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Abstract

Chen, G. 2007. Physiological and biochemical factors responsible for boar taint. Doctoral
thesis.
ISSN: 1652-6880. ISBN: 978-91-85913-09-1

We used entire male pigs to: 1) compare different methods to analyse boar taint
compounds; 2) evaluate the effects of raw potato starch (RPS), high amylose barley cultivar
(Karmosé), sire selection and live weight on the levels of boar taint compounds; 3)
investigate the relationship between indolic compounds and testicular steroids by using an
hCG injection model; 4) evaluate the effect of incubation with steroids and indolic
compounds on CYP2A6 protein expression in hepatocytes; 5) investigate the relationship
between testicular steroids and gene expression of hydroxysteroid dehydrogenases (3HSD
and 17BHSD) in entire male and castrated male pigs.

The results showed that HPLC method and GC-MS method for fat androstenone analyses
were comparable. HPLC and ELISA methods for fat androstenone analyses were well
correlated (r = 0.90), but the result from the ELISA method was overestimated. HPLC and
colorimetric method for fat skatole analyses were well correlated (r = 0.94) even though the
two methods used different sample matrix. Plasma androstenone results determined by
ELISA method with and without sample extraction were moderately correlated (r = 0.70).
The results from analyses without sample extraction were 4 times higher than the results
from analyses with sample extraction.

Feeding RPS reduced fat skatole levels, but not fat androstenone and indole levels of
entire male pigs. High amylose barley did not influence any of the boar taint compounds
analyzed in fat (skatole, androstenone and indole). Androstenone levels in fat were higher
at live weight 115 kg than at 90 kg, whereas fat skatole and indole levels did not differ
between the two live weights. Sire selection based on plasma skatole levels significantly
influenced skatole, androstenone and indole levels in fat in the progenies.

Indole levels in plasma and in fat were significantly increased after hCG injection, and
skatole levels in fat tended to be increased. This increase was associated with the abrupt
increase of testicular steroids by hCG injection.

An in vitro study showed that both skatole and indole at low concentrations (0-100 nM)
induced cytochrome P450 2A6 (CYP2A6) protein expression in cultured hepatocytes, with
a more prominent effect for indole. Androstenone at low concentration (0-100 nM)
inhibited CYP2AG6 protein expression. Testosterone and estrone sulfate (E1S) did not affect
CYP2A6 protein expression.

High fat androstenone levels were negatively associated with low 3BHSD gene expression
in entire male pigs. Fat androstenone levels were also negatively associated with 17BHSD
gene expression in liver but not in testis. The correlation between hepatic 17BHSD gene
expression and plasma E1S was high. In addition, gene expression of 3BHSD and 17HSD
was highly correlated. Gene expressions of 3HSD and 17BHSD in liver were much higher
in surgically castrated and immunocastrated pigs than in entire male pigs with high fat
androstenone levels. The gene expression of 3BHSD was generally much higher than
17BHSD both in liver and in testis.
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1 Introduction

1.1 Pig domestication and surgical castration

Archaeological evidence suggests the pig was first domesticated 9,000 years ago
in Eastern Turkey. They were also domesticated in China at around the same time
(Larson et al., 2005). Raising domestic pigs for meat production is a great asset
from our ancestors. Untill now, pork has been the favorite meat in many countries,
and production of pork is a large industry. Traditionally, male piglets are
surgically castrated. The main reason for this is to remove boar taint (see review
by Claus et al., 1994, and Prunier et al., 2006), the offensive odour existing in
pork from boar pigs. In fact this odour has been perceived by humans since the
Middle Ages, and the history of castration can be traced back to 4,500 years ago.

The main advantage of performing surgical castration is that meat quality is
improved from sensory aspects. Castrated pigs are also easier to manage.
However, surgical castration still causes many disadvantages. Raising surgically
castrated pigs loses the benefit of better feed efficiency (Walstra, 1974; see review
by Squires et al., 1993) and leaner meat production (Hansson et al., 1975;
Knudson et al., 1985), compared with entire male pigs. Meat from castrated pigs
contains more fat, which is not desirable by consumers. Another disadvantage is
that surgical castration causes pain and distress to piglets and definitely violates
the welfare of animals (see review by Prunier et al., 2006). This has prompted the
impetus to abandon castration in many countries, especially in Europe, where
animal welfare is of great concern (see review by Bonneau, 1998).

1.2 Boar taint

Boar taint is defined as an offensive odour in pork from entire male pigs. It is
perceived by the human nose when the meat or fat is heated, and makes the pork
less acceptable for eating. Boar taint is described as a urine-like or perspiration-
like odour, and it can be differentiated from odours of other origin. For example,
when pigs are fed with fish meal, their pork is perceived to have a fishy odour.
Boar taint is a problem mainly in male pigs, and it causes much more attention
than other odours. It is known that boar taint is caused primarily by two
compounds: androstenone (5-alpha-androst-16-en-3-one) and skatole (3-methyl-
indole). Indole might intensify the off-flavour in meat, but skatole has a more
pronounced odour than indole (Hansson et al., 1980) even though they have
similar smells (own observation).

1.3 Boar taint compound: androstenone

1.3.1 Androstenone origin and pheromonal function

In 1968, a substance with typical urine-like odour was found in adipose tissue of
boars but not in that of barrows (Patterson, 1968). This substance was identified as
the 16-unsaturated steroid Sa-androst-16-en-3-one (androstenone). Androstenone
is derived from cholesterol and has a main structure (4-ring and 17-carbon
skeleton) in common with other cholesterol-derivate steroids (Figure 1). Due to



the high lipophilic property, androstenone can be easily accumulated in fat of boar
pigs causing boar taint. Androstenone can be detected in boar serum with high
amounts (up to 215 ng/ml) (Tuomola et al., 2002).

H

Figure 1. Chemical structure of androstenone

Androstenone is a naturally occurring Cio-A'*-steroid (16-androstene steroid)
pheromone in male mammals, which differs from sex hormones in that it has no
hormonal function (see review by Claus et al., 1994). Androstenone is the first
mammalian pheromone identified. Androstenone can be found in man’s sweat. In
male pigs, androstenone can be transported to the salivary gland and be presented
together with other 16-androstene steroids, e.g. Sa-androst-16-en-30-ol (30-
androstenol) and Sa-androst-16-en-3B3-ol (3B-androstenol). In the salivary gland,
16-androstene steroids are bound to the binding protein pheromaxein and can be
excreted into boar saliva during sexual excitement. The odour of the salivary 16-
androstene steroids is detected by the estrous female pig and their pheromonal
action results in the characteristic mating stance (see review by Brooks and
Pearson, 1986). Melrose et al. (1971) found that spraying androstenone or 3o-
androstenol towards the snouts of estrus females also induces the mating stance.

The smell of androstenone has been described as sweaty, ammonia, dirty,
parsnip, silage, prickling sensation and acrid, but only a sweaty smell has been
noted as the most significant (Annor-Frempong et al., 1997). However, pork with
high androstenone level was perceived by human nose as “perspiration-like” or
“urine-like” odour when heated (see review by Malmfors & Lundstréom, 1983;
Dijksterhuis et al., 2000). Androstenone is perceived differently by different
sexes. Women are more sensitive than men, with the perceptional population ratio
76% in women compared with 54% in men (Kloek, 1961). However,
androstenone perceptional ability can be learned after repeated exposure of
androstenone to a training person (Wysocki et al., 1989). There is discrepancy
among studies about the androstenone sensory threshold in pork. However the
most commonly used androstenone threshold is between 0.5 to 1.0 pg/g of adipose
tissue (Bonneau et al., 2000a), and this threshold has been used successfully in a
large EU project for comparing and harmonizing the experimental results among
countries (Walstra et al., 1999; Bonneau et al., 2000a; Dijksterhuis et al., 2000;
Matthews et al., 2000; Bonneau et al., 2000b)

1.3.2 Androstenone biosynthesis

Androstenone is produced from testicular Leydig cells together with other
testicular steroids (see review by Claus et al., 1994). However, the biosynthetic
pathway of androstenone differs from that of androgens and estrogens (see review
by Brooks and Pearson, 1986). Pregnenolone is the precursor for androstenone
biosynthesis. Pregnenolone is hydroxylised at C20 position to form 20B-
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dihydropregnenolone. 20B-Dihydropregnenolone is further cleaved at C17-C20
bond to form 5,16-androstadien-3B-ol. The 5,16-androstadien-3B-ol synthetase
(andien-f synthetase) is the key enzyme for this conversion (Loke and Gower,
1971). A review by Brooks and Pearson (1986) stated that andien-p synthetase is
the different enzyme with 170-hydroxylase, which is responsible for androgen
synthesis, and therefore concluded that androgen and Cyo-A'S-steroid (16-
androstene steroid) were synthesized separately. This might explain the low
correlation between plasma androstenone and testosterone found by Lundstrom et
al. (1978). However, a more recent study showed that the andien-f synthetase
function was also performed by cytochrome P450 C17 (CYP17), and cytochrome
b5 (CYBS5) strongly enhanced CYP17 andien-3 synthetase function (Soucy et al.,
2003). Androstenone can also be synthesized from progesterone but to a much less
extent (see review by Brooks and Pearson, 1986).

1.3.3 Androgen biosynthesis

Productions of all testicular steroids were controlled by hypothalamic-pituitary-
gonadal axis. All of the testicular steroid hormones, as well as 16-androstenes
were synthesized from a common precursor pregnenolone (3p-hydroxypregn-5-
en-20-one) (A’ steroid). Testosterone (17p-hydroxy-4-androsten-3-one) is
synthesized in Leydig cells of the testis utilizing the precursor pregnenolone, and
there are two pathways (A* or A%) for testosterone biosynthesis (see review by
Brooks and Pearson, 1986). Testosterone is the primary and most potent
androgens in males. Testosterone has anabolic and virilizing effects. Testosterone
anabolic effects include growth of muscle mass and strength, increased bone
density and strength, and stimulation of linear growth and bone maturation.
Testosterone promotes protein synthesis by increasing RNA transcription (see
review by Brooks and Pearson, 1986). Testosterone virilizing effects mainly
develop male secondary sex characteristics.

1.3.4 Estrogen biosynthesis

Estrogens are C18 steroids, differing from androgens (C19 steroids) in that they
lack a methyl group at C10 position. Moreover, estrogens contain a phenolic A
ring, which is distinct from other natural steroids (see review by Brooks and
Pearson, 1986). Estradiol (17B-estradiol) represents the most active estrogen,
Estradiol is the female hormone but also present in males, which might prevent
apoptosis of male germ cells. Estradiol in plasma is largely bound to binding
protein and a fraction is free to have bioactive function. Deactivation includes
conversion to less active estrogens such as estrone and estriol (see review by
Brooks and Pearson, 1986). Estrone sulfate (E1S) exists in large amount in plasma
of the male human (Ruder ef al., 1972) and entire male pigs (Schwarzenberger et
al., 1993; Zamaratskaia et al., 2004a), and this sulfoconjugation process mainly
occurs in liver. EIS might be a storage form of estrogens. Santner et al. (1990)
demonstrated that E1S can be converted to estradiol in vivo by estrone sulfatase
enzyme. Biosynthesis of estradiol from cholesterol utilizes the same A* and the A’
metabolic pathway with testosterone, and androstenedione is the key intermediate
(see review by Payne and Hales, 2004).
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1.3.5 Enzymes involved in androstenone metabolism

1.3.5.1 3p-hydroxysteroid dehydrogenase/A’-A’-isomerase (3HSD)

The enzyme 3p-hydroxysteroid dehydrogenase/A’-A’-isomerase (3HSD) plays an
essential role in the formation of all classes of active steroid hormones. It is
responsible for the oxidation and isomerization of A’-3B-hydroxysteroid
precursors into A*-ketosteroids (see review by Payne and Hales, 2004). The
3BHSDs are membrane-bound enzymes and are distributed to both mitochondrial
and microsomal membranes depending on the type of cell in which they are
expressed. In different animals, the isoforms of 3BHSDs are also different. In
humans, 3BHSD I and II are the two distinct isoforms involved in the biosynthesis
of all active steroid hormones (see review by Payne and Hales, 2004). Until now,
only one type of 3BHSD was found in pig, and the sequence was obtained using a
cDNA library from adipose tissue (von Teichman et al., 2001).

The 3BHSDs are expressed in different tissues, and the expressions of 3HSD
isoforms show a cell- and tissue-specific manner. In humans, hepatic 3HSD
expression is presumed to be important in the metabolism and inactivation of
steroids (see review by Simard et al., 2005). The 3HSD activity in human liver
microsomes was shown to be three times higher for hydroxylation of DHT
(dihydrotestosterone) (3-keto steroid) to 3B-DIOL (androst-5-ene-3f3,17p-diol) (3-
hydro steroid) (Pirog & Collins, 1999). Immunohistochemical studies showed that
3BHSD was mainly present in bile duct epithelium and microsomal fraction in
liver of human and pig (Furster, 1999).

More recently, the research about 3BHSD in entire male pigs has gained more
attention. This is due to the finding that 3HSD might be involved in androstenone
biotransformation (von Teichman ef al., 2001) or metabolism (Doran et al., 2004).
Androstenone in liver microsomes can be metabolized to 3f-androstenol, and the
metabolizing rate depends on 3BHSD protein expression (Doran et al., 2004).
Furthermore, other studies showed that high fat androstenone was negatively
correlated with hepatic 3BHSD protein expression (Nicolau-Solano et al., 2006).
The 3pHSD mRNA levels in liver determined by RT-PCR method also negatively
correlated with androstenone levels of back fat (Doran et al., 2004). All of the
studies strongly suggested the importance of 3BHSD enzyme in androstenone
metabolism in liver of entire male pigs.

1.3.5.2 17p-hydroxysteroid dehydrogenases (17BHSD)

The 17B-hydroxysteroid dehydrogenases (17BHSD) belong to the same
phylogenetic protein family as 3BHSD, called the short-chain alcohol
dehydrogenase reductase superfamily (see review by Payne and Hales, 2004).
These enzymes are involved in the reduction and oxidation of steroid hormones.
The 17BHSDs convert inactive 17-ketosteroids into their active 17f-hydroxy
forms. Therefore they are responsible for catalyzing the final step in the
biosynthesis of active gonadal steroid hormones, estradiol and testosterone. In
total 11 different 17BHSD isozymes have been identified, and they show little
homology. Only three 17BHSD isotypes (type I, III and VII) were reported to have
the active steroid hormones biosynthetic function (see review by Payne and Hales,
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2004). The gene 17BHSD7 was positioned at human chromosome 1923 (Torn et
al., 2003), which was comparatively mapped to porcine chromosome 4ql.5
(SSC4ql.5) (Moller et al., 2004). The study on human and mouse found that
17BHSD type 7 (17BHSD7) also catalyzes the reduction of keto group in either
17- or 3- position of the substrate, and presents minor 3pHSD-like activity (T6rn
et al., 2003). Therefore 17BHSD7 might also be involved in androstenone
metabolism in entire male pigs.

1.3.5.3 Hydroxysteroid Sulfotransferase

Hydroxysteroid Sulfotransferase (HST, gene name SULT2AI1) catalyzes the
sulfation of steroids and bile acids in the liver and adrenal glands. It is the primary
enzyme for DHEA sulfation to DHEAS in human. The position of SULT2A1 has
been mapped to human chromosome 19q13.32
(http://www.ebi.uniprot.org/entry/Q06520). More recently, SULT2A1 was shown
to be responsible for the formation of androstenone-sulfate and consequently
decreased androstenone accumulation in fat of entire male pigs (Sinclair et al.,
2005a,b,c). Sulfation of androstenone includes two steps; the first step is to
convert androstenone 3-keto group to 3-enol form, and the second step is to
change the 3-ol group with sulfate group to form the sulfoconjugated
androstenone (Sinclair ef al., 2005¢). Androstenone sulfoconjugation increased
polarity and the hydrophilic property, and therefore androstenone sulfoconjugate
can easily be metabolised and excreted.

1.3.6 Ways of suppressing androstenone accumulation

Over decades, ways to prevent high fat androstenone accumulations have been
pursued in many projects, with EU countries the most actively involved. It has
been suggested that fat androstenone levels differ between breeds, and that Asian
pig breeds, e.g. Meishan, accumulate more fat androstenone than European or
North American breeds. This might be because of the early puberty in Meishan
pigs compared with other pig breeds (Ellis ef al., 1995). Androstenone production
is related to both puberty development and anabolic steroids biosynthesis;
therefore, the selective suppression of androstenone without affecting other factors
is not achievable (see review by Claus et al., 1994). Genetic selection of low
androstenone pigs resulted in a delayed pubertal development and the postponed
appearance of anabolic hormones as well (Willeke et al., 1987; see review by
Claus et al., 1994). Photoperiod (Andersson et al., 1998), as well as the social rank
order (Giersing et al., 2000) influences androstenone production through altering
sex maturation. Slaughter entire male pigs at low live weight (< 90 kg) partly
reduced the frequency of high androstenone levels (Andresen, 1976). Feeding
regimen was reported to have no effect on altering fat androstenone levels unless
sexual maturity was affected (see review by Claus et al., 1994). Immunization
against androstenone biosynthetic pathway is efficient to block androstenone
production. The successful performances of vaccination include anti-androstenone
vaccine (Shenoy et al., 1982; Williamson & Patterson, 1982) and anti-GnRH (LH-
RH) vaccine (Meloen et al., 1994; Bonneau et al., 1994). The effect of anti-GnRH
vaccine on reducing boar taint compounds has been observed in many studies
(Dunshea et al., 2001; Jaros et al., 2005) and such a vaccine is commercially
available (Improvac™, Pfizer). More recently, the effect of synthesized anti-
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chicken GnRH vaccine on the testicular function of boar pigs has also been
evaluated (Bowen ef al., 2006), and the biosynthetic function of steroids in Leydig
cells of boar testis was significantly inhibited after vaccination. The current
problems of applying vaccination on entire male pigs are that the procedures need
to be performed twice during the pig finishing period, which is practically difficult
and time consuming. In addition, in some countries, reactions of consumers
against the vaccination utilization are also of concern.

1.4 Boar taint compound: skatole

1.4.1 Skatole origin

Skatole originates from degradation of L-tryptophan in hind gut (see review by
Yokoyama and Carlson, 1979). L-tryptophan is either degraded to indole, or
converted to indole-3-acetic acid and then metabolized to skatole (see review by
Deslandes et al., 2001). In pigs, a wide range of bacteria species are involved in
tryptophan degradation to indole. Whereas the microflora for producing skatole
are very specific, only six species have been found. Skatole is speculated to be
produced by a decarboxylation enzyme in a specific bacterium, but this enzyme
has not been identified (see review by Deslandes ef al., 2001).

Skatole in ruminants cause acute disease in lung, called acute bovine pulmonary
edema and emphysema (ABPE) (see review by Deslandes et al., 2001). In
contrast, indole did not cause lung damage in ruminants, suggesting the key role of
skatole 3-methyl group in the pneumotoxicity problem (see review by Yokoyama
and Carlson, 1979). Skatole is not as toxic to pigs as to ruminants since high
amounts of skatole can be found both in plasma and in fat of entire male pigs
without adversely affecting health. This suggests the pigs have higher tolerance to
skatole levels, and it seems the unique problem caused by skatole is the sensory
quality deterioration to pork. Skatole has bacteriostatic effect on gram-negative
enterobacteria including some pathogenic bacteria e.g. Escherichia and
Salmonella. In diluted solutions, skatole can also inhibit the growth and
fermentation of Lactobacillus acidophilus (see review by Yokoyama and Carlson,
1979).

The skatole produced from large intestine can be reabsorbed by the intestinal
mucosa (see review by Claus ef al., 1994). Its absorption is very rapid and its half-
life in blood is approximately 1 h (Agergaard and Laue, 1993). Skatole passes
through the liver where most of it is immediately metabolized at a rate of 1 I/h/kg
(Friis, 1993). The metabolized products are excreted in the urine (Baek et al.,
1997). Skatole that is not metabolized mainly accumulates in adipose tissue due to
its lipophilic properties (Squires and Lundstrom, 1997; Babol et al., 1998), and no
traces of skatole have been detected in urine (Friis, 1993).

1.4.2 Skatole metabolism

Skatole is metabolized in liver tissue by cytochrome enzymes P450 2E1
(CYP2E1) (Squires and Lundstrom, 1997), P450 2A6 (CYP2A6) (Diaz et al.,
1999), aldehyde oxidase (AO) and phenol sulfotransferase (SULT1A1). Inhibition
of CYP2A6 and CYP2E1 by specific inhibitors reduced skatole metabolites
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production in porcine hepatic microsomes (Diaz and Squires, 2000). High skatole
accumulation in fat of entire male pigs were associated with low enzyme activity
of both CYP2E1 (Squires and Lundstrom, 1997) and CYP2A6 (Zamaratskaia et
al., 2005a). Skatole accumulation expressed a sex-dependent pattern, and entire
male pigs had much higher fat skatole levels than gilts and castrates. Moreover,
entire male pigs had low CYP enzyme expressions compared with females and
castrates (Skaanild & Friis, 1999). The low enzyme expressions in entire male pigs
reduced skatole metabolic rate in liver and consequently caused high skatole
accumulation in fat (Diaz and Squires, 2000; Zamaratskaia et al., 2006). Liver is
the main tissue for CYP2E1 and CYP2A6 expression (Lin et al., 2004a; 2006),
suggesting the dominance of liver as responsible for skatole metabolism.

Skatole metabolism includes two phases: phase I, oxidation of skatole into
hydroxyl compounds, which is mainly activated through the enzymes CYP2E1
and CYP2AG6; phase II, hydroxyl compounds further react with other groups, e.g.
sulfate group or glucuronic acid group to form more hydrophilic conjugated form
(Back et al., 1997; Babol et al., 1998; Diaz & Squires, 2003; Lin et al., 2004a).
Seven skatole metabolites have been identified in an in vitro study (Diaz et al.,
1999). Baek et al. (1997) reported that high amount of 6-sulfatoxyskatole was
found in plasma of entire male pigs, suggesting rapid metabolism and clearance of
skatole in vivo. SULT1A1 is involved in this metabolism.

1.4.3 Skatole modification by feed regimen

Human studies have shown that some carbohydrates are not hydrolyzed by
pancreatic amylases in the upper gastrointestinal tract, but can be metabolized by
bacterially produced enzymes in the colon, e.g., from saccharolytic clostridia,
bacteroides and bifidobacteria (see review by Roberfroid et al., 1998). The
metabolism process produces a variety of products such as short-chain fatty acids
(e.g., acetate, propionate and butyrate) and organic acids (e.g., lactate, succinate
and pyruvate), which may beneficially affect host health (see review by
Roberfroid et al., 1998). In pigs, this process has a particular function, and skatole
accumulation in fat of entire male pigs can be reduced by dietary carbohydrates
(see review by Claus et al., 1994). These dietary carbohydrates include resistant
starch (RS), non-digestible oligosaccharides, and non-starch polysaccharides such
as celluloses and hemicelluloses. Other sugars such as lactose, raffinose and
stachyose and certain sugar alcohols, e.g. sorbitol and xylitol, also contribute to
the fermentable carbohydrate load (Cummings and Englyst, 1995).

1.4.3.1 Raw potato starch

Raw potato starch is one of the well studied carbohydrates having skatole-
reducing function in pigs (Claus et al., 2003; Zamaratskaia et al., 2005b). Raw
potato starch contains high amount of resistant starch (RS), which exists in
discrete granular form (Hizukuri, 1985). The RS granule has a very complicated
structure. Its property is not only decided by first class chemical structure, but also
by spatial physical structure. One of the most distinct phenomenons of RS
granules is gelatinization, when RS granules are heated in the presence of water.
Gelatinization is a process of serial irreversible reactions including swelling of the
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starch granules, leakage of amylase from starch granules and loss of crystallinity
(Colonna et al., 1992).

1.4.3.2 Other non-digestible carbohydrates

The effect of chicory inulin on reducing skatole levels in entire male pigs has also
been evaluated (Rideout et al., 2004; Hansen et al., 2006). Inulin is one kind of
linear fructan, which is a polymer of fructose molecules linked by B (2—1)
glycosidic bonds (see review by Roberfroid et al., 1998). Inulin belongs to non-
digestible oligosaccharides, and it has been authorized as functional food
ingredients for humans, and was classified as prebiotic due to its health benefit to
host intestine (Gibson and Roberfroid, 1995). Inulin is a selective substrate for one
or a limited number of potentially beneficial bacteria commensal to the colon in
humans, e.g., bifidobacteria and lactobacilli, which are stimulated to grow. As a
consequence, colonic microflora are altered toward a potentially more healthy
composition (Gibson & Roberfroid, 1995). Alteration of microbial fermentation
by inulin in the large intestine of entire male pigs explains the reduction of skatole
formation (Rideout et al., 2004). Feeding sugar beet also has skatole-reducing
effect in entire male pigs (Knarreborg et al., 2002; Whittington et al., 2004). This
was achieved by non-starch polysaccharides (NSP) in the feed (Knarreborg et al.,
2002). No skatole-reducing effect by feeding sugar beet has also been reported in
some studies (Dverland et al., 1995; Van Oeckel et al., 1998). This might be due
to the overall low fat skatole levels in the experimental entire male pigs (Van
Occkel et al., 1998).

1.4.4 Intestinal cell apoptosis and skatole modification

Modification of L-tryptophan availability in large intestine may alter the skatole
production (see review by Yokoyama & Carlson, 1979), and this might further
influence its fat accumulation (see review by Claus et al., 1994). Claus et al.
(1996) demonstrated that L-tryptophan was obtained from intestinal mucosa cells
apoptosis due to the fact that dietary supplementation of L-tryptophan did not
increase skatole production in large intestine (Bonneau & Desmoulin, 1981).
Anabolic hormones, e.g. testosterone, regulate cell renewal and apoptosis in
intestine and they therefore contribute to the sex difference of skatole
accumulation (Claus et al., 1994). High energy feed was reported to increase
skatole formation (Claus et al., 1996) because high energy supply also increased
plasma IGF-1 levels, which resulted in the concomitant increase of mitotic and
apoptotic index in the gut mucosa (Claus & Raab, 1999). This explains the energy-
dependent increase of skatole levels. Butyrate inhibits colon cell apoptosis and can
therefore reduce tryptophan availability. Moreover butyrate is the main product of
resistant starch (RS) fermentation in the large intestine (Claus et al., 2003).
Immunocytochemical analyses showed that after feeding raw potato starch, colon
crypt cells apoptosis decreased from 2.06 to 0.90 cells/crypt; meanwhile the
mitosis rate was not changed (Claus et al., 2003). From this, the authors concluded
that the skatole reduction by RS was due to inhibition of cell apoptosis in the
colon.
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1.4.5 Microflora adaptation in large intestine is related to skatole
formation

Katouli et al. (1997) have previously reported that the fecal microflora was
changed after weaning and that the microbial populations were stabilized at 5 to 6
wk post weaning. This shift coincided with a decreased fermentative capacity in
the intestine (Katouli ez al., 1997). Zamaratskaia et al. (2004c) reported elevated
plasma skatole levels after weaning, which decreased gradually afterwards. More
recently, a study performed on post weaning entire male pigs showed that the
increase in skatole production after weaning was not due to the intestinal cell
turnover, but probably due to the post weaning adaptation of the intestinal
microflora (Lanthier et al., 2006). In an in vitro study, addition of
fructooligosaccharide in pig slurries with L-tryptophan significantly changed the
microflora population, and the transformation of L-tryptophan to skatole was also
reduced (Xu et al., 2002). In humans, oligosaccharide (inulin) can selectively
stimulate the increase of beneficial bacteria and alter the microflora in large
intestine towards a potentially more healthy composition (see review by
Roberfroid et al., 1998). It is possible that the microflora adaptation in the large
intestine after feeding non-digestive polysaccharides contributes to skatole
reduction (Lanthier et al., 2006), and this is due to the increased fermentation
changing the colonial environment in the intestine (Claus et al., 2003), or selective
stimulation of certain beneficial bacteria growth, or both.

1.5 Genetic effect on boar taint

1.5.1 QTLs and candidate genes for androstenone

Important genetic variation exists both between and within breeds for fat
androstenone levels. Heritability estimates have ranged from 0.25 to 0.88 (Sellier,
1998). Breed differences of androstenone levels have also been described
(Bonneau et al., 1979; Xue et al., 1996a). QTLs for androstenone have been the
focus of many studies. Quintanilla et al. (2003) reported major QTLs on pig
chromosome (SSC) 3, 7, 14, but in general the QTLs seem scattered from this
study. Two candidate genes (CYP21, CYP11A) were selected from the main QTL
region of SSC 7 and genotyped, but no polymorphisms were responsible for
androstenone variation. From the available information about biological functions
of CYP21 and CYP11A, it is assumed that they might not be candidates specific
for androstenone, because they are involved in the common steroids biosynthetic
pathway. Moreover, Lee ef al. (2005) used the same pig breeds (Large White x
Meishan) as Quintanilla e al. (2003), and analysed QTLs on SSC 2, 4, 6, 7, 9.
However, only a QTL on SSC 6 was identified for back fat androstenone. It
should be mentioned that the effect of age on androstenone levels was not
considered in this analysis, and this might mask some other QTLs, because the
result from Quintanilla et al. (2003) showed that QTL effect on androstenone is
highly significant in young animals but not in the animals reaching maturity.
Conversely, Bayesian analysis of a Landrace outbred population found no QTL
for fat androstenone levels (Varona et al., 2005). The inconsistent results of
different studies suggest that other factors than genetic effect might have stronger
influence on fat androstenone accumulation.
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Candidate genes responsible for androstenone metabolism have been sought.
Sinclair et al. (2005 a, b, ¢) demonstrated that a large amount of sulfoconjugated
form of androstenone existed in plasma of boar pigs and was negatively correlated
to fat androstenone levels. Another study stressed the importance of
hydroxysteroid sulfotransferase (SULT2A1) on the formation of sulfated
androstenone (Sinclair et al., 2006). A polymorphism was found in SULT2AI
coding sequence. However, this did not affect the amino acid sequence. The
possible mutation carried by SULT2A1 regulatory region remains to be
investigated.

In human (Auchus ef al., 1998) and in rat (see review by Payne and Hales et al.,
2004), cytochrome b5 (CYBS) enzyme is an accessory protein that acts as an
allosteric effector of the CYP17-oxidoreductase complex (P450c17.0R). CYP17
is the key enzyme determining the C19 sex steroids biosynthesis (as mentioned
above). CYBS interacts primarily with the P450c17.0R complex to stimulate the
cleavage of C;7-Cy bond (17, 20-lyase activity) (Auchus et al., 1998). In pigs,
CYBS5 was reported to be related with 16-androstene production (Davis and
Squires, 1999). The gene CYBS5 was positioned on SSC 1, which is not a QTL
region of androstenone (Quintanilla ef al., 2003). A causative mutation in the
CYBS5 5’-untranslated region in relation to fat androstenone levels has been
reported (Lin et al., 2005). Future work might be necessary to elucidate the
relationship between CYBS5 polymorphism and fat androstenone accumulation.

1.5.2 Genetic effects on skatole

There is evidence showing a genetic influence on skatole accumulation in entire
male pigs. Heritability (h?) for skatole equivalents (all indolic compounds) has
been determined to be from fairly high (0.34+£0.04) to low (0.19) (Pedersen,
1998). A difference between breeds in skatole levels has also been reported (Xue
et al., 1996a; Babol et al., 2004). Lundstrom et al. (1994) suggested that a major
recessive gene was responsible for high skatole levels. QTL for skatole has been
detected. The QTL with largest effect has been mapped on pig chromosome 14
(SSC14) at 61 cM, spanning the markers between S0007 and SW761 (Lee et al.,
2005). However, no candidate genes have been selected within this QTL. Another
QTL for skatole has been mapped on pig chromosome 6 (SSC6) (Lee et al., 2005).

Polymorphisms in candidate genes responsible for skatole metabolism have been
the focus of many studies. A causative mutation of a SNP has been found on
CYP2E1 coding region, which changed CYP2E1 enzymatic activity and therefore
the skatole metabolizing activity (Lin ef al., 2006). Moreover, in another study
using a large population of commercial pigs, one SNP in the CYP2EI promoter
region was found, which tended to be associated with fat skatole levels (Skinner e?
al., 2005). A single base deletion in CYP2A6 coding region has been identified,
which resulted in the inactiveness of CYP2A6 enzyme and high skatole
accumulation (Lin et al., 2004a). However, Skinner et al. (2006) demonstrated
that none of the CYP2A6 polymorphisms were associated with fat skatole levels
when genotyping a large commercial pig population, suggesting that variation of
CYP2AG6 skatole metabolizing function was not caused by a regulatory mutation
on the gene, but by regulation of transcription factors. When genotyping other
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candidate genes, phenol sulfotransferase (SULT1Al) and CYP2C18, no
polymorphism was found to be responsible for skatole variation (Skinner et al.,
2006).

1.6 Detection of boar taint

The methods for measuring fat androstenone and skatole levels have been well
established. Liquid fat samples are more commonly used for analyses, but in some
studies total fat tissue is also used.

1.6.1 Classical methods for analysing boar taint

Gas chromatography was the first method applied for fat androstenone analysis
(Patterson, 1968). Furthermore, GC method has been optimized in other studies
(De Brabander & Verbeke, 1986; Brennan et al., 1986). The method has very high
sensitivity, and compounds similar to androstenone, e.g. 3a-androstenol and 3f-
androstenol, can also be identified in the analysis. The drawback of this method is
that the fat samples extractions are very complicated; saponification must be done
first, followed by solvent extraction, evaporation and the derivatisation step.
Similar to androstenone, fat skatole levels were also first identified using the GC
method by Vold (1970) and Walstra & Maarse (1970).

Hansen-Mpller (1994) developed a simultaneous analysis for androstenone,
skatole and indole in fat by HPLC method. This method includes simpler sample
extraction compared with the GC method, and the pre-column derivatisation for
androstenone can be performed automatically. The limit of quantification for
androstenone is 0.2 ng/g fat, and for skatole 0.03 ng/g fat (Hansen-Mpoller, 1994).
This method has been adapted in many different labs (Claus, 1997a; Dunshea et
al., 2001) and the large EU project (Bonneau et al., 2000a). Besides this method,
the analyses of only fat skatole and indole levels by HPLC with fluorescence
detector has also been established (Dehngard et al., 1993; Gibis, 1994; Garcia-
Regueiro & Rius, 1998).

A method of supercritical fluid extraction (SFE) by carbon dioxide combined
with GC-MS for fat androstenone analysis has also been developed (Mégard et al.,
1995; Tuomola et al., 1998). The SFE extraction method is rather fast and
efficient and the matrix effect on the analysis is significantly reduced. Using the
mass detector allows the analysis to obtain high specificity and low detection limit
(0.05 pg/g). Androstenone and other 16-androstene steroids can be clearly
separated and identified. The drawback of this method is that it is more expensive
than other methods, and the equipment needed is rather expensive and not
commonly used.

Immunoassay based methods for fat androstenone analyses have also been well
established. The methods include radio-immunoassay (Claus, 1974; Andresen,
1975), enzymatic immunoassay (Claus, 1988; Squires & Lundstrom, 1997) and
fluoroimmunoassay (Tuomola ez al., 1997). The sensitivity of the methods is high
enough for research purpose or sorting tainted carcasses. Before analysis, fat
androstenone has to be extracted by organic solvent, a manual and time consuming
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step. Another drawback of immunoassay method is that the sensitivity and
specificity of analysis relies much on androstenone antibody. Therefore analyses
by different antibodies from different laboratories may give different results. In
comparison with androstenone, applications of immunological methods for skatole
analyses are few. This might be due to the low molecular weight of the antigen
and the unavailability of specific antibody. Tuomola et al. (2000) successfully
developed a monoclonal antibody which can specifically recognize skatole, but
further information about using the antibody for method development is scarce.

1.6.2 Methods with potential for online sorting of tainted carcass

Due to the importance of online sorting tainted carcasses at slaughterhouse, rapid
methods for boar taint analyses have been pursued broadly. This is particular
important to Norway where castration will be stopped by 2009. The main criterion
for a rapid method for androstenone analysis in Norway is < 45 min/sample
(Haugen, personal communication). There is no current method reaching this
criterion. Screening method for on-line fat skatole analysis at slaughter is available
(Mortensen & Serensen, 1984; Hansen-Mgller & Kjeldsen, 1998). This method is
based on a colour reaction with dimethylaminobenzaldehyde after extraction with
a mixture of acetone and aqueous buffer (Mortensen & Serensen, 1984). This is a
fast and fully automatic method. The equipment for on-line analysis was invented
in Danmark (Hansen-Mogller, 1998).

The following section summarizes recent development of methods with potential
for rapid analyses of fat androstenone and skatole.

1.6.2.1 Electronic nose (e-nose)

Annor-Frempong et al. (1998) applied an electronic nose (e-nose) with a 12-
conducting-polymer sensor array to distinguish pork fat from high or low boar
taint. The study showed that there was significant correlation between the results
from e-nose and sensory panel, and the e-nose could successfully sort out tainted
fat samples. Recently, an e-nose based on ion mobility spectrometry (MGD-1,
Environics Ltd., Finland) was used for measuring boar taint levels in fat samples
with different androstenone and skatole levels (0.09-0.88 pg/g fat and 0.01-0.26
ng/g fat, respectively) (Vestergaard et al., 2006). The authors suggest that the e-
nose technology based on ion mobility spectrometry has a potential for future
rapid sorting of carcasses at the slaughter line. Fat samples do not need to be
extracted by organic solvent; thus the time and cost for analyses can be
significantly reduced. It should be noted that e-nose is for identifying total odour
compounds and is not specific for androstenone or skatole. It seems that the
current drawback when using the e-nose is that the sensors are not specific and the
sensitivity needs to be improved (Vestergaard et al., 2006).

1.6.2.2 Functional polymers for molecular recognition

Molecularly imprinted polymers (MIPs) can be considered as mimics of biological
receptors, e.g. antibodies. Imprinted recognition sites have been exploited for
chiral separation of pharmaceutical compounds, used as antibody mimics for
development of assays and biomimetic sensors (see review by Takeuchia &
Haginakab, 1999). Molecular recognition nanostructures can be created in
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synthetic polymers, and therefore polymers for recognizing boar taint molecules
are possible. Ideally, these polymers can be coupled with other sensors in the
equipment and function as artificial antibody. However, the progress of
technology regarding boar taint analysis is limited.

1.6.2.3 Surface plasmon resonance (SPR)

SPR technique is a label-free, real-time technology, which has been widely used
for monitoring reversible interactions of different molecules, e.g. proteins, nucleic
acids, as well as for screening small molecules (Safsten er al., 2006). A
commercial equipment (Biacore, Biacore AB, Uppsala, Sweden) is available and
the development of a chip specific for androstenone and skatole should not be a
problem. However, similar to immunoassay, sample extraction with this
technology is necessary at present. This technology cannot be used for online
sorting unless innovative progress has been made.

1.7 Skatole and androstenone interaction

Skatole accumulations in entire male pigs increase after puberty (Zamaratskaia et
al., 2004c¢), and this coincides with the increase in fat androstenone accumulation
(Claus et al., 1994). Moderate correlation between fat skatole and androstenone
were also observed (Walstra ef al., 1999). Babol et al. (2004) suggested that
increased steroid levels after puberty might regulate skatole levels, and this might
be achieved through regulating the rate of skatole metabolism. Doran et al. (2002)
found that skatole as substrate induced CYP2E1 protein expression in primary
cultured hepatic cells from entire male pigs. Incubation with androstenone could
inhibit CYP2E1 protein expression to basal level (i.e. did not differ with control).
Tambyrajah et al. (2004) reported that androstenone could block the binding of
one of the CYP2EI gene transcription factor (chick ovalbumin upstream promoter
transcription factor 1, COUP-TF1) to the promoter region; consequently, CYP2E1
enzyme expression was inhibited by androstenone through inhibiting CYP2EI
gene expression. These in vitro studies clearly show that androstenone could
stimulate skatole increase by inhibiting skatole metabolizing enzyme. Castration of
entire male pigs not only reduces androstenone levels but also skatole levels
(Whittington et al., 2004). High CYP2E1l enzyme expression was found in
castrated pigs (Skaanild and Friis, 1999), which results in clearance of skatole
after castration.

1.8 Other boar taint compounds

Besides skatole and androstenone, other compounds might also be responsible for
boar taint. Indole can be detected in boar fat. Claus et al. (1997b) reported that
indole amounts to approximately 40% of skatole levels in the fat of boar pigs
given normal feed. However, this percentage might change depending on other
factors. Dirty pens result in high fat indole accumulation (Hansen et al., 1995).
Other indolic compounds e.g  indolemethanol (indole-3-methanol),
indolepropionic acid (indole-3-propionic acid), indoleacetonitril (indole-3-
acetonitril) and indolethanol (indole-3-ethanol) were also found in fat of boar pigs
(Hansen-Mgller, 1998), and might contribute to boar taint.
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Brooks & Pearson (1989) reported that in total five different kinds of 16-
androstene steroid have odour smell, and androstenone has the lowest threshold
easily to be perceived (Table 1). 5a-Androst-16-en-30-ol and Sa-androst-16-en-
3B-ol can be detected in the fat of boar pigs with the range of concentration 0.05 —
0.81 pg/g (Mégard et al., 1995). Lower accumulation of these compounds in fat
compared with androstenone might be due to the 3-hydroxyl group of their
structure. The existence of androstadienone or androstadienol in boar fat has not
been reported, and they might have much less importance to boar taint because of
their high odour threshold (Table 1).

Table 1: Perception threshold for 16-androstene steroids in cottonseed oil *.

Compounds QOdour threshold (ug/g)
5a-Androst-16-en-3-one 0.6
5a-Androst-16-en-3a-ol 0.9
5a-Androst-16-en-33-ol 1.2
4,16-Androstadien-3-one 7.8
5,16-Androstadien-3-ol 8.9

* Source: Brooks & Pearson, 1989

The existence of p-cresol (4-methylphenol) (Patterson, 1967) and 4-phenyl-3-
buten-2-one (Rius & Garcia-Regueiro, 2001) in fat of boar pigs has also been
reported. They might either contribute to boar taint or enhance the perception of
other odour compounds. Rius & Garcia-Regueiro (2001) reported that the fat
samples classified to contain boar taint by sensory panels also contained higher
amount of p-cresol and 4-phenyl-3-buten-2-one than the fat samples classified
without boar taint. More recently, analyses by GC-MS method showed that other
volatile compounds (aldehydes and short chain fatty acids) in the fat samples with
low skatole and androstenone levels also contribute to boar taint odour (Rius et al.,
2005).
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1.9 Objectives

e To compare different methods for skatole and androstenone analyses.

e To further study the effects of dietary supplement of raw potato starch
(RPS), slaughter weight, raising system and sire on skatole and
androstenone levels.

e To evaluate the effect of a new high-amylose barley cultivar (Karmosé) on
reducing skatole and indole levels in entire male pigs, and its effect on
performance.

e To evaluate pigs injected with human chorionic gonadotropin (hCG) as a
potential model to study the effect of increased levels of testicular steroids
on skatole and indole levels.

e To investigate effects of testicular steroids (androstenone, testosterone and
E1S) and skatole and indole on the expression of CYP2A6 protein using
primary cultured pig hepatocytes as a model system.

e To investigate the expression of 3BHSD and 17BHSD mRNA in relation to
accumulation of fat androstenone and other testicular steroids and to
determine how the variation of 3pHSD and 17BHSD gene expression was
affected by immunocastration and surgical castration, respectively.
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2 Materials and methods

2.1 Animals, treatments and sampling

Study I: Effect of raw potato starch and live weight on variations of boar
taint compounds in fat and plasma determined by different methods

A total of 96 crossbred entire male pigs (4 Landrace sires x 13 Swedish Yorkshire
dams) were included in the study. The pigs were slaughtered at two occasions per
pen. The most fast-growing three pigs were slaughtered when they reached
approximately 90 kg live weight (LW; n=27). The remaining pigs were
slaughtered when the average LW in each pen reached 115 kg (n=69). When the
average LW of entire male pigs reached 100 kg, 34 out of the 69 pigs were
additionally fed 0.6 kg of raw potato starch (RPS, Lyckeby Culminar; Karlshamn,
Sweden) per day for two weeks prior to slaughter. Blood samples were taken at
three occasions: i) the day before first slaughter (90 kg LW), ii) the day before
changing diets (100 kg LW), and iii) the day before the second slaughter (115 kg
LW). Back fat was taken after slaughter.

Study 11: Effect of a high amylose barley cultivar (Karmosé) on boar taint
and performance of entire male pigs

A total of 72 crossbred entire male pigs (Swedish Yorkshire dams x Swedish
Landrace sires) were included. The piglets within litter at birth were randomly
assigned to two groups: a control group and a treatment group. The study included
two trials, with 40 pigs in trial 1 and 32 pigs in trial 2. When the average LW in
the pen reached 100 + 11.8 kg, 16 out of 40 (trial 1) and 16 out of 32 (trial 2) pigs
received an experimental diet containing 17% high amylose barley (Karmosé).
Half of these pigs received this diet for 14 days and the other half for 28 days, due
to the applied slaughter routines. The rest of the pigs were given commercial feed.
Live weights of the pigs were recorded at start of the experiment, thereafter every
second week until their final weighing one day prior to slaughter. Feed
consumption was recorded on a daily basis and feed conversion ratio was
calculated pen wise. The pigs were slaughtered at 122.3 + 8.6 kg LW (age 167.2 +
7.5 days). Blood samples were taken one day prior to slaughter and back fat was
taken after slaughter.

Study III: Investigating the relationship between testicular steroids and
indolic compounds in entire male pigs using an hCG injection modeling
system

A total of 34 entire male pigs of a crossbreed (2 Landrace sires x 13 Swedish
Yorkshire dams) were raised. The sires were pre-selected according to their
plasma skatole values, one with lower concentration (0.6 ng/ml) and one with
higher (12.4 ng/ml). The entire male pigs from the two sires were randomly
distributed within litter into two groups of 17 pigs: control and hCG group. Each
group had 8 pigs from the high skatole level sire and 9 pigs from low skatole level
sire. Four days prior to slaughter, the pigs in the hCG group were injected with
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hCG (30 IU/kg LW, Pregnyl®, Organon International pharmaceutical company,
Netherlands). Pigs in the control group were injected with sterile saline. Blood
samples were taken from all pigs twice: just before injection and the day before
slaughter. The time interval between samplings was three days. Before the main
study, a pilot study with 3 entire male pigs was done. hCG injection was
performed 14 d prior to slaughter, the treatment was the same as described in the
main study. Blood samples were taken 5 times: the same day as hCG injection,
each day during three days after injection and the day before slaughter. All pigs
were slaughtered at the average LW of 114 kg.

Study 1V: Regulation of cytochrome P450 2A6 protein expression by
skatole, indole and testicular steroids in primary cultured pig hepatocytes

Entire male pigs of a commercial Large White crossbreed (40% Large White x
40% Landrace x 20% Duroc) were used in the study. Animals were reared on a
commercial standard pelleted diet (ABN, Peterborough, UK) and slaughtered in
the EU-approved abattoir of the Department of Clinical Veterinary Science,
University of Bristol, UK in compliance with regulations for humane care and
slaughter. Samples of liver from the left lateral lobe were collected within 5 min
after slaughter and were used immediately for hepatocyte isolation.

Study V: Gene expression of 3BHSD and 17pHSD in relation to
androstenone, testosterone and E1S in entire male and castrated pigs

Pigs from a Landrace sire x Yorkshire dam cross were used. Two separate
experiments were studied. In Exp. 1, fat and testis samples from 22 entire male
pigs were included. The pigs were classified in 2 groups based on androstenone
concentration. The median androstenone concentration (0.74 pg/g) in the samples
was arbitrarily chosen as a level below which pigs were included in the low
androstenone group (LA), and above which they were included in the high
androstenone group (HA).

In Exp. 2, a total of 20 pigs were included in 4 groups. One group comprised 5
male pigs surgically castrated before 1 wk of age. A second group comprised 5
male pigs treated with Improvac™ (Pfizer Ltd, formerly CSL Ltd, Parkville,
Victoria, Australia). The remaining 10 entire pigs were classified in 2 groups, one
with 5 pigs with the 5 lowest fat androstenone concentrations and the other with 5
pigs with the greatest fat androstenone concentrations. All pigs in both
experiments were slaughtered at 24 wk of age (120 kg LW) in a commercial
slaughterhouse.

Through out the studies (Study I to IIl and V), control pigs were fed a
commercial diet according to the standard feeding regimen for growing pigs in
Sweden (restricted, 12 MJ ME per kg, digestible CP 13%). The experimental pigs
were fed with treatment diet in addition to commercial diet. The care of the pigs
and the experimental design of the studies were approved by the Local Animal
Ethics Committee in Tierp, Sweden, and the pigs were treated according to
accepted standards for the humane treatment of animals. Blood samples were
taken via jugular venipuncture into heparinised vacutainer tube. Plasma was
separated by centrifugation at 2000 x g for 15 min at 4 °C and kept at -80 °C for
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steroid analyses. In connection with slaughter, pigs were withheld from feed
overnight but had free access to water. They were transported 5 km to the
slaughterhouse and kept in lairage for 2 h. Pigs were immobilized by CO, and
killed by exsanguination. Fat samples from the neck region were taken and kept at
-20 °C until analyses. Testis and liver samples were taken approx. 20 min after
exsanguination, frozen in liquid nitrogen, and then stored at -80 °C until analyses.

2.2 Skatole, indole and androstenone analyses

Androstenone, skatole and indole in fat were analysed by an HPLC method. Fat
samples were liquefied in a microwave oven (300 W) for 3 min. Then, 150 ul
tissue-free liquid fat was pipetted into 1.5-ml centrifuge tubes in duplicates. Next,
750 pl methanol containing 0.33 pg/ml androstanone as internal standard were
added into the tubes and incubated for 5 min at 60 °C in a water bath. After
vortexing for 30 s, the tubes were kept in —20 °C for 60 min and centrifuged for 5
min at 4500 x g at 4 °C. Lastly, 140 pl of the supernatant was transferred into
HPLC vials for androstenone, skatole and indole analyses.

The HPLC system from Merck-Hitachi included a pump (L-6200A), auto
sampler (AS2000), fluorescence detector (L-7480), column oven (L-5025) and D-
6000A interface operated by D-6000 HPLC Manager software. Column for
separation was Hypersil ODS (3um, 60*4.6mm, Hewlett-Packard) with a guard
column and a Stand-Alone holder. The column was operated at 40 °C.

Mobile phase for androstenone analyses was tetrahydrofurane: acetonitrile:
sodium phosphate buffer (25 mM): acetic acid (34: 23.8: 41.4: 0.8), flow rate was
1.5 ml/min, and injection volume was 20 pl. Fluorescence detection was
performed with excitation at 346 nm and emission at 521 nm. The samples were
derivatized according to the method of Hansen-Magller (1994). Spiked fat samples
were prepared to construct standard curve. Linear range of the assay was from 0.1
to 2.5 pg/g (Figure 2A). Samples containing high amounts of androstenone (> 2.5
ng/g) were diluted with methanol to the ratio of 1:5.

Mobile phase for skatole and indole analyses was tetrahydrofurane: sodium
phosphate buffer (25 mM): acetic acid (31: 67.6: 1.4), flow rate was 1.5 ml/min,
and injection volume was 20 pl. Fluorescence detection was performed at an
excitation of 285 nm and emission of 340 nm. Spiked fat samples were used to
construct standard curve. Linear range of the assay was from 0.002 to 0.5 pg/g for
both compounds (Figure 2B).
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Figure 2. Standard curves of androstenone (A), skatole and indole (B) spiked in liquid fat.
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Skatole equivalents in fat were measured by the colorimetric method (Mortensen
& Serensen, 1984). Skatole and indole in plasma were measured by a HPLC
method described by Zamaratskaia et al. (2004c). Androstenone in plasma was
measured by ELISA method described by Squires and Lundstrom (1997).

In Study I, different methods for analyzing boar taint compounds were
compared, i) comparison between colorimetric and HPLC method for fat skatole
analyses; ii) HPLC and ELISA for fat androstenone analyses; in addition, in order
to validate HPLC method performed in our lab, the HPLC method was compared
with GC-MS method which was developed previously by Magérd et al. (1995);
iii) comparison of androstenone levels from plasma samples with and without
sample extraction. For the plasma extraction procedure, ethyl acetate was used.

2.3 Steroids analyses

Testosterone in plasma was measured using a radioimmunoassay (RIA) kit (Coat-
A-Count Total Testosterone, PITKTT-1, Diagnostic Products Corporation, Los
Angeles, US). Dehydroepiandrosterone-sulfate (DHEAS) in plasma was measured
by a commercial RIA kit (Coat-A-Count DHEA-SO4, PITKDS-3, Diagnostic
Products Corporation, Los Angeles, US). E1S in plasma was measured by a
commercial RIA kit (DSL-5400, DSL UK Ltd, Cherwell Innovation Centre, Upper
Heyford, UK). Free estrone in fat was measured by an RIA method as described
by Zamaratskaia et al., (2005).

2.4 Total RNA isolation, reverse transcription and real-time
PCR

Total RNA was extracted from testis and liver tissues by TRIzol reagent
(Invitrogen/Life technologies, USA) according to the manufacturer’s protocol.
The concentration of total RNA was quantified at 260 nm using the NanoDrop
spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, Delaware).
The quality of total RNA was assessed using Agilent’s 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, California) with RNA chip kits (for nanogram assay;
Caliper Technologies, Mountain View, California), and samples showing good
RNA quality (i.e. low degradation and presence of 2 ribosomal peaks) were
selected for further reverse transcription (Figure 3). Reverse transcription was
performed using the First-Strand cDNA Synthesis Kit (Amersham Biosciences
UK Limited, Little Chalfont, Buckinghamshire) according to the manufacturer’s
protocol. A total of 3 pg total RNA in 20 ul was used for reverse transcription and
pd(N)6 was used for cDNA synthesis. The cDNAs were further purified using
QIAquick PCR purification columns (Qiagen, Valencia, California).
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Figure 3. RNA integrity check. Degraded RNA (A) vs. Intact RNA (B). The 18S and 28S
peaks are clearly visible at plot B, but not in plot A. Plot C stands for the gel
electrophoresis. Lane 6-7 is totally degraded RNA. Lane 9-12 is intact RNA, with clear 28S
(up) and 18S (down) rRNA bands (ratio 28S:18S approx. 2:1). The smears in Lane 1-5
show RNA which is partly degraded.

Amplification efficiency measurement: Three cDNA samples chosen randomly
were used to make a serial dilution (1/5, 1/10, 1/20, 1/40, 1/80, 1/160) to
determine the efficiency of specific amplification. For each sample, a plot of
threshold cycle (Ct) vs. logl0 of the sample dilution series was produced. The
slope of this graph was used to determine the reaction efficiency by Ct slope
method (Application Note TagqMan Gene Expression Assays, Applied
Biosystems). For all of the sample analyses, a cDNA dilution of 1/40 was chosen,
giving amplification efficiency above 95% (Figure 4).
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Figure 4. Amplification efficiency standard curve of gene 3pHSD (A), 17BHSD (B), TFR
(C) and HPRT (D). Figures were plotted with logarithm of dilution ratio (in X-coordinate)
against threshold cycle (Ct, in Y-coordinate). Each point represents the mean Ct value from
three samples against the same dilution ratio. E-value stands for the efficiency of target
amplification of each gene.
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Fragments of 3BHSD and 17BHSD genes as well as 2 housekeeping genes
[transferrin receptor (TFR) and hypoxanthine phosphoribosyltransferase (HPRT)]
were amplified by real-time PCR using TagMan system (Applied Biosystems,
USA). Each reaction well was loaded with 0.7 pM primers (forward and reverse
primer), 0.25 uM probe, 2.5 pl Tagman buffer A (10X), 3.5 mM MgCl,, 0.2 mM
dNTP, 0.025 U/ul Ampli Tag GOLD, and 200 pg/ul cDNA. The final reaction
volume was 25 pl. All samples were run in triplicate. The following PCR
conditions were used: 40 cycles of 15 s at 95 °C followed by 1 min at 60 °C. PCR
product was analysed by 2% agarose gel (NuSieve/SeaKem, FMC Bioproducts,
Rockland, Maine) electrophoresis to evaluate the amplification specificity. TFR
gene in testis, HPRT gene in liver was used for data normalization. Comparative
Ct method (2-AACt method, ABI User Bulletin #2) was used for 3pHSD and
17BHSD mRNA relative quantification.

2.5 Hepatocyte isolation and culture

Method for porcine hepatocyte isolation was described by Doran et al. (2002).
Around 300 g of liver from left lateral lobe was collected immediately after
slaughter. Liver was perfused with ice-cold buffer I (142 mM NacCl, 6.7 mM KCI,
10 mM HEPES, 0.5 mM EGTA, pH=7.4), and then transported on ice to the lab.
The liver was perfused further in the lab with buffer I at 37 °C, and then changed
to buffer II (buffer I without EGTA). After this, the liver was recirculating
perfused with buffer III (142 mM NaCl, 6.7 mM KCI, 10 mM HEPES, 4.75 mM
CaCl, and 75 mg of collagenase type IV (Sigma, Dorset, UK), pH=7.4) for 30
min. After perfusion, the liver was lightly chopped with scissors and gently
agitated in ice-cold HEPES-buffered Hank’s balanced salt solution (pH=7.65).
The cell suspension was filtered twice through a nylon mesh, sedimented at 100 g
for 5 min at 4 °C and washed twice with the same solution. Cells were suspended
in Medium 199 supplemented with 10% of foetal bovine serum (Gibco BRL,
Paisley, UK), 2 mM L-Glutamine (Gibco BRL, Paisley, UK), 100 U/ml penicillin
and 100 pg/ml streptomycin (Sigma, Dorset, UK). Cell viability was assessed by
trypan blue exclusion and routinely greater than 90%.

Approximately 6 x 10° cells were plated with 10 ml of Medium 199 on each of
collagen-coated petri dishes (100 mm diameter, Appleton Woods, Birmingham,
UK). Hepatocytes were cultured in a humidified atmosphere of air (95%) and CO,
(5%) at 37 °C. After 24 h of pre-incubation, the medium were replaced by fresh
medium with or without treatment, and the cells were further incubated for 24 h
under the same conditions. No obvious suspension of hepatocytes was observed
during incubation. Plates with hepatocytes were washed twice with phosphate
buffered saline (PBS), scraped into 0.3 ml of PBS with added inhibitors of
proteolytic enzymes antipain + pepstatin + leupeptine (1 pg/ml), and snap-frozen
in liquid nitrogen. The frozen cells were stored at -80 °C until further analyses.
The protein level in isolated hepatocytes was determined by the Bradford method
with bovine serum albumin (BSA) as reference standard (Bradford, 1976) (Figure
5).
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Treatments for cultured cells included testosterone, androstenone, E1S, skatole
and indole with final concentrations at 1, 10, 50, 100, 500 and 1000 nM. All of the
stock solutions were prepared in methanol, except that testosterone was prepared
in ethanol. A volume of 50 ul of ethanol (or methanol) was added into control
sample. The final concentration of methanol or ethanol added to the cells was not
higher than 5%. Adding of methanol or ethanol alone at the final concentration of
5% has been reported to have no effect on cultured cells (Doran et al., 2002).
Triplicates were performed for each concentration.
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Figure 5. Bovine serum albumin (BSA) standard curve for protein quantification. Each
point represents the average value of three absorbances at the same protein concentration.
One microgram of protein gives the absorbance value 0.0355 at 595 nm wavelength.

2.6 Western blotting

Procedure for western blotting was described by Doran et al. (2002). In brief, a
total amount 6 pg of protein per sample were loaded to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and separated at 120 V for 1 h.
After electrophoresis, the proteins were transferred onto nitrocellulose membrane.
The transferred membrane was blocked by fat-free powder milk first, then probed
with commercial CYP2A6 polyclonal antibody. The membrane was further probed
with a commercial secondary antibody (ECL horseradish peroxidase linked
donkey anti-rabbit IgG; Amersham Bioscience, Bucks, UK). Two times of
washing with PBST were included for each step. The membrane was developed by
Enhanced Chemiluminescence (ECL) reagent following the manufacturer’s
instructions (Amersham Bioscience, Bucks, UK). The luminal signals were
captured using KODAK processing chemicals products system (Hyperfilm MP,
Kodak, UK). The film was scanned and the CYP2AG6 signal was quantified using
ImageQuant programme (Molecular Dynamics, GE Healthcare, Buckinghamshire,
UK)

2.7 Statistical analyses

Statistical Analysis System (SAS Institute, Cary, NC, USA) was used throughout
studies. The following procedures were used: mixed (Study I, II, III, V), Pearson
correlation (Study I, III, V), and Student t-test (Study IV). Data with skewed
distribution were logarithmic transformed for normalization distribution.
Confidence interval and least square means were obtained after transforming back
from logarithmized data.
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3 Results

3.1 Methods comparison and further evaluation of the effect of
live weight, sire and resistant starch on boar taint compounds
(Paper I)

Validation of an HPLC method for fat androstenone analyses in our lab in
comparison with a GC-MS method showed that they were highly correlated
(y=0.994x + 0.200; r = 0.98; x = HPLC and y = GC-MS results). Androstenone
analyses on 96 fat samples by both HPLC and ELISA method showed that the two
methods were well correlated; however, results by the ELISA method were
overestimated (y = 1.003x + 0.784; r = 0.90; x = HPLC and y = ELISA results).
Sample extraction procedure significantly influenced plasma androstenone results,
and androstenone values obtained by direct ELISA (without extraction) were
about four times higher compared to those after extraction (y =2.611x + 7.392;r =
0.70; x = ELISA with sample extraction and y = ELISA without sample
extraction).

In this study, the effect of live weight (LW) at slaughter, raising system and sire
selection on boar taint compounds were evaluated. In addition, feeding raw potato
starch (RPS) on boar taint was also evaluated. There was a significant difference
in fat androstenone levels between low LW (90 kg) and high LW (115 kg) (P =
0.02), whereas fat skatole and indole levels did not differ between LW. Raising
system only influenced plasma indole levels. Sire selection based on plasma
skatole levels significantly influenced skatole, androstenone and indole levels in
fat in the progenies. Feeding RPS significantly reduced skatole levels in plasma
and in fat, whereas indole levels were not affected. Fat androstenone levels
analysed by HPLC method did not differ at 115 kg LW between control and RPS-
feeding group (0.90 vs. 0.64 pg/g; P = 0.238), but plasma androstenone levels
analysed by ELISA method with extraction procedure were significantly lower in
RPS-feeding group at 115 kg LW than control group at the same LW (2.20 vs.
4.46 ng/ml; P <0.001).

3.2 [Evaluation of the effect of high amylose barley on the
variation in indolic compounds and growth performance of
entire male pigs (Paper II)

Skatole levels in plasma were significantly lower in the pigs fed the diet with high
amylose barley (P = 0.037) although skatole levels in fat did not differ between
groups (P = 0.169). Neither indole nor androstenone levels were affected by high
amylose barley feed. Puberty status was not affected by dietary composition, as
demonstrated by similar levels of E1S, testes weight and bulbourethral gland
length in both groups. No differences were detected in daily weight gain, carcass
and meat quality among the pigs fed the different diets. Analyses of commercial
and high amylose barley diets showed that the resistant starch (RS) content in both
feeds were similar (commercial vs. high amylose barley diet: 0.21 vs. 0.28%,
respectively). RS content in pure high amylose barley and raw potato starch were
0.43% and 45.52%, respectively.
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3.3 The effect of hCG injection on the relationship between
testicular steroids and indolic compounds (Paper III)

In the pilot study, we found a rapid increase of plasma androstenone levels after
hCG injection in all of the three experimental pigs. The plasma androstenone
levels reached a maximum on the second day and then gradually decreased. For
plasma skatole and indole levels, a pronounced increase was only observed in one
of the three experimental pigs.

In the main study, an hCG injection model for regulating steroids was
successfully established. In plasma, levels of androstenone, testosterone,
dehydroepiandrosterone sulfate (DHEAS) and E1S were significantly increased
after hCG injection. In fat, androstenone and estrone were significantly increased.
For indolic compounds, plasma indole levels were increased in the hCG injected
group (P = 0.026), whereas plasma skatole levels were not changed (P = 0.292).
Fat indole levels were significantly increased after hCG injection (P = 0.035);
moreover, fat skatole levels were slightly but not significantly increased after h(CG
injection (P = 0.107). Comparison of individuals over skatole sensory threshold (>
0.20 pg/g in fat) showed that in the hCG injection group, 4 out of 17 individuals
had skatole levels over threshold, whereas 1 out of 17 individuals had skatole
levels over the threshold in the control group.

Testicular steroids in plasma and in fat were correlated both in control and hCG-
treated pigs. Correlation between fat skatole and androstenone was not significant
in controls (r = 0.32; P > 0.05), but was significant after hCG injection (r = 0.54; P
< 0.05). Correlation between fat androstenone and indole was high in control pigs
(r=10.67; P <0.01), but lower in hCG-treated pigs (r = 0.48; P = 0.054).

Pre-selected sires significantly influenced androstenone, estrone, skatole and
indole levels in fat, as well as androstenone, skatole and E1S in plasma. On the
contrary, main androgens (testosterone and DHEAS) did not differ between the
progenies of selected sires. This suggested a strong influence of genetic
background on boar taint compounds, which were independent of androgen status
in our animals.

3.4 Evaluation of hepatocytes CYP2A6 protein expression by
incubation with steroids and indolic compounds (Paper 1V)

Our results showed that skatole at the final concentrations of 1, 10 and 100 nM
induced CYP2A6 protein expression in cultured primary hepatocytes by 70%,
33% and 63% respectively compared with controls. There were no statistically
significant differences of CYP2AG6 protein levels at skatole concentrations of 1, 10
and 100 nM. Further increases in skatole concentration to 500 nM and 1000 nM
resulted in decrease of CYP2A6 protein expression, which returned to the control
values in the presence of 1000 nM of skatole. Similarly to skatole, incubating the
hepatocytes with indole also resulted in an increase in CYP2A6 protein
expression. However, induction of CYP2A6 expression by indole was more
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pronounced than by skatole when comparing at similar concentrations. Expression
of CYP2A6 protein in the presence of 1, 10 and 100 nM of indole was 105%,
131% and 145% higher respectively than CYP2A6 protein level in the control.
Further increase of indole concentration to 500 and 1000 nM, similarly to skatole,
resulted in a gradual decrease in CYP2A6 protein expression and return to the
control level.

Androstenone at the final concentrations of 1, 10 and 100 nM, resulted in a
significant inhibition of CYP2A6 expression by 55%, 37% and 44% respectively
in hepatocytes compared with controls. Further increase of androstenone
concentration to 500 and 1000 nM resulted in CYP2A6 protein expression return
to control level or even higher than control. In contrast to androstenone,
incubation with testosterone and E1S had no inhibitory effects on CYP2A6
protein expression at any of the concentrations studied. Moreover CYP2A6
protein expression tended to increase in the presence of 1 to 100 nM E18S, as well
as in the presence of 500 and 1000 nM of testosterone. However, this increase did
not reach significance.

3.5 Gene expression of 3HSD and 17pHSD and the
relationship with testicular steroids (Paper V)

Entire male pigs and castrated pigs were used in this study. Gene expressions of
3BHSD and 17BHSD were analyzed by real-time PCR and associated with fat
androstenone levels that were predetermined by HPLC method. Association
between gene expression and other testicular steroids in plasma (testosterone and
E1S) were also evaluated. The male pigs with high fat androstenone
concentrations had low 3BHSD gene expression in both liver and testis tissue. The
gene expression of 17BHSD in liver, but not in testis varied negatively with fat
androstenone concentrations. Immunocastrated and surgically castrated male pigs
had nondetectable levels of androstenone in fat, and testosterone and EI1S in
plasma. The castration procedure induced a significant increase of both 3HSD
and 17BHSD gene expression. The mRNA levels of the 3BHSD gene were
generally much higher than the 17BHSD gene both in liver and in testis. Fat
androstenone was negatively correlated with liver 3BHSD gene expression (r = -
0.69; P < 0.05). The 17BHSD gene expression in liver was negatively correlated
with plasma EIS (r =-0.95; P <0.001). In addition, the 3BHSD and 17BHSD gene
expression in liver of entire male pigs were strongly correlated (r = 0.86; P <
0.01).
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4 Discussion

4.1 Comparing different methods for analyses of boar taint
compounds

A HPLC method for fat androstenone, skatole and indole were developed in our
laboratory. This method followed the principle described by Hansen-Meller
(1994). Different mobile phase, as well as manual derivatisation for androstenone
analysis was performed in order to adapt to our own system. The accuracy of the
HPLC method for androstenone was additionally evaluated by analyzing 20 fat
samples by HPLC and GC-MS (Mégéard et al., 1995), and the results from the two
methods were well correlated. HPLC and ELISA methods were also compared for
fat androstenone analyses. In our study, the results from the ELISA method were
overestimated, which is inconsistent with a previous report by Claus et al. (1997).
However, at low concentrations (below 1.0-1.5 ug/g) of androstenone levels,
variation between the two methods was large in their study. It should be noted that
different androstenone antibodies were used between labs, and also that the
optimized ELISA procedures were different. It is likely that the difference of
specificity of these antibodies caused the variation in the results. In addition, the
possibility of the presence of some unknown androstenone metabolites in the
adipose tissue could not be excluded. Our results suggest that the HPLC method is
a more accurate way to measure androstenone concentrations in fat. Androstenone
in plasma were measured by ELISA method including sample extraction with
ethyl acetate or without extraction. This was done to evaluate the extraction
procedure on plasma androstenone analyses. Plasma androstenone levels from
analyses without sample extraction were much higher compared with the analyses
with sample extraction, even though the correlation between these two methods
was high (r=0.70). We assume this might be due to non-specificity of antibodies
for androstenone measurements. Cross-reactivity of the antibodies against
androstenone metabolites cannot be excluded. A recent study showed that most
androstenone in plasma exists in sulfated form (Sinclair & Squires, 2005a). 3f-
androstenol is another androstenone metabolite (Doran et al., 2004; Nicolau-
Solano et al., 2006). In addition, the binding of androstenone to plasma
components might inhibit the efficiency of sample extraction by organic solvent.
Moreover, the matrix difference between standard solution and plasma measured
by direct ELISA might also cause some minor differences in the results obtained
with and without extraction.

In our study, results from the colorimetric method and the HPLC method for fat
skatole analyses were highly correlated. The colorimetric method measures the
total amount of indolic compounds e.g. skatole and indole, whereas the HPLC
method determine skatole and indole levels separately. The colorimetric method is
based on measurements in homogenized fat tissue, whereas we use liquid fat in the
HPLC analysis. Gibis (1994) reported that skatole values measured in liquid fat
were approximately 34% higher than those in homogenized fat. On the other hand,
our results showed that the obtained skatole equivalents measured by the
colorimetric method included approximately 30% indole. Therefore the
concentrations obtained by the colorimetric and HPLC methods were close and
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highly correlated. A previous study also reported high correlations between these
two methods (r = 0.973; n = 137; Hansen-Mpller, 1994). However, moderate
correlations between the two methods (r = 0.50) were reported by Gibis (1994).

4.2 Influence of live weight and feeding raw potato starch on
boar taint compounds

Feeding raw potato starch (RPS) on reducing fat skatole accumulation in entire
male pigs has been well illustrated (Jensen et al., 1995a; Losel & Claus, 2005;
Willig et al., 2005; Zamaratskaia et al., 2005b), and this effect was further
supported by our study. Claus et al. (2003) explained that RPS fermentation in the
large intestine produced short chain fatty acids, mainly butyric acid, which can
inhibit colonocyte apoptosis and thus lead to decreased amount of cell debris, the
key source of tryptophan for skatole synthesis. However, there is one question
remaining, as indole is produced from L-tryptophan, the same origin as skatole. If
tryptophan availability was reduced due to a low rate of cell apoptosis, indole
production should also be reduced. Due to the fact that RPS did not affect indole
levels, we assume there might be other mechanisms explaining the skatole
reduction by RPS. Indole synthesis in the large intestine is mediated by many
types of bacteria, whereas skatole production requires the presence of highly
specific bacteria, e.g. Lactobacillus and Clostridium (Jensen et al., 1995b).
Microflora adaptation towards more beneficial growth might contribute to skatole
reduction. An in vitro study by Xu et al. (2002) showed that fructooligosaccharide
(FOS) can considerably suppress the growth of pathogenic bacteria, E. coli and
Clostridium spp. Moreover, incubation of FOS with pig faecal slurries
significantly reduced skatole production from tryptophan, whereas indole
production was not affected (Xu et al., 2002). Rideout et al. (2004) reported that
feeding pigs with chicory inulin did not change indole levels in faeces, a possible
indicator of intestinal indole production. Raw potato starch, similar to FOS and
inulin, is not digestible in the small intestine and is fermented by the intestinal
bacteria to yield short chain fatty acids (Claus et al., 2003). It is possible that RPS
fermentation products inhibit skatole-producing bacteria in the large intestine,
whereas indole-producing bacteria remain unaffected. Zamaratskaia et al. (2005a;
2006) reported that feeding RPS did not affect CYP enzymes expression,
suggesting that RPS reduce fat skatole levels only by reducing its formation in
vivo and not by influencing its metabolism.

In our study, neither skatole nor indole levels differed between 90 and 115 kg
LW. This is inconsistent with our previous study where skatole and indole levels
usually increase at the age close to puberty (Babol et al., 2004), and this increase
was often explained by the puberty-related production of testicular steroids
(Zamaratskaia et al., 2004a). This inconsistent result needs to be further checked.
Fat androstenone levels were significantly higher at 115 kg than at 90 kg LW,
which could be expected. Androstenone levels increase simultaneously with other
testicular steroids at puberty. No effect of LW on plasma androstenone levels was
found in the present study. As well, RPS did not significantly change
androstenone accumulation in fat, but reduced androstenone levels in plasma when
analysed by ELISA method with sample extraction procedure.
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4.3 Evaluation of a high amylose barley cultivar (Karmosé) on
boar taint and performance of entire male pigs

The composition of barley starch is highly variable due to different genetic
background and growing conditions. Amylose content, which is important to
starch resistant character (Xue et al., 1996b), varies between 0 to 45% in different
barleys (Li et al., 2001). More recently, a novel barley cultivar (Himalaya 292)
was introduced (Morell ef al., 2003), which contains higher proportion of amylose
and higher total and soluble non-starch polysaccharides (NSP) (Bird et al., 2004a).
Feeding pigs with Himalaya 292 increased large-bowel fermentation and short
chain fatty acid (SCFA) concentrations (Bird e al., 2004b). Because increasing
fermentation might result in skatole reduction, the barley cultivar may be
potentially used as a skatole-reducing means. In the present study, we evaluated
the effect of a high amylose barley cultivar (Karmosé) (HAB) diet on skatole
accumulation in entire male pigs. Skatole levels were significantly reduced in
plasma in the pigs fed the HAB diet. The levels of skatole in fat were numerically
lower in the pigs fed HAB, although not statistically significant. The inconsistency
between the effect of HAB diet on skatole levels in plasma and fat might be due to
overall low skatole levels in fat in the present study. Only 7 out of 69 pigs had fat
skatole levels over 0.2 pg/g, the threshold used to detect tainted carcasses in
Sweden; 5 of those 7 pigs were from the control group, and 2 from the HAB
group. Besides, Losel and Claus (2005) demonstrated that the magnitude of
skatole reduction in fat by RPS was dose-dependent. In the present study, 17% of
HAB in diet was used, and the RS content in HAB was 0.43%, which is very low
compared with the RS in RPS (45.52%). In addition, the feeding period that we
used i.e. either 14 or 28 d before slaughter may not be long enough to reduce
skatole levels. Further research is needed to evaluate the effect of HAB on fat
skatole levels. In our study, growth performance and meat quality were not
changed by feeding the HAB diet, which is consistent with another study (Bird et
al., 2004b). Additionally, HAB may have much broader implications than just
altering boar taint level, considering its potential beneficial effect on animal
health, e.g. reduced plasma cholesterol and increased large-bowel SCFA
production, as reported by Bird ef al. (2004b).

4.4 hCG injection on the relationship between testicular
steroids and indolic compounds

The effect of hCG injection on stimulating androstenone as well as on other
testicular steroids has been well reported. Plasma androstenone can reach maxium
between 24-30 h (Andresen, 1975; Carlstrom et al., 1975; Malmfors et al., 1976;
Lundstrom et al., 1978), or between 24-48 h (Bonneau et al., 1982) after hCG
injection. Whereas the increase of fat androstenone levels usually occurs later than
in plasma (Malmfors ef al., 1976; Bonneau et al., 1982), the increase of plasma
testosterone occurrs in parallel with plasma androstenone (Carlstrom ef al., 1975).
Our results further showed that the maximum of plasma androstenone levels
appeared at the 2nd day after hCG injection and subsequently decreased. Other
testicular steroids in plasma, i.e. testosterone, DHEAS, E1S were significantly
increased at the sampling 3 d after hCG injection. Both androstenone and estrone
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in fat also significantly increased 4 d after hCG injection. At 14 d after hCG
injection, the plasma androstenone declined to the same level as before hCG
injection.

Accumulation of high fat skatole levels occur more frequently in entire male
than in female and castrated pigs, and an association between puberty
development and plasma skatole escalation has also been suggested (Zamaratskaia
et al., 2004¢). Our study evaluated the changes in indole and skatole levels after
hCG injection. Indole levels in plasma and in fat were significantly increased, and
skatole levels in fat were also slightly increased. More recently, a study showed
that hCG injection induced a significant increase in fat skatole levels in two pig
breeds (Duroc and Landrace), and this induction was associated with a reduced
CYP2E1 and CYP2A enzyme activity after hCG injection (Zamaratskaia et al.,
2007b). Babol et al. (1999) suggested that androstenone might be involved in
skatole metabolism. Doran et al. (2002) showed that androstenone inhibited
induction of CYP2E1 by skatole in hepatocytes. Tambyrajah et al. (2004) found
that androstenone inhibited CYP2El enzyme expression through inhibitory
binding to COUP-TF1, one of the transcription factors for CYP2E1. Moreover,
Cue et al. (2007) reported a concurrent low protein expression of both CYP2EI
and COUP-TF1 in Duroc entire male pigs in comparison with Large White pigs,
and concluded that a low level of CYP2E1 protein might be due to a defective
expression of COUP-TF1. The low protein expressions of CYP2E1 and COUP-
TF1 can be an explanation for the high skatole levels in the Duroc breed observed
by Babol et al. (2004). However, other studies reported low fat skatole levels in
the Duroc breed in comparison with Hampshire breed (Squires & Lou, 1995; Xue
et al., 1996a) or Landrace breed (Zamaratskaia et al., 2007b). Previous studies
show that Duroc breed has earlier puberty development and higher fat
androstenone accumulation (Christenson & Ford, 1979; Xue et al., 1996a). It
might be assumed that the high androstenone levels can inhibit CYP2EI1 protein
expression through inhibiting COUP-TF1, by reducing skatole metabolism and
causing high skatole accumulation. Besides skatole metabolism, skatole
production and uptake are also important in regulating skatole levels in entire male
pigs. Anabolic hormones, e.g. testosterone, accelerate the cell renewal and
apoptosis in the intestine (Claus et al., 1994), which increase the L-tryptophan
availability and result in more skatole production. The disturbed balance between
skatole production and metabolism due to increased steroid levels by hCG
injection might explain the increase in fat skatole accumulation (Zamaratskaia et
al., 2007b), and also the indole increase in both plasma and in fat. The exact
mechanism behind the effect of hCG stimulation on the levels of skatole and
indole accumulation remains to be elucidated.

4.5 Effect of sire selection on accumulation of boar taint
compounds in progeny

The effect of sire selection based on plasma skatole levels on influencing fat
skatole levels of progenies has been evaluated. Our results from both Study I and
IIT showed significant differences in skatole concentrations in plasma and fat
between the offspring of different sires. This confirms that genetic background is
an important factor regulating skatole levels (Lundstrom et al., 1994).
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Additionally, progenies with low fat skatole levels also had low levels of
androstenone, free estrone and indole in fat, whereas the plasma testosterone and
DHEAS did not differ between groups. The similar pattern between androstenone,
skatole and indole in association with pre-sire selection is difficult to explain. We
assume that androstenone levels in vivo might influence skatole metabolism.

4.6 Regulation of cytochrome P450 2A6 protein expression by
skatole, indole and testicular steroids in primary cultured pig
hepatocytes

The present study used primary cultured hepatocytes as a model system, and
investigated whether pig hepatic CYP2A6 protein expression is regulated by the
testicular steroids testosterone, androstenone or E1S, as well as the two indolic
compounds, skatole and indole. The study showed that CYP2A6 expression was
significantly inhibited by low concentrations of androstenone; this is consistent
with the previous observation that androstenone downregulates the skatole-
induced expression of CYP2E1 in cultured pig hepatocytes (Doran et al., 2002).
Another study also showed that CYP2A6 activity was inhibited by androstenone
(Zamaratskaia et al., 2007a). However, the effect of androstenone on CYP2A6
activity (Zamaratskaia et al., 2007a) was smaller than the effect of androstenone
on CYP2A6 protein expression (the present study). This might be partially
explained by the use of different experimental systems (isolated microsomes and
isolated hepatocytes respectively) and different ranges of androstenone
concentrations. The levels of steroid treatment used in this study are similar to
steroid concentrations used by other authors for cell culture experiments (Schwenk
and Del Pino, 1980; Sinclair et al., 2005b). It should be noted that the inhibitory
effect of androstenone on CYP2AG6 protein expression was only observed at low
androstenone concentrations (1, 10 and 100 nM). The effect was abolished when
androstenone concentrations were increased to 500 nM and 1000 nM. The
mechanism of this response is unknown. In contrast to androstenone, testosterone
did not significantly affect CYP2A6 protein expression in our experiments. This
finding is consistent with the results of Zamaratskaia et al. (2007a) who
demonstrated that testosterone does not alter CYP2A6 enzyme activity in hepatic
microsomes isolated from entire male pigs. Moreover, the present study did not
show any significant effect of E1S on the expression of CYP2A6 protein in
primary cell hepatocytes. Previous studies reported that an increase in skatole level
in pig adipose tissue is accompanied by an elevated level of E1S in plasma and fat
(Babol et al., 1999, Zamaratskaia et al., 2005¢). We assume that E1S may directly
affect CYP2AG6 activity without influencing CYP2A6 expression, and this needs to
be further researched.

Our study showed that CYP2A6 protein expression in primary cultured
hepatocytes can be induced by its substrates, skatole and indole. These results are
consistent with the previous finding that skatole induces expression of the other
skatole-metabolising enzyme, CYP2EI, in isolated pig hepatocytes (Doran at al.,
2002). Cytochrome P450 system (CYP450), in particular the isoforms CYP2E1
and CYP2AG6 are involved in the first stage of hepatic skatole metabolism (Babol
et al., 1998; Diaz & Squires, 2000). Liver is the main tissue responsible for skatole
metabolism in entire male pigs (Squires and Lundstrom, 1997; Lin et al., 2004a;
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2006). The mechanisms regulating the expression of CYP450 isoforms in pig liver
have not been completely understood. We also observed a biphasic response of
CYP2AG6 protein expression to skatole and indole treatments, i.e. an increase in the
CYP2A6 level at low (physiological) concentrations of the treatments and a
decline in the CYP2A6 protein level at high concentrations. The reason for the
biphasic response is not clear. One possible explanation could be a cytotoxic effect
at high concentrations. The biphasic response of CYP450 enzyme was also shown
in another study (Donato ef al., 2000). An interesting observation in the present
study is that the effect of indole on CYP2AG6 protein expression was higher than
the effect of skatole (on average 127% versus 55%). It is well known that enzyme
expression can be induced by its substrates; therefore, we speculate that indole
might be a more preferable substrate for the porcine CYP2A6. This hypothesis is
consistent with observations of Gillam et al. (2000) showing that CYP2A6 is the
most active cytochrome in the formation of at least two products of oxidative
indole metabolism and that CYP2E1 has less input in indole metabolism in this
system than CYP2A®6.

4.7 3BHSD and 17pHSD gene expression in entire male pigs

Accumulation of fat androstenone levels is mainly determined by androstenone
production in testis and metabolism in liver. Recently, more studies were done in
relation to androstenone metabolism. Doran et al. (2004) established that the
enzyme 3BHSD in liver can catalyze the transformation of androstenone to 3f-
androstenol. Moreover, sulfated and glucuronidated androstenone have also been
determined (Sinclair et al., 2005a; 2006). In our study, we determined 3HSD
mRNA levels in entire male pigs by real-time PCR. The results showed that high
3BHSD gene expressions in liver and in testis were associated with low fat
androstenone accumulation. In addition, the negative correlation between liver
3BHSD and fat androstenone was also strong. This further confirmed 3BHSD
enzyme as a likely candidate in catalyzing androstenone metabolism. In contrast to
3BHSD gene expression, the expression of 17BHSD gene in testis was not
different between entire male pigs with high or low fat androstenone levels.
However, the levels of 17BHSD mRNA in liver varied negatively with fat
androstenone. The different pattern of 17BHSD gene expression suggests that the
17BHSD enzyme catalytic activity might vary between tissues. It is known that
17BHSD in human is involved in transformation of estrone to active estradiol (see
review by Payne and Hales, 2004), but its function in pigs has not been
determined. Our study of the entire male pigs revealed a strong negative
correlation between liver 17BHSD gene expression and plasma E1S, suggesting an
important role of the 17BHSD enzyme in the metabolism of pig estrogens. Our
study showed that E1S concentration in plasma of entire male pigs at 120 kg LW
was greater than the main anabolic steroid hormone, testosterone. This increased
amount of E1S in the blood circulation in entire male pigs has been reported
elsewhere (Schwarzenberger et al., 1993), and this is possibly because the boar
requires estrogens as well as androgens for normal activity (Joshi and Raeside,
1973).
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4.8 3BHSD and 17BHSD gene expression in castrated pigs

In our study, both surgical castration and immunocastration caused a significantly
higher 3BHSD gene expression in liver compared with entire male pigs with high
fat androstenone concentrations. To the best of our knowledge, this has not been
reported before, and the mechanism is not obvious. However, it is well known that
steroid hormones are synthesised via LH stimulating testicular Leydig cells, and
that castration completely blocks this pathway. Thus, the induction of 3pHSD
gene expression might be caused by the absence of steroids after castration.
Indeed, there is evidence showing that androgens can downregulate human type 11
3BHSD transcription in the cortical cells and in testicular Leydig cells (see Simard
et al., 2005 for review). Like 3pHSD, 17BHSD gene expression in liver was also
significantly higher after castration, and the increase in immunocastrated pigs was
more prominent than in surgically castrated pigs. This induction of both 3HSD
and 17BHSD gene expression in the castrated pigs suggests that the absence of
testicular steroids not only affects 3BHSD transcription regulation, but also the
17BHSD transcription. However, 17BHSD mRNA levels in liver did not differ
between either immunocastrated pigs and low androstenone entire male pigs, or
surgically castrated pigs and low androstenone entire male pigs. Our study showed
that immunocastrated pigs and entire male pigs with low fat androstenone
concentrations differed significantly in 3BHSD gene expression in testis, but not in
liver. We assume that immunocastration induces more 3BHSD gene expression in
testis than in liver because this procedure directly changes the testicular
physiological properties.
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5 Main conclusions

The findings of this thesis can be summarized as follow:

- The HPLC method for fat androstenone, skatole and indole analyses was well
applied in our laboratory. Fat androstenone results analyzed by HPLC were
comparable with those analyzed by GC-MS method. However, in our laboratory,
fat androstenone results analyzed by ELISA method were overestimated.

- Fat skatole results analyzed by HPLC and colorimetric method were comparable
even though different sample matrix were used.

- We further confirmed previous findings that fat skatole levels were significantly
reduced by feeding raw potato starch (RPS) to entire male pigs. RPS did not
change fat androstenone and indole levels. Entire male pigs had lower fat
androstenone levels at 90 kg live weight than at 115 kg live weight, but fat skatole
and indole levels did not differ between different live weights.

- Sire selection based on plasma skatole levels significantly influenced fat skatole
accumulation in the progenies. In addition, variation of fat androstenone and
indole accumulation by sire selection showed a similar pattern with fat skatole
accumulation.

- hCG injection influenced indolic compounds levels in entire male pigs. Indole
levels in fat and plasma were significantly increased after hCG injection; skatole
levels in fat tended to be increased, but skatole levels in plasma were not affected.

- Androstenone significantly inhibited cytochrome P450 2A6 (CYP2AG6) protein
expression in cultured hepatocytes. Skatole and indole significantly induced
increase of CYP2A6 protein expression, and the effect by indole was more
prominent. Testosterone and E1S did not affect hepatic CYP2A6 protein
expression.

- High gene expression of 3pHSD was negatively associated with low fat
androstenone accumulation in entire male pigs. The 17BHSD gene expression in
liver, but not that in testis, was negatively associated with fat androstenone levels.
Castration procedure (surgical castration and immunocastration) induced a
significant increase of both 3BHSD and 17BHSD gene expression in liver.
Moreover, the gene expression of 3BHSD was generally much higher than
17BHSD.
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