERTALLY AND RECEIVING TWICE WEEKLY
INJECTIONS OF STEROIDS IN OIL BETWEEN 14 AND 38 WEEKS OF AGE

Steroid No. of Gland weights (g) Seminal vesicles
trealmenis  pigs Prostate Seminal Bulbo- Fructose Zinc
vesicle urethral (mg) (mg)

9.20+2.62* 38.0+5.59 70.9£109  62.5£24.3  5.55%1.32
5.40£0.57 32.8£3.43 49.044.86 34.1+12.7 6.13%£1.20
7.17£1.37  28.9£3.3] 56.9£5.63 46.7+31.2  2.69%0.57
4.20%1.50* 64.218.86t 40.7£7.10 104:£40.7 17.7+1.54%
0.56£0.03 0.94£0.11 5.2940.14  0.053+0.017 0.035%0.005
11.8%£1.27  211%5.51 122£2.60 69.4£23.0 60.5+11.3

TIoNO® >
B W W W

Steroid treatments: A, testosterone (2 mg/S kg) + oestrone (1 mp/$kg); B. S-androstenedio! (2mg/Skg) +
oestrone (1 mg/5kg): C, testosterone (2mg/5kg); D, S-androstenediol (2mg/Skg); E, untreated castrated
pigs; F, untreated intact boars.

Data expressed as the mean £5,E.M.

*Significantly different from each other, P<0.05.

fSignificantly dilferent from treatments A=C, P<0.05.

From Booth (1980a)

Since DHA and S-androstenediol sulphates are major steroids in boar
plasma, studies on the fate of these conjugates are particularly important
for a greater understanding of androgen action in the male pig. In this
regard Joshi (1971) found that DHA sulphate supplements the effect of
testosterone on accessory organs, and preliminary evidence (Booth, un-
published) has been obtained for the conversion of *H-labelled DHA and
5-androstenediol sulphates to the corresponding free steroids in in vitro
incubations with minces of the prostate and seminal vesicles. Since
androgens and oestrogens are present in testicular fluid (Setchell er al.,
personal communication) it remains to be demonstrated what effects these
might have on the epididymis.

There is a sexual dimorphism in the submaxillary salivary gland of the
pig (Booth, Hay and Dott, 1973), and indirect evidence indicates that
testicular steroids are involved. Booth (1977) demonstrated in vitro that
the submaxillary gland of the boar responds like a typical androgen target
organ by converting testosterone to Sa-dihydrotestosterone and Sa-
androstanediols. Furthermore, So-dihydrotestosterone is present in grea-
ter amounts than testosterone in the submaxillary glands of boars, but not
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in female pigs (Booth, 1972). Flood (1973) and Booth, Hay and Dott
(1973) showed histochemically that pig submaxillary glands contain steroid
metabolizing enzymes, but the latter workers using DHA as substrate, also
showed that the activity of 3f-hydroxy-5-ene steroid dehydrogenase was
greatest in the serous cells of boar glands. The finding that free DHA and
5-androstenediol are converted to testosterone and So-reduced steroids in
the submaxillary gland of the boar, suggests that these steroids may act as
prohormones adding to the total androgen output of the testis. The sexual
dimorphism in the submaxillaty gland of the pig seems to be related to the
accumulation of the musk-smelling 16-androstenes in the gland of the boar,
and their release into saliva as pheromones (Booth, 1980b).

Joshi and Raeside (1973) found that oestrogen enhanced the effect of
testosterone on libido in castrated boars. This finding agrees with the
concept that the effects of aromatizable androgens on sexual behaviour are
mediated by oestrogens (Callard, Petro and Ryan, 1978). On the other
hand oestrogen alone induces female sexuai behaviour in castrated pigs
(Ford and Schanbacher, 1977), thus indicating that Se-reduction of testos-
terone is also required for the expression of male behaviour in the pig as in
sheep (Parrott, 1978). It is noteworthy that 5-androstenediol did not
support copulatory behaviour in castrated boars as well as testosterone
(Booth, 1980a), a finding in keeping with studies in the rat (Morali ef al.,
1974) and one explanation for this is that only some of the 5-androstenediol
is converted to testosterone for aromatization. Other effects of testicular
steroids at the cerebral level in the boar, have been studied by Parvizi et al.
(1977) who showed that implants of Sa-dihydrotestosterone, testosterone
and other steroids into the mediobasal hypothalamus or amygdala,
affected both the stimulatory and inhibitory mechanisms of LH release.

Much of the work on the anabolic effects of androgens and oestrogens in
the pig have involved the use of synthetic steroids, whereupon it has been
demonstrated that oestrogens have a pronounced growth-promoting effect
which is enhanced by androgen (Fowler, 1976). However, the use of
synthetic steroids leads to concern over their possible effects on human
health, since they may accumulate in the carcasses. Until convenient
methods are available for monitoring levels of synthetic steroids in
carcasses (Kroes et al., 1976), it has been suggested that the use of
naturally occurring steroids as anabolic agents might overcome the prob-
lem of depot effects (Velle, 1976). Rossouw, Skinner and Kemm (1971)
injected pigs from weaning to porker weight with androstenedione and
observed a growth-promoting effect of the steroid. The effect was greatest
in intact boars, suggesting other testicular steroids were involved. In a
recent study by the author, castrated boars received subcutaneous injec-
tions of 5-androstenediol (1 mg/kg, twice weekly) from 12-40 weeks of age.
The pigs were slaughtered at 40 weeks of age, and the Meat and Livestock
Commission carried out a detailed carcass evaluation. As found in a
previous study (see Table 2.2), 5-androstenediol had a pronounced
androgenic effect on the accessory organs, but no statistically significant
anabolic effects were found. There was, however, a trend for some carcass
characteristics of the steroid-treated pigs to be intermediate between those
of intact and castrated boars (see Figure 2.3 and Table 2.3). Further studies
of this nature are needed involving larger groups of animals.
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Figure 2.3 A possible anabolic role for 5-androstenediol in the boar. Measurements were
taken on the cut surface of the forequarter at the head of the last rib. Values (given in Table
2.3) are the means for five castrated boars receiving S-androstenediol (1 mg/kg) between 12
and 40 weeks of age, and five castrated boars and three intact boars receiving oil injections
only. Although there were no statistically significant differences between the groups, there
was a trend towards greater leanness in the intact boars, and (o a lesser extent in
steroid-treated pigs compared with untreated controls. ml—muscle longissimus, mta—muscle
transversus abdominis. (Booth unpublished, the author is grateful for the carcass analyses
carried out by the Meat and Livestock Commission).

Table 2.3 RELATIVE DISTRIBUTION OF MUSCLE AND FAT ON CUT SURFACE
OF FORE-QUARTER AT THE HEAD OF THE LAST RIB IN INTACT BOARS,
CASTRATED BOARS AND CASTRATED BOARS TREATED WITH S5«-
ANDROSTENEDIOL

Measurements®} Intact boar Castrate + Sw-Androsienediol Castrate
{mm) (mm}) {(mm)

A 92.0 89.8 90.8

B 56.0 52.6 51.6

C 18.0 19.4 20.2

D 26.3 25.4 23.0

E 8.33 9.60 10.0

J 4.67 4.60 6.00

K 25.7 24.8 26.8

®For definition of A=K see Figure 2.3,

16-Androstenes

TESTICULAR PRODUCTION

The 16-androstenes are quantitatively probably the most abundant steroids
produced by the pig testes (Prelog and Ruzicka, 1944; Ciaus, 1970;
Ruokonen and Vihko, 1974; Booth, 1975; Booth and Polge, 1976; see
Table 2.4). Tt was generally assumed that these musk-smelling steroids
occurred in only a few species such as the pig and man as metabolites of
androgens. However, aseries of investigations by Gower and co-workers
(see review by Gower, 1972) indicated that androgens are unlikely to be
significant precursors of 16-androstenes in pig testes. Gower and Ahmad
(1967) showed in vitro that boar testes convert pregnenolone to give high
yields of 3f-androstenol (10-15%) and some 3a-androstenol (1-2%).
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Progesterone also acts as a substrate (Ahmad and Gower, 1968) but not
17B-hydroxyprogesterone, DHA, testosterone, testosterone acetate or
16-dehydroprogesterone, indicating that 16-androstenes are formed from
C,, steroid precursors before 178-hydroxylation and side-chain cleavage
(see Figure 2.4). Subsequently, Katkov and Gower (1970) and Brophy and
Gower (1972) showed that 3f3-androstadienol (5,16-androstadien-33-ol)
and androstadienoneY4,16-androstadien-3-one) are important intermedi-
ates between pregnenolone and Sa-reduced 16-androstenes. The enzyme

Pregnenolone »— Progesterone 3a-Androstenol

,—» 5- Androstenane

38-Androstadienol == Androstadienone 38-Androsteno!

Figure 2.4 Biosynthesis of 16-androstenes from C,, steroids in boar testis.

system ‘responsible for the conversion of pregnenolone to 3B-
androstadienol is referred to as ‘andien-f synthetase’; however the steps
between pregnenolone and 3f-androstadienol have not been defined.
Andien-f synthetase resides in the microsomal fraction of the testes
(Gower and Loke, 1971; Shimizu and Nakada, 1976), and predominantly
(66%) in the agranular components (Cooke and Gower, 1977). Mason,
Park and Boyd (1979) using a microsomal preparation from immature pig
testes in incubations with '*C-labelled pregnenolone, found 3f-
hydroxypregn-5,16-dien-3-one in addition to 3f-androstadienol and 17«-
hydroxypregnenolone and conctuded that this C,; steroid might be an
intermediate in 16-androstene synthesis, at least in young pigs.

After an infusion of *H-labelled pregnenolone into the spermatic artery
of a mature boar, Saat er al. (1972) found radioactively labelled 3o/
3B-androstenols, primarily as sulphates, in the testes and spermatic vein
blood. Ruokonen and Vihko (1974) also isolated these steroid sulphates
from boar testes. Recently sulpho-conjugation of 3-androstenol has been
found in porcine liver (Fish, Cooke and Gower, 1980), but 3-androstenol
predominates as the glucuronide in urine (Gower, Harrison and Heap,
1970).

Claus, Hoffmann and Karg (1971) using gas-liquid chromatography
showed that both the major boar taint steroid Se-androstenone (So-
androst-16-en-3-one) and testosterone in blood plasma of boars increased
with age and the amounts of Sc-androstenone (6.0-22.3 ng/ml) were
greater than those in females (0.8-2.0 ng/ml) or castrated boars (1.3-2.7
ng/ml). Similar results for Sw-androstenone were obtained by Andresen
(1974) and Claus and Hoffmann (1980) using a radioimmunoassay; howev-
er a diurnal variation was found by Claus and Gimenez (1977) and Claus
and Hoffmann (1980), but not by Andresen (1975a). Andresen (1975a),
Carlstrom et al. (1975) and Claus and Hoffmann (1980) found a biphasic
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increase in plasma 5a-androstenone after HCG treatment; the first peak
was reached within 3 hours, and the second larger peak by 28-30 hours.
Similar levels of unconjugated 3w-androstenol to unstimulated So-
androstenone were measured in boar plasma (Bicknell and Gower, 1976),
but lower levels (0.24-0.77 ng/ml) of the steroid alcohol compared with the
ketone were found in the plasma of female and castrated pigs.

ACCUMULATION IN PERIPHERAL TISSUES

The presence of 16-androstenes in peripheral tissues of .the pig is .of
interest for two main reasons. First, these compounds are among the few
mammalian pheromones identified chemically, and this has therefore
resulted in a greater interest in studies on olfaction in the pig (see reviews
by Claus, 1979; Booth, 1980b). Secondly man’s olfactory sense is sensitive
to these compounds (Kloek, 1961) and many people dislike their odour,
particularty when associated with pig meat (boar taint).

Patterson (1968a) isolated 3o-androstenol from the submaxillary glands
of boars, but not male castrates or females. This finding was confirmed in
more extensive studies by Booth (cited by Gower, 1972), Katkov, Booth
and Gower (1972) and Booth (1975), (see also Table 2.4). High concentra-
tions of l6-androstenes were also found in the submaxillary glands of
intersex pigs (Booth and Polge, 1976; and Table 2.4). Although there are
reports that 16-androstenes are present in the parotid glands of boars
(Claus, 1970; Claus, Hoffmann and Karg, 1971), it seems that the
submaxillary gland is primarily involved in concentrating these odorous
steroids (Patterson, 1968a; Katkov, Booth and Gower, 1972). Furth-
ermore, recent work in the author’s laboratory, using polyacrylamide gel

40000 {a) {b) (c)
30000
£
& 20000}
10000 | Mu : J
ol - . :
BG Y 1ese X TG BG 4 TG
{+) Alb (-} (+) Alb (=) {+} Aib -

Figure 2.5 Binding of {5«,6a-*H) Sx-androstenone (cpm) (Isocommerz, Dresden) to high
molecular weight components in salivary gland cytosols and saliva of mature boar. Samples
(80 ui) of 1 in 20 dilution of submaxillary gland (a) and parotid gland (¢} cytosols prepared in a
10 mM Tris based buffer containing 1% propanediot, and 1 in 10 dilution of mixed saliva (b)
were incubated overnight at 4 °C with *H-labelled So-androstenone and run on 7% polyacry-
lamide slab gel electrophoresis essentially after Davis (1964). Gel slices (2mm) were
immersed in a toluene-based scintillation medium overnight before counting, BG, bottom of
gel; TG, top of separating gel; Alb., albumin. Protein concentrations in (a) 62 ug, (b) 20 pg,
(c) 43 pug. From Booth (unpublished)



38 Testicular steroids and boar raint

electrophoresis has demonstrated that proteins strongly binding Sa-
androstenone are present in the saliva and cytosols of porcine submaxillary
glands but not of the parotid glands (see Figure 2.5). These findings, and
the observation that removal of the submaxillary glands in boars reduces
their ability to induce the mating stance in oestrous pigs (Perry ef al.,
1980), is further evidence indicating that the boar submaxillary gland has a
special role in eliminating the pheromonal steroids. Since 3x-androstenol is
the predominant 16-androstene in boar saliva (Booth, 1980b) and submax-
illary gland, the binding of this steroid in these media is under investiga-
tion. In blood plasma, the amounts of 3w-androstenol (Bicknell and
Gower, 1976) and Sw«-androstenone (Claus and Hoffmann, 1980) are
similar, therefore the increased amounts of 3w-androstenol relative to
Sa-androstenone in the submaxillary gland and saliva are probably due to
conversion of the ketone to the alcohol by the very active 3a-
hydroxysteroid dehydrogenase in the salivary gland (Katkov, Booth and
Gower, 1972; Booth, 1977). A similar ratio of 3a-androstenol to Sw-
androstenone is found in the apocrine sweat glands of the boar (Stinson
and Patterson, 1972), but it is not known if this ratio depends on
3a-hydroxysteroid dehydrogenase in the sweat glands.

One practica! consequence of the study of 16-androstenes as pher-
omones is the commercial availability of aerosols containing 5o~
androstenone to facilitate the detection of oestrus in pigs housed in the
absence of a boar. This application was established on the basis of the work
carried out by Melrose, Reed and Patterson (1971) and Reed, Melrose and
Patterson (1974}, and reviewed in relation to other aspects of olfaction and
reproduction in the pig (Booth, 1980b).

The first isolation of S¢-androstenone as the major compound responsi-
ble for taint in boar fat, was achieved by Patterson (1968b). Subsequently
Claus (1970), and Claus, Hoffmann and Karg (1971) reported that
1.03-7.49 ng/g of Sa-androstenone were present in the fat of postpubertal
boars and Beery and Sink (1971) also demonstrated the presence of
3a-androstenol in boar fat. Kaufman, Ritter and Schubert (1976) obtained
similar values to Claus, Hoffmann and Karg (1971) for Se-androstenone in
boar fat, and values <0.1 pg/g in the fat of castrated boars and females.
Andresen (1975b) established a radioimmunoassay for Sa-androstenone in
fat, and confirmed the data of earlier work. Malmfors and Andresen
(1975) found that the concentration of 5a-androstenone in boar fat was
positively correlated (n = (.51-0.54, P<0.001) with the intensity of boar
taint determined either by the soldering iron technique (Jarmoluk, Martin
and Fredeen, 1970), or heating fat samples to 180°C. The concentration of
Sc-androstenone in fat was not related to that in plasma (n = 0.36), but
after HCG treatment (Malmfors er al., 1976), Sa-androstenone increased
in both plasma and fat. In a study using more animals, Lundstrom et al.
(1978) found high correlations between backfat and plasma levels of
Sw«-androstenone after HCG treatment.

Artificial control of boar taint production

Since castration not only removes the undesirable taint steroids, but also
the main source of anabolic steroids, several approaches have been
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investigated to selectively reduce the production of 16-androstenes, but
maintain the production of anabolic steroids in intact boars.

INHIBITION OF 16-ANDROSTENE SYNTHESIS

Synthetic compounds such as diethylstilboestrol (Eckternkamp et al., 1969)
and 19-norethisterone acetate (Rommel, Otto and Blédow, 1975) when
administered to intact boars, reduce boar taint in the carcasses, which is
likely to be due to a decrease in 16-androstene synthesis associated with the
observed atrophy of Leydig cells. However, as mentioned earlier (p.33),
the use of synthetic hormones involves a health risk due to possible depot
effects. An -important consequence of studies on the biosynthesis of
16-androstenes in boar testes, would be to find substances which selectively
inhibit enzymes responsible for their synthesis, without affecting the
synthesis of androgens; however this aim has not been achieved. Brophy
and Gower (1974) found that Su-pregnane-3,20-dione, and a series of
17B-derivatives of testosterone (Kaufman and Schubert, 1980} inhibited
both 16-androstene and androgen biosynthesis.

IMMUNIZATION

Specific antibodies can be raised against steroids after they have been
conjugated chemically with proteins such as bovine serum albumin, and
this phenomenon has permitted the development of radioimmunoassays.
As a method for eliminating boar taint, boars were injected repeatedly
with 5a-androstenone linked to bovine serum albumin (Claus, 1975). The
levels of Sx-androstenone in fat were reduced in the five boars studied, but
limitations such as site and frequency of injection, and age at the start of
injections were realized. More boars have since been immunized against
Se-androstenone by Patterson (personal communication), and the results
are encouraging. In boars staughtered at 90kg, the amounts of So-
androstenone were reduced considerably in blood (46%, n = 3) and fat
(2%, n = 12).

GENETIC SELECTION

Comments have been made that boar taint is more apparent in some
breeds than others e.g. Landrace and Pietrain>Large White. Breeding
studies on Landrace pigs (Jonsson and Andresen, 1979; Willeke er al.,
1980) have shown that ‘high’ and ‘low’ lines arise for Sx-androstenone and
testosterone. As the low line effect seems to be due to a deilay in puberty,
this could result in an undesirable reduction in anabolic effects.

ENVIRONMENTAL FACTORS

Claus (1977) reported that between August and January, the natural
mating period of the wild boar, higher levels of 5Sa-androstenone were
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present in the fat of domestic boars during their second year pf life.
Patterson (personal communication) also found the highest levels of
Swo-androstenone in the fat (0.62 pg/g) of a group of Landrace boars (87 kg)
during the natural mating period, but in other combinations of sex and
breed (Large White X Landrace) x Large White, the highest levels of
Sw-androstenone were found outside the natural mating period. In all
groups the levels of taint steroid (~0.5 ug/g) indicated that intact boars <
90 kg can be marketed for meat throughout the year. Evidence from a
study by Bonneau and Desmoulin (1980) suggests that social conditions
affect the levels of Sa-androstenone in boars, with higher amounts in
grouped pigs particularly of mixed sexes above 80 kg when sexual activity
would be increased at puberty. Bonneau and Desmoulin (1980) and
Patterson (personal communication) found a wide individual variation in
Sec-androstenone levels (0.21-2.55 ug/g) at 95kg; perhaps some of this
variation was due to dominance hierarchies being established, an aspect
~ needing further investigation.

Taint and boar meat

A survey carried out by Rhodes (1971) indicated that bacon produced from
boars (108 kg) was as acceptable as bacon from gilts of similar weight, to
over 350 people.in 125 households and < 1% of consumers found boar
bacon less acceptable on the basis of odour. A second survey {(Rhodes,
1972) involving 419 households consisting of 1560 persons, showed that
pork joints from carcasses of 24-week old boars were as acceptable as
joints from gilts of the same age.

Most of the results from fundamental studies on testicular steroids in the
boar, have been obtained during the time boar meat has been introduced
to the British market. Generally the results of the endocrinologist support
the finding that immature boars at porker weight are producing minimum
quantities of Sx-androstenone. However, as the boar matures to over
100 kg, the risk of taint increases with the increased testicular output of
16-androstenes during puberty. This aspect is of particular concern to
countries outside the UK who would like to introduce boar meat, but
where traditionally pigs are often slaughtered at heavier weights. The
knowledge that intact boars are a desirable source of meat, if the risk of
taint could be overcome, has led to the investigation of methods which
might be practicable for monitoring taint in individual carcasses at the
staughter house. A suitable method must be quick so as not to interfere
with the rapid throughput of modern slaughterhouses, and furthermore
must be sensitive and reliable. The soldering iron technique of Jarmoluk,
Martin and Fredeen (1970) is quick but subjective, dependent upon the
considerable variability in human olfactory acuity. By combining this
technique with fat biopsies taken from living pigs (Lundstrom, Malmfors
and Hansson, 1973), pigs can be monitored before slaughter. Quantitative
assessment of Sx-androstenone by radicimmunoassay, although sensitive,
is elaborate and time-consuming. Recently, however, Andresen (1979) has
investigated the possibility of a rapid radioimmunoassay for Se-
androstenone, involving the absorption of fat onto filter paper before
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direct assay without solvent extraction; the practical use of this method is
being assessed. Another possible method for assessing boar taint is that
based on the findings of Forlund, Lundstrom and Andresen (1980). A
positive correlation was found between the size of the bulbourethral glands
and 5«-androstenone in fat (n = 0.56-0.75), but a correlation of only
0.28-0.34 was found between gland weights and boar taint assessed by the
soldering iron method, a finding in keeping with the opinion that boar taint
is not entirely due to 16-androsterone steroids. Indeed, Lundstrom et al.
(1980) have indicated that skatole and indole in boar carcasses can enhance
boar taint above that produced by 5«-androstenone alone; this adds a new
dimension to the subject of boar taint, which is beyond the scope of this
review.

Conclusions

The essential theme of this review has been to emphasize that the boar
testis produces a variety of steroids. Of these, three groups of biologically
significant steroids namely androgens, oestrogens and 16-androstenes,
have been discussed. Studies on these groups of steroids in the boar have
shown that this animal should be ideal for future work aimed at answering
some of the questions posed by the endocrinologist e.g. is there a role for
steroid sulphates other than simply products for excretion, to what extent
do prohormones add to the total effect of androgens and oestrogens in
target tissues, and what is the role for oestrogen in the male? Already there
is considerable evidence to show that in the boar, there is a synergism
between the endocrine function of the testis and the production and release
of the pheromonal 16-androstene steroids, and this has led to problems
with attempts to artificially dissociate these two functions in relation to
boar meat production. However, with the knowledge that the risk of boar
taint is minimal in young boars, it seems that the market for boar meat
should continue to expand, particularly if immunization against Sq-
androstenone becomes practicable as a means of ensuring that precocious
boars do not have tainted carcasses.
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