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ABSTRACT 

THE USE OF MINERAL ADSORBENTS AS INTESTINAL BINDING AGENTS OF 

SKATOLE AND ANDROSTENONE TO CONTROL BOAR TAINT 

 

 

Sanghyuk (Peter) Park Advisor: 

University of Guelph, 2017 Dr. E.J. Squires 

  

Research to develop alternatives to surgical castration to control boar taint in pigs has 

become a prominent topic of interest due to welfare concerns associated with castration. 

Amongst these alternatives, decreasing levels of androstenone and skatole in fat using dietary 

means has not yet been thoroughly examined. Based on binding results from a set of simple in 

vitro experiments, four mineral adsorbents were incorporated in diets and fed to purebred Duroc 

boars. Feeding diets containing bentonite, diatomaceous earth, spent filter aid, or hydrated 

sodium-calcium aluminosilicate for 28 days did not decrease androstenone concentrations in fat 

or plasma in market-weight boars. In a second animal trial, feeding diets containing hydrated 

sodium-calcium aluminosilicate for a longer period of time (42 to 68 days) significantly 

decreased androstenone concentrations in fat and plasma of crossbred [(Yorkshire x Landrace) x 

Duroc] boars by the last few weeks of the study. However, the proportion of tainted carcasses did 

not significantly decrease in comparison to the control group despite the results. Boars fed diets 

containing spent filter aid significantly decreased intramuscular fat percentage of loins. Neither 

feeding trial detected quantifiable levels of skatole in fat to make any detailed comparisons. 

Further research in this area must refine the inclusion levels of these adsorbents based on 

detailed toxicological data available. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Introduction to Boar Taint 

The economic advantages of raising entire male pigs have been extensively examined and 

reviewed, with benefits over castrated males being a greater rate of growth, decreased feed intake 

(and therefore a greater efficiency of gain), and leaner carcasses (Walstra, 1974; Brooks and 

Pearson, 1986; Moss et al., 1992; Vahlun, 1993; Walstra and Vermeer, 1993; Babol and Squires, 

1995; Xue et al, 1997; Lundström et al., 2009). However, most countries around the world 

perform surgical castration in commercial swine operations. This is primarily done to eliminate 

the issue of boar taint – an unpleasant “urine/perspiration/fecal-like” odour and taste that can be 

detected by some consumers upon cooking pork from entire male pigs. It arises mainly from the 

accumulation of two compounds, skatole and androstenone, in the subcutaneous adipose tissue of 

pigs (Patterson, 1968; Babol and Squires, 1995). Skatole is a bacterial product metabolized from 

the amino acid tryptophan and is formed predominantly in the pig’s hindgut (Yokoyama and 

Carlson, 1972); androstenone is a steroid derivative of pregnenolone and is produced in large 

quantities alongside other sex hormones during pubertal development (Schwarzenberger et al., 

1993). The incidence of tainted carcasses at slaughter varies widely and is dependent on several 

factors, including breed, sexual maturity, and environmental factors (Xue et al., 1996; Lundström 

et al., 2009; Aluwé et al., 2011). Human sensory tolerance threshold for boar taint varies by 

country; thresholds have been generally accepted as 0.2 – 0.25 µg/g of fat for skatole and 0.5 – 

1.0 µg/g of fat for androstenone (Babol and Squires, 1995; Walstra et al., 1999; Zamaratskaia et 

al., 2004). 

Surgical castration is often performed without analgesia and thus poses a significant 

welfare concern (Lidow, 2002; Prunier et al., 2006). The European Union has declared 2018 as 



2 

 

the target year to ban castration and limit import of pork from castrated males, with markets in 

the United Kingdom and Spain having already transitioned to entire male production in part or 

full (EFSA, 2004). This voluntary ban will dictate major changes to the husbandry and handling 

of intact males in farms and slaughter plants. Currently available alternatives to castration 

include immunization against gonadotrophin-releasing-hormone (immunocastration), 

slaughtering boars at lighter weights, nutritional manipulations to control skatole, and genetic 

selection for low boar-taint pigs. However, many of these are underdeveloped, have yielded 

inconsistent results, or are not widely accepted by producers and consumers alike (Zamaratskaia 

and Squires, 2009). There is considerable interest in developing other alternatives at this time. 

 

1.2 Mechanisms and Manipulations on the Metabolism, Absorption, and Accretion of 

Skatole 

 

Skatole (3-methylindole) was first isolated from boar adipose by Vold (1970) and 

Walstra and Maarse (1970). It is produced by the degradation of tryptophan in the pig’s hindgut 

(Yokoyama and Carlson, 1972). Many bacteria in the intestines can metabolize tryptophan into 

indole and indole acetic acid (IAA), but few can metabolize these further into skatole; these 

mainly belong to the Clostridium and Bacteroides genera and are estimated to represent about 

0.01% of the intestinal population (Jensen and Jensen, 1998; Cook et al., 2007; Whitehead et al., 

2008). Multiple studies demonstrated influences on gut mucosa upon dietary changes, 

concluding that sloughed off intestinal cells forming gut debris is a contributing source of 

tryptophan for select bacteria to metabolize into skatole (Claus et al., 1994; Claus and Raab, 

2000; Huang et al., 2011). This is supported by observations of increased skatole formation upon 

increased mitosis and apoptosis of enterocytes (Raab et al., 1998; Claus and Raab, 2000; Claus et 

al., 2003; Lösel and Claus, 2005). The effects of changes in dietary tryptophan inclusion on 
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skatole production are unclear in swine. Feeding a low pre-cecal protein digestibility diet 

increased skatole production (Mortensen et al., 1989). Supplementation of synthetic L-Trp did 

not appear to influence skatole production, likely due to the fact that it is absorbed in the small 

intestine and therefore is not available for microbes in the colon (Wesoly and Weiler, 2012). 

Feeding wet feed containing whey in place of dry feed significantly lowered fat skatole levels 

and was thought to be due to the lactose replacing tryptophan as an energy substrate for hindgut 

microflora (Andersson et al., 1997). Dietary fibre appears to significantly decrease tryptophan 

degradation in the caecum as well as absorption of skatole into the portal blood, with changes in 

water content and intestinal transit time attributed as important factors in determining the amount 

of skatole absorbed (Jensen and Jensen, 1998; Jensen, 2006). In the case of a high-fibre diet, 

tryptophan appeared to be used more for microbial protein synthesis as opposed to catabolism for 

microbial energy production. There is no known carrier of skatole for facilitated diffusion and is 

postulated that skatole is transported via passive diffusion (Zamaratskaia, 2004).  

Most of absorbed skatole arrives at the liver for further degradation, but some amounts 

bypass the organ through the vena cava caudalis and are directed to the peripheral bloodstream 

(Claus et al., 1993). Two distinct phases of indole degradation carried out by the Cytochrome 

P450 (CYP) family of enzymes take place in the liver and to some extent in the kidneys and 

lungs (Zamaratskaia and Squires, 2009). Phase I metabolism is an oxidative phase facilitated by 

CYP2E1, CYP2A, and aldehyde oxidase (Squires and Lundström, 1997; Babol et al., 1998a; 

Diaz and Squires, 2000ab; Doran et al., 2004). Wiercinska et al. (2012) presented evidence that 

CYP2A19 and CYP2C49 were also key regulators of Phase I metabolism using HEK-293FT 

cells. The conjugative Phase II metabolism increases water solubility of skatole to facilitate its 

excretion out of the body via urine and is carried out by sulfotransferase 1A1 (SULT1A1) and 
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uridine 5'-diphosphate-glucuronosyltransferases (UGT) (Baek et al., 1997; Babol et al., 1998b; 

Diaz and Squires, 2003). It is known that high enzyme activities of CYP2E1 and CYP2A in 

mature male pigs correlate with low levels of skatole accumulation in adipose (Squires and 

Lundström, 1997; Zamaratskaia et al., 2005a). Unless a dietary intervention is used, circulation 

of large amounts of skatole in blood leads to its accumulation in fat, with its half-life reported to 

be approximately 1 h in blood and 11 h in muscle and fat (Agergaard and Laue, 1993; Claus et 

al., 1994). Skatole levels in fat of boars are not always greater than in other genders (Dehnhard et 

al., 1991; Zamaratskaia and Squires, 2009). Turnover can be influenced by fatty acid 

composition which in turn is influenced by various factors such as the region of fat in the body, 

breed, and diet (Chilliard, 1993; Lo Fiego et al., 2005). Higher proportions of polyunsaturated 

fatty acid deposition in boars have been attributed to a decreased rate of subcutaneous fat 

deposition, increased rate of lipolysis, and decreased fatty acid desaturase activity (Metz and 

Dekker, 1981; Scott et al., 1981; Pauly et al., 2009).  

Most studies that successfully decreased levels of skatole accretion reduced its formation 

in the hindgut by increasing energy availability to microbes and shifting microbial metabolism 

from proteolytic to saccharolytic (as reviewed by Wesoly and Weiler, 2012). Alterations of pH in 

the intestinal environment and gut microflora with antimicrobials, antibiotics, and organic acids 

also affected skatole formation. In vitro studies involving select strains of skatole-forming 

bacteria found that lower ranges of pH are preferred by skatole-producing bacteria and higher 

ranges by indole-producing strains; this was determined by the proportion of skatole-to-indole 

production from tryptophan (Jensen et al., 1995; Jensen and Jensen, 1998). As it is generally 

known that proteolysis leads to a higher pH environment, one may hypothesize that microbial 

enzyme activity is not necessarily affected by pH and will continue to produce skatole despite 
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decreased growth of microbes in a more basic environment (Honeyfield and Carlson, 1990b). 

High doses of virginiamycin, tylosin, and bacitracin antibiotics decreased skatole circulation in 

blood (Hansen and Larsen, 1994; Hansen et al., 1997; Jensen and Jensen, 1998; Hansen et al., 

2000). Organic acids with slight antimicrobial activity produced mixed results in adipose and 

colon skatole levels in entire males (Øverland et al., 2007; Øverland et al., 2008). Various plant 

sources and extracts including Chinese medicinal herbs, sanguinarine, essential oils, and tannin-

rich preparations show promise in reducing skatole production as they demonstrate antimicrobial 

properties in low concentrations (Wesoly and Weiler, 2012). Chinese medicinal herbs reduced 

the occurrence of diarrhea and increased villus height in the small intestine of weanling pigs, 

suggesting that cell debris available for metabolism by bacteria is decreased (Huang et al., 2011). 

Microbial ecosystems and patterns of fermentation were influenced by essential oil components 

such as carvacrol, thymol, eugenol, and trans-cinnamaldehyde in vitro (Michiels et al., 2009). 

Sources of dietary fibre vary in chemical structure and undergo partial fermentation in the 

gastrointestinal tract which may alter intestinal function (Jensen et al., 1995; Claus et al., 2003). 

One product of fibre fermentation is butyrate; this volatile fatty acid is known to decrease the 

rate of colonocyte apoptosis in swine, which subsequently reduces availability of cell debris for 

bacteria to form skatole (Claus et al., 2003; Mentschel and Claus, 2003). This was achieved by 

feeding raw potato starch (RPS) which resulted in a 34% reduction of total apoptotic cell counts 

while the rate of mitosis remained the same (Claus et al., 2003; Mentschel and Claus, 2003). A 

fibre-rich diet may also increase expression of liver CYP2E1 (Whittington et al., 2004). 

However, outcomes of experiments involving fibre-rich diets fed to pigs have been difficult to 

reproduce. Van Oeckel et al. (1998) found no differences in fat skatole accretion between entire 

males fed sugar beet pulp versus a standard commercial diet, while Whittington et al. (2004) was 
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able to significantly decrease skatole levels in fat. An in vitro study conducted by Xu et al. 

(2002) demonstrated a shift of tryptophan to a protein-building substrate from an energy 

substrate using fructooligosaccharide in swine fecal slurries. Multiple studies supplementing 

chicory inulin in swine diets have seen positive results in fecal and plasma skatole reduction with 

significant results observed as early as 3 days into feeding and inclusion as low as 0.25% 

(Rideout et al., 2004; Hansen et al., 2006; Jensen and Hansen, 2006; Lanthier et al., 2006). 

Several studies have demonstrated interactions between skatole and androstenone. 

Physiological levels of androstenone appeared to decrease activity of CYP2E1 and CYP2A in 

vitro, while estradiol only yielded similar effects when given in doses much higher than 

physiological levels (Doran et al., 2002a; Zamaratskaia et al., 2011). Evidence suggests that an 

increase in circulating skatole at puberty is due to increased steroid production at this time. Fat 

and plasma androstenone levels were negatively correlated with hepatic CYP2E1 expression 

(Babol et al., 1999). Skatole levels in adipose tissue of boars are often but not always greater 

than those in other genders (Zamaratskaia and Squires, 2009). Skatole levels of pigs of middle to 

heavy weights were positively correlated with testosterone and estrone sulphate levels, which 

suggest that testicular hormones affect skatole metabolism (Zamaratskaia et al., 2005b). Intact 

males are known to have high circulating levels of estrone which correlates positively with 

skatole (Babol et al., 1999; Zamaratskaia et al., 2004; Zamaratskaia et al., 2005c). However, the 

mechanisms underlying this positive relationship are still not clearly understood. 

 

1.3 Synthesis, Mobilization, and Metabolism of Androstenone 

Androstenone (5α-androst-16-en-3-one) is a steroid predominantly synthesized in the 

mature testes, where it is then transported to the salivary gland through blood and bound to the 
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protein pheromaxein (Patterson, 1968; Gower, 1972; Booth, 1984). Vigorous champing by a 

sexually mature male produces high amounts of androstenone in the saliva, and ultimately 

facilitates the standing of the female for breeding (Melrose et al., 1971). The andien-β synthase 

system, namely the Cytochrome enzymes CYP17A1 and CYB5, carries out the derivation of 

pregnenolone to 5,16-androstadien-3β-ol (Meadus et al., 1993; Davis and Squires, 1999). 

Synthesis of androstenone and its downstream metabolites is shown in Figure 1.1, beginning 

with the side chain cleavage of cholesterol via Cytochrome P450. 

Endocrine control of androstenone is coordinated by the hypothalamic-pituitary-gonadal 

axis (HPG), in which hypothalamic gonadotrophin-releasing hormone (GnRH) stimulates the 

production and release of luteinizing hormone (LH) by the anterior pituitary; this subsequently 

stimulates the mature testes' Leydig cells to synthesize androstenone (Zamaratskaia and Squires, 

2009). Transient activation of the HPG (around 2-4 weeks of age) briefly increases steroid 

circulation but its biosynthesis remains low in young pigs until a marked increase is seen at 

sexual maturity (Schwarzenberger et al., 1993). Positive correlation between levels of 

testosterone and androstenone in plasma was seen in several studies (Carlstrom et al., 1975; 

Andresen, 1976; Sinclair et al., 2001b). Much of the newly synthesized androstenone in testes 

undergoes Phase I and Phase II metabolism prior to further transport in the blood. Phase I 

metabolism converts androstenone to 5α- and 5β-androstenol (Brophy and Gower, 1972; Saat et 

al., 1974; Sinclair et al., 2005a) and is facilitated by 3α- and 3β-hydroxysteroid dehydrogenase, 

3α-/3β-HSD (Dufort et al., 2001; Doran et al., 2004; Sinclair et al., 2005b). The hydrophilic 

androstenols pose little potential to accumulate in adipose tissue as its final conversion to the 

sulfoconjugated form renders it too polar. Low 3β-HSD activity is associated with high 

accumulation of androstenone in fat and a negative relationship is seen between fat androstenone 
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and mRNA expression of the enzyme in liver (Doran et al., 2004; Nicolau-Solano et al., 2007). 

There is evidence of inhibition of 3β-HSD gene expression by steroid hormones based on studies 

involving surgically castrated and immunocastrated pigs with high concentrations of fat 

androstenone (Chen et al., 2007). Hepatic 3β-HSD expression is known to be hormonally 

regulated in rats and mice and is particularly sensitive to testosterone and estrogen levels 

(Naville et al., 1991; Soma et al., 2006). 

The two androstenol metabolites are then further processed to produce more polar 

conjugates of glucuronides and sulfoconjugates carried out by sulfotransferase 2A1 (SULT2A1; 

also named hydroxysteroid sulfotransferase, HST) and possibly sulfotransferase 2B1 (SULT2B1) 

(Sinclair and Squires, 2005). Recent studies have questioned the role of porcine SULT2B1 in 

sulfoconjugation of androstenone, instead hypothesizing a possible indirect role in metabolism of 

androstenone (Laderoute, 2015). These two-phase metabolic processes are also seen in 

hepatocytes, in which androstenone is converted to its two androstenol intermediates and then 

undergoes glucuronidation or sulfoconjugation via SULT2A1 (Doran et al., 2004; Sinclair et al., 

2005b); the difference in metabolism between the liver and testis are the proportion of 3α-

androstenol versus 3β-androstenol produced (Sinclair et al., 2005b). It is through these 

conjugated forms of steroids in which androstenone is primarily transported in the blood to be 

excreted, accumulated in adipose tissue, or stored in the salivary gland (Zamaratskaia and 

Squires, 2009). Upon synthesis, androstenone leaves the testes via the spermatic vein and enters 

systemic circulation (Groth and Claus, 1977). Transported 16-androstene steroids bind to the 

protein pheromaxein in the salivary gland and is released upon sexual arousal (Booth, 1984). 

Further research is required to examine accumulation and mobilization of circulating 

androstenone by adipose tissue. The relationship between androstenone in plasma and that in fat   
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Figure 1.1. A portion of the testicular steroid synthesis pathway, detailing the enzymes and steps 

involved in androstenone/androstenol synthesis in pigs. Cytochrome P450 side chain 

cleavage/11A1, CYPscc/CYP11A1; andien β-synthetase, Aβ; 5α-reductase, 5α-R; 3α-

hydroxysteroid dehydrogenase, 3α-HSD; 3β-hydroxysteroid dehydrogenase, 3β-HSD (adapted 

from Robic et al., 2014; Laderoute, 2015). 
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is not yet fully understood. Concentration of androstenone in plasma appears to be fairly reliable 

in predicting androstenone accumulation in adipose tissue up to a certain level, when it becomes 

less clear (Sinclair et al., 2001a). It has been hypothesized that more factors are involved in 

androstenone metabolism beyond the relationship between its levels in plasma and fat and its 

hydrophobicity (Sinclair et al, 2001b). It is currently believed that the concentration of 

androstenone in adipose tissue as largely dictated by circulating levels of androstenone is 

determined by the genetic capacity of the boar to synthesize and eliminate the compound 

(Bonneau, 1982; Sinclair et al., 2001a; Laderoute, 2015). A significant negative correlation was 

found between fat androstenone concentration and carcass backfat depth in market-weight boars 

(Sinclair et al., 2001a). Additional research is needed to uncover age, physiological maturity, and 

breed differences in expression and activity of enzymes responsible for Phase I and II 

metabolism of androstenone (Nicolau-Solano et al., 2006; Moe et al., 2007). Moreover, 

sulfoconjugated testicular steroids may play a modulatory role in influencing the deposition of 

unconjugated androgens in adipose tissue (Payne and Jaffe, 1970; Raeside et al., 1999). 

Sulfoconjugated androstenone was negatively correlated with androstenone accumulation in 

adipose tissue, in which the rate of conjugation is dependent on the expression and activity of 

testicular sulfotransferases (Sinclair and Squires, 2005). More studies are warranted to determine 

the significance of sulfoconjugation and its link to elimination or accumulation in fat (Tuomola 

et al., 1997; Zamaratskaia et al., 2007). Currently developed assays to analyse androstenone 

concentrations, such as ELISA, do not differentiate between unconjugated and conjugated 

androstenone (Squires and Lundström, 1997). 
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1.4 Environmental Factors Affecting Sexual Maturation of Boars & Their Relation to Boar 

Taint and Welfare of Pigs 

Environmental factors as well as nutrition and genetic potential are the main determinants 

of pubertal onset (Andersson et al., 1999). Entire male pigs usually attain puberty at 6-7 months 

of age (Schwarzenberger et al., 1993). Not all boars reach puberty at market weight in North 

America (110 - 125 kg live weight), which takes just under 6 months to achieve in an average-

performance operation. Despite this, maturation and the associated increase in aggressive and 

sexual behaviour are evident at this stage. Testicular steroids, namely testosterone, play a pivotal 

role in aggressive and sexual behaviour of pigs (Andresen, 1976; Claus et al., 1994). 

Testosterone and androstenone have been closely studied together; it is proposed that a positive 

feedback link exists between rates of aggression and levels of testosterone and androstenone 

(Fredriksen et al., 2006). In the wild, male pigs do not interact with other pigs except during 

mating season, which is a contrast to modern intensive husbandry of pigs (Dardaillon, 1988). 

Relationships between skatole and androstenone levels, production parameters, and sexual 

maturation are sparsely described in the literature (Andersson et al., 1999). If aggressive and 

sexual behaviour can be influenced by management, and that rate of aggression is correlated with 

levels of testosterone and androstenone, it would be worthwhile to examine the two together. 

Secondly, as castration suppresses these behaviours, there must be alternative means to manage 

the behaviour of boars should surgical castration cease. Mixing unfamiliar pigs, floor type, 

season (photoperiod), and farm type are possible environmental contributors to fat androstenone 

and skatole accumulation (Fredriksen et al., 2006). All of the above either affect the onset of 

puberty or growth factor levels associated with skatole metabolism.  

Pigs housed in constantly soiled conditions and on concrete flooring had significantly 

greater levels of skatole compared to pigs housed in clean pens with slatted floors (Hansen et al., 
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1995; Hansen et al., 1997). The same was not observed with androstenone as it is known that 

skatole is highly influenced by nutrition as well as the fact that it may be absorbed from the feces 

through skin or eyes (EFSA, 2004). Season is known to affect pubertal onset; a shorter day 

length stimulates puberty and in turn increases androstenone production by positive testicular 

activity (Claus et al., 1983; Weiler et al., 1996; Andersson et al., 1998ab; Prunier et al., 2013). 

Mixing previously unacquainted pigs creates a new social hierarchy and is a stressful 

event in a pig’s life (Giersing and Andersson, 1998; Spoolder et al., 2000). In commercial 

operations, pigs are mixed multiple times over the course of their lives: once at time of weaning, 

possibly another during transport and another during lairage prior to slaughter. The new social 

order created through aggression and submission begins with transient fighting amongst pigs and 

then progresses to long-term competition for feed and other resources in their environment 

(Fraser, 1984; Hagelsö et al, 1996). Boars raised in a mixed system were found to have 

significantly greater levels of androstenone (Fredriksen et al., 2006). Zamaratskaia et al., (2005) 

also found greater levels of skatole in boars that were mixed with females. Short-term effects of 

mixing are evident through observations of fighting and establishment of a new hierarchy, but 

long-term effects on welfare and performance of pigs are not as clear and require further 

investigation (Fredriksen et al., 2006). If the duration and frequency of agonistic behaviour 

influence levels of testosterone and androstenone, it can be that minimizing the frequency of 

endpoints commonly measured to evaluate behaviour (e.g. skin lesion scores and counts of 

specific behaviour) would also reduce changes in the levels of testicular steroids. A farrow-to-

finish system often keeps littermates together from birth to slaughter to reduce stress and thus 

improves productivity. Socialization of intact males between litters at a young age may be an 

effective method to decrease skin lesions and fighting prior to slaughter (Fredriksen et al., 2006; 
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Rydhmer et al., 2013). To complement these findings, farrow-to-finish systems consisting of 

littermates housed together until slaughter had a lower proportion of fat androstenone above the 

threshold of 1.0 µg/g (Aldal et al., 2005; Fredriksen et al., 2006) but no differences in skatole 

(Fredriksen et al., 2006). It is important to note that these studies were conducted in the 

European Union, where pigs are often slaughtered at lighter weights (100-110 kg live weight) as 

compared to North America, where pigs are slaughtered at 115-130 kg live weight. To examine 

possible long-term implications of mixing on performance, studies have yielded variable results 

ranging from no differences between treatments to a significantly greater average daily gain in 

socialized groups housed in a farrow-to-finish system (Friend et al., 1983; Fredriksen et al., 

2008). Previous studies have also examined the use of various environmental enrichments to 

manage both aggression and androstenone concentrations. Androstenone concentrations were 

found to be greatest in the alpha boar, which is often the heaviest pig in the pen (Giersing et al., 

2000). A greater variation of body weight amongst pen mates appears to decrease fighting but is 

of limited application in modern housing, which raises pigs of similar weights and performance 

(Rushen, 1987; Andersen et al., 2000). Installation of physical hide areas, where a pig is able to 

evade an aggressor, reduced aggressive bouts in single-sex pens consisting only of boars 

(McGlone and Curtis, 1985). Topical androstenone applied to grower pigs by McGlone and 

Morrow (1988) shortened the duration of agonistic behaviour and increased average daily gain as 

well as feed efficiency. The time of transport to the abattoir significantly increased androstenone 

and skatole levels in finisher pigs beyond threshold concentrations (Wesoly et al., 2015). In 

conclusion, environmental influences on boar taint and pubertal onset should be optimized 

whenever possible to minimize stress and aggressive behaviour amongst pigs (EFSA, 2004). 
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1.5 Currently Available Alternatives to Surgical Castration 

 Slaughtering pigs at lighter weights, with studies examining weights as low as 75 kg, 

have yielded inconsistent results on levels of androstenone and skatole with no conclusive 

evidence of slaughter age influencing pubertal development and subsequently the severity of 

boar taint in an intact male pig (Zamaratskaia and Squires, 2009).  

Current techniques to analyse androstenone include gas chromatography (GC), gas 

chromatography-mass spectrometry (GC-MS), radioimmunoassay (RIA), and enzyme-linked 

immunosorbent assay (ELISA) (Squires et al., 1993). All of the above methods require 

meticulous and time-consuming laboratory work, and therefore none are suitable for detection of 

tainted carcasses in packing plants. In the consumer’s perspective, there are multiple 

discrepancies between methods to detect and assess intensity of odour and flavour of boar meat 

as influenced by skatole and androstenone, suggesting the need for an effective objective 

measure to quantify boar taint (Meier-Dinkel et al., 2015). Previous sensory panels and surveys 

were conducted predominantly in the European Union and produced widely varied results (as 

low as 5% and as high as 35% of respondents) in consumer dissatisfaction of fresh boar meat 

(Malmfors and Lundström, 1983; Bonneau et al., 2000; Matthews et al., 2000). Odour appears to 

exert more influence in scoring of intact male pork than flavour; there are also differences by 

country in the rate of dislike for flavour in comparison to odour (Matthews et al., 2000). The 

screening of assessors to evaluate boar taint is also important. It was discovered that some people 

who can smell androstenone in pure crystalline form were unable to do the same in fresh pork 

(Lunde et al., 2010). In addition, the proportion of human subjects sensitive to androstenone 

increased upon repeated exposure to the hormone, which further makes it difficult to assess boar 

taint using subjective scoring systems (Mörlein et al., 2013; Trautmann et al., 2014). Some 
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European Union member states currently employ boar taint-sensitive operators who detect odour 

using a hot iron on the carcass’ backfat; however, detection differences between operators and 

desensitization of odour renders this method ineffective (Lundström et al., 2009). An efficient 

and cheap method to detect high-taint carcasses at slaughter before they reach the consumer is 

currently required. Mathur et al. (2012) evaluated an existing human nose scoring system to 

screen carcasses in the slaughter line, which concluded it as an effective method provided that 

multiple assessors are recruited and present. Other suggested methods include specific measuring 

techniques based on fast gas chromatography, spectroscopy or colorimetry, and biosensors 

(Lundström et al., 2009). More research on development of good objective scoring systems is 

needed to prevent frequent incidences of false positives. 

 Genetic selection is an attractive alternative to castration, based on the positive genetic 

correlation between skatole and androstenone; suppression of both compounds may potentially 

result when only one of them is selected for in genetic selection (Tajet et al., 2006). Fat 

androstenone is quite heritable, with h
2
 ranging from 0.25 to 0.87 (Willeke, 1993). Also, no 

significant relationship was seen between selection against boar taint compounds and detrimental 

effects on litter size traits (Strathe et al., 2013). However, the close ties between androstenone 

and other steroids (i.e. testosterone, estrogen, etc.) pose a major issue when selecting for pigs 

with low incidences of boar taint (Bonneau et al., 1982; Zamaratskaia and Squires, 2009). 

Selection for low levels of androstenone may inadvertently result in problems with performance, 

fertility, and carcass quality traits such as drip loss and intramuscular fat content (Zamaratskaia 

and Squires, 2009; Haberland et al., 2014; Parois et al., 2015). There are also breed differences in 

androstenone and skatole concentrations in fat, with a greater proportion of purebred Durocs 

having levels over the threshold in comparison to purebred Hampshire, Yorkshire, and Landrace 
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boars (Xue et al., 1996; Pedersen, 1998; Hortos et al., 2000; Doran et al., 2002b). A clear 

definition of a "boar taint phenotype" must be established prior to any assessment of genotypic 

effects; this involves measuring the extent of boar taint when the boar is sexually mature 

(Zamaratskaia and Squires, 2009). Quantitative trait loci (QTL), markers at linkage 

disequilibrium and at close association with the boar taint phenotype, were identified in multiple 

chromosomes of the pig, but more findings are required in different commercial pig breeds 

(Quintanilla et al., 2003; Lee et al., 2005; Varona et al., 2005). Single nucleotide polymorphisms 

(SNPs) were also found in promoter and coding regions of Cytochrome P450 enzymes 2E1, 2A, 

and B5 as well as SULT1A1, which are all associated with skatole deposition in fat (Lin et al., 

2004ab; Lin et al., 2005; Skinner et al., 2005; Lin et al., 2006). Duijvesteijn et al. (2012) 

suggested that non-heritable social interactions (i.e. the boar's housing environment) should be 

accounted for when selecting against androstenone.  

 Perhaps the most effective alternative to castration currently available commercially is 

immunocastration. This method generates an anti-GnRH antibody to suppress testicular function 

while retaining the superior performance benefits seen in an intact male. A modified form of 

GnRH conjugated with an antigenic protein induces antibodies against GnRH, which 

subsequently prevents stimulation of LH and follicle-stimulating hormone (FSH) secretion from 

the anterior pituitary. The currently available product in the North American market is 

Improvest®/Improvac® (Zoetis Inc., Florham Park, NJ, USA). Proper administration requires 

two doses of vaccine spread apart for a minimum of 4 weeks: Phase 1 (“before full 

immunization”) and Phase 2 (“between full immunization and slaughter”). The first dose is 

usually administered at any time after 10 weeks of age and the second dose is typically given 4-6 

weeks before slaughter. However, recent studies shortened the length of time between second 
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immunization and slaughter and were successful in limiting boar taint in immunized pigs while 

producing leaner carcasses than traditionally administered immunocastrates (Lealiifano et al., 

2011). Reliable reduction of androstenone production, size of accessory organs, sperm count, and 

aggressive behaviour via immunocastration is well documented (Cronin et al., 2003; Oliver et 

al., 2003; Dunshea et al., 2005; Jaros et al., 2005; Zamaratskaia et al., 2008). However, lack of 

knowledge on consumer/producer perception towards the practice, considerations during 

slaughter, and cost of production associated with the vaccine prevents its widespread usage by 

producers and requires further research (Vanhonacker et al., 2009). 

 As previously mentioned, reduction of skatole production, absorption, metabolism, 

endogenous circulation and accumulation in adipose tissue can be achieved through dietary 

supplementation of some ingredients high in dietary fibre, such as chicory inulin or sugar beet 

pulp (Rideout et al., 2004; Whittington et al., 2004; Jensen and Hansen, 2006; Lanthier et al., 

2006). In contrast, nutritional influence on metabolism of androstenone remains a novel area. 

Rasmussen et al. (2011) were able to decrease androstenone levels in intact males upon feeding a 

diet with 10% chicory root, which increased the activity of Cytochrome P450 enzymes CYP2A1, 

1A2 and 2E1. Other researchers have examined the use of biosorbents and mineral adsorbents as 

possible intestinal binders of boar taint, yielding mixed results. A 5% supplementation of 

activated charcoal in a finisher diet fed to intact males for 4 weeks significantly decreased fat 

androstenone concentrations below the threshold level of 1 µg/g of fat; the additive bound 

radiolabeled androstenone very effectively in vitro (Jen and Squires, 2011ab). Conversely, 

finisher boars fed a diet supplemented with 1% clinoptilolite for at least 4 weeks did not see their 

fat androstenone levels decrease despite utilizing four different methods to detect and quantify 

the hormone (Aluwé et al., 2009). This conflicted with the findings by Baltic et al. (1997), in 
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which boars fed a 0.5% clinoptilolite diet saw a significant decrease in the proportion of 

carcasses with fat skatole levels exceeding 0.25 µg/g. In addition to inclusion level, nutritional 

approaches that aim to decrease boar taint using additives must optimize the duration of feeding 

to minimize cost. 

  

1.6 Estrone Sulfoconjugation and an Introduction to Enterohepatic Circulation 

 Estrone is one of the steroids produced in high quantities at sexual maturation of the boar 

(Schwarzenberger et al., 1993; Zamaratskaia and Squires, 2009). Estrone is theorized to convert 

into estradiol in pigs, catalyzed by hepatic 17β-hydroxysteroid dehydrogenase as confirmed in 

humans (Chen et al., 2007). Boars have high circulating levels of estrone conjugated as estrone 

sulphate (E1S) and its concentrations in plasma was found to be positively correlated with fat 

and salivary androstenone as well as plasma and fat skatole (Babol et al., 1999; Zamaratskaia et 

al., 2004). Estrone sulphate in plasma or fat is considered a reliable indicator of steroid hormonal 

status and sexual maturity (Babol et al., 1999), with Sinclair et al. (2001a) suggesting that pigs 

with estrone sulphate concentrations exceeding 17 ng/mL in plasma indicates advanced pubertal 

status. Multiple regression relations examined by Zamaratskaia et al. (2005d) demonstrated that 

concentrations of testosterone, estrone sulphate, and free estrone combined with testes and 

bulbourethral gland sizes were the most reliable predictors of fat skatole. Levels of E1S in 

plasma was negatively correlated with liver 3β-HSD mRNA, the enzyme responsible for 

conversion of androstenone to 3β-androstenol (Chen et al., 2007). Estrone sulphate, in addition 

to testosterone and androstenone, were found to increase the expression of 3β-HSD in a dose-

dependent manner (Nicolau-Solano and Doran, 2008).  
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Biotransformation of xenobiotics and endogenous chemicals is a well-known mechanism 

to prevent excessive accumulation of lipophilic compounds in the body, which also applies to the 

regulation of endogenous hormone levels. This mechanism is also thought to increase half-life of 

various compounds, observed in estrone, estradiol, estriol and testosterone (Brewster et al., 1977; 

Schwenk et al., 1979; Ruoff and Dziuk, 1994; Roberts et al., 2002). Enterohepatic circulation 

involves: (1) steroidogenesis in testis; (2) transportation of steroid to the liver through systemic 

circulation, where it is conjugated with a glucuronide or sulfate after two-phase metabolism; and 

(3) excretion into the gastrointestinal tract through bile (Figure 1.2). There, conjugated steroid 

may exit the body via feces, or deconjugation may take place by certain gut bacteria to restart 

this cycle (Ruoff and Dziuk, 1994). Estrogens are sulfoconjugated by estrogen sulfotransferase 

(EST) and phenol sulfotransferase (PST) (Strott, 1996). There is evidence that sulfotransferases 

also play a role in conjugating androstenone and that androstenone circulates primarily as its 

sulfoconjugated variant (Sinclair and Squires, 2005; Sinclair et al., 2005; Laderoute, 2015). We 

ultimately aim to strengthen the theory of enterohepatic circulation demonstrated by 

androstenone. The concept involves directing more conjugated androstenone out of the body 

through feces as opposed to deconjugation and reabsorption; we theorize that this will lessen 

androstenone's potential to accumulate in adipose. 

 

 1.7 Mycotoxins, Adsorbents, and Their Relevance to Steroidal Compounds 

Mycotoxins are secondary metabolites synthesized and excreted from filamentous fungi, 

which results in a toxic response upon ingestion by animals and humans (mycotoxicosis). These 

compounds are formed after moulds proliferate on crops under favourable conditions. Upon 

ingestion, they are biotransformed by hepatic enzymes to exert acute and chronic effects  
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Figure 1.2. Simplified diagram of enterohepatic circulation of endogenous steroids. Upon 

steroidogenesis (1), circulating hormone undergoes Phase I and Phase II metabolism in the liver, 

where it is then conjugated with a sulfate or glucuronide at the end of the two-phase process (2). 

This is excreted into the gastrointestinal tract through bile, where it may either exit the body or 

deconjugate (3); the latter is facilitated by select gut bacteria and allows for the hormone to be 

reabsorbed back into systemic circulation (4) (adapted from Roberts et al., 2002). 
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on fertility and performance in addition to teratogenic, carcinogenic, estrogenic, neurotoxic, 

nephrotoxic and immunosuppressive effects (Kolosova and Stroka, 2011). Contaminated crops 

exert significant economic impacts due to decreased animal performance and crop yield; the 

Food and Agriculture Organization of the United Nations (2004) estimated annual losses of $5 

billion in North America attributed to mycotoxins. The use of binding agents is a promising 

treatment method to alleviate much of the toxic effects associated with mycotoxicosis. There is a 

wide range of adsorbents of both natural and pharmaceutical origins, and they bind by ionic 

exchange, physical trapping inside the layered structure of the adsorbent, size of pores, and/or 

ionic distribution (Huwig et al., 2001). Their efficacy of binding and restoration of animal 

performance depends on their physicochemical interactions with a given adsorbate, their purity, 

inclusion levels, and interactions with other compounds during gastric passage (Papaioannou et 

al., 2005). Bentonite, montmorillonite, diatomaceous earth, and hydrated sodium calcium 

aluminosilicate are just some of the inert additives that have been used in small amounts in 

production animals, mice and humans to effectively bind several mycotoxins such as aflatoxin 

B1, zearalenone, and ochratoxin A (Lindemann et al., 1993; Xia et al., 2005; Abbes et al., 2006; 

Shi et al., 2007; Song et al., 2012).  

 Chemical structures of some of the most common mycotoxins are similar to that of 

steroids such as estrogen and androstenone (Figure 1.3). This helps predict the mechanisms of 

action by these xenobiotics; zearalenone activates estrogen and undergoes enterohepatic 

circulation as do estrogenic steroids (Biehl et al., 1993). No studies to our knowledge have 

explored the interruption of zearalenone’s enterohepatic circulation. Earlier treatments of high 

blood cholesterol included the use of anion exchange resins, which adsorbs bile salts very 

effectively in the small intestine (Thompson, 1971). There is also evidence of high bile 
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sequestration by calcium-enriched clinoptilolite (a type of zeolite) in the gastrointestinal tract of 

pigs (Rodríguez-Fuentes et al., 1997). Studies involving mycotoxins serve as a framework for 

investigating dietary approaches to control androstenone accumulation in adipose tissue. This 

concept has previously been proven by Jen and Squires (2011b), in which a finisher diet 

supplemented with 5% activated charcoal significantly decreased fat androstenone 

concentrations below the accepted threshold level of 1.0 µg/g in Yorkshire boars. However, the 

high cost of activated charcoal made it commercially impractical, and may also decrease 

bioavailability of some nutrients (Abdelhamid et al., 1990). 

The process of screening for possible adsorbents to be included in animal feed for 

detoxification of mycotoxins begins with a series of in vitro tests examining their binding 

efficacy in an environment simulating the intestinal digesta of an animal. Once a candidate 

additive proves to successfully bind mycotoxin(s) of interest in high efficacies, more 

physiologically relevant in vivo studies are conducted. These involve recruiting a variety of  

animal species and exposing them to mycotoxin-contaminated feed included with the adsorbent 

of interest and comparing performance or biochemical parameters (e.g. organ weight, liver 

enzyme production, etc.) with a group fed a contaminated diet lacking any treatment (Lemke et 

al., 2001; EFSA, 2010). It is worth noting that in vitro studies do not always translate to the same 

results in an in vivo feeding trial. 

 

 1.7.1 Bentonite 

 Bentonite, also known as smectite, is a hydrated aluminum silicate of volcanic origin 

composed mainly of montmorillonite. It is part of the phyllosilicates (“sheet-configuration”) 

family along with montmorillonites (Di Gregorio et al., 2014). Silicates are the most abundant  
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Figure 1.3. Chemical structures of some of the most commonly reported and studied 

mycotoxins, compared with skatole, androstenone, and free estrone. 
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component of minerals with their fundamental unit comprised of four oxygen atoms coordinated 

with a silicon ion to form a tetrahedron (Huwig et al., 2001; Di Gregorio et al., 2014). The 

different structures formed by linkage of these units determine the type of silicate and the 

different adsorptive properties. Bentonite has a layered crystalline structure with varying 

composition, and its efficacy of binding depends on its proportion of montmorillonite and 

interchangeable cations (Kolosova and Stroka, 2011). It has a large surface area with edges and 

interlayer space as sites for binding compounds. Bentonite refinement involves drying, milling to 

a desired particle size to remove impurities of quartz and volcanic glass, dispersal in water and 

sedimentation for further separation of size, then centrifuging the remaining product to yield the 

refined product (Xia et al., 2005). Its uses in both human and agricultural applications include 

anticaking of feed pellets, filler for micronutrient premixes in animal feed, as well as anti-

inflammatory, dermatological, and cosmetic applications (Ducrotte et al., 2005; Choy et al., 

2007; Bočarov-Stančić et al., 2011; Weaver et al., 2013). Beidellitic montmorillonite alleviated 

constipation-dependent irritable bowel syndrome in a double-blind study (Ducrotte et al., 2005). 

A 1.5 g/kg inclusion of copper-bearing montmorillonite significantly increased ADG in weanling 

pigs without affecting feed intake (Xia et al., 2005). A 0.3% inclusion of bentonite smectite 

tended to have anti-diarrheal effects when weanling pigs were challenged with E.coli; however, 

antibiotics included in the creep feed in this study may have decreased its response (Song et al., 

2012). One of the most important roles of adsorbents such as bentonite has been their 

sequestering of mycotoxins in diets of production animals. Numerous in vitro and in vivo studies 

incorporating a range of bentonite/montmorillonite inclusions (1 – 5 g/kg of diet) have resulted 

in a near complete reversal of the negative performance and biochemical effects associated with 

aflatoxin B1 ingestion (up to 0.5 mg/kg BW in rats and broiler chickens) (Ramos and Hernandez, 
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1996; Abdel-Wahhab et al., 1999; Bailey et al., 2006; Shi et al., 2009; Manafi et al., 2009; 

Pappas et al., 2014). The same results were not found with zearalenone, ochratoxin A and 

trichothecenes (Huwig et al., 2001; Manafi et al., 2009). Bentonite was previously selected by 

Jen and Squires (2011a) as a potential candidate for binding estrone in an in vitro system 

mimicking the intestinal environment, but was not used to evaluate its efficacy against 

androstenone. 

  

1.7.2 Diatomaceous Earth and Spent Filter Aid 

 Also called diatomite or kieselguhr, diatomaceous earth (DE) is a finely powdered 

silicate of sedimentary origin and is composed of fossilized diatoms and clay. Its thin, porous 

and high surface area characteristics are attributed to high amounts of silicon dioxide (Di 

Gregorio et al., 2014). DE features hydrophilic silanol functional groups (Si-O-H) on its active 

surface commonly seen on silicate edges and it possesses stronger affinity for more polar 

molecules (Sprynskyy et al., 2012). Amongst its diverse range of uses, DE is used as an 

insecticide, filtrate for a variety of liquids such as beer and syrup, an anticaking agent in feed 

pellets, and anti-parasitic treatment for companion and production animals (Johnson, 1997; 

Weaver et al., 2013). DE with less than 7% crystalline silica in its composition is labeled as 

"food-grade" and is deemed to be a safe food additive in North America (Bennett et al., 2011). 

Many testimonials and claims exist for products that include DE, but little scientific evidence is 

present about their efficacies in various applications. A 2% inclusion of DE in a poultry layer 

diet significantly reduced internal parasite levels of susceptible breeds and increased body weight 

in addition to bigger and better quality egg yield (Bennett et al., 2011). DE has been examined 

less thoroughly with respect to alleviation of mycotoxicosis; a 30 g/kg inclusion of DE had 
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ameliorating effects against an aflatoxin-contaminated diet fed to broiler chicks without 

compromising performance (Modiersanei et al., 2008). In vitro studies demonstrated up to 95% 

absorption index against aflatoxin, 66% against ochratoxin A and 25% against zearalenone and 

deoxynivalenol by diatomite (Bočarov-Stančić et al., 2011). However, broiler chickens fed a diet 

containing 25 g DE/kg and up to 80 µg aflatoxin B1 per kg of feed had the same hepatotoxic 

effects seen in the control diet contaminated with AFB1 (Denli and Okan, 2006). DE’s poor 

binding effectiveness against zearalenone and other hydrophobic mycotoxins may be due to a 

slow rate of binding on its silanol surface (Sprynskyy et al., 2012). 

 Brewing and liquid filtration industries output diatomaceous earth as waste along with 

materials bound by the adsorbent. Although recent legislation is phasing out the use of DE as a 

filtrate because it produces high amounts of waste, its relatively cheap costs and high efficacy 

allows its use to persist (Johnson, 1997). Spent filter aid is the name given to a by-product of the 

corn syrup processing industry in Southwestern Ontario; up to a third of its composition is 

diatomaceous earth, and the remaining consists of nutrients available to the animal, including 

crude protein and fat (~16 - 21% CP, ~35 - 42% CF, on a dry matter basis). Due to this 

additional feature and its low cost (estimated at $59 - $90 CAD/tonne in 2015 figures), it may be 

a promising alternative feed ingredient in production animal diets. Its cost is closely linked with 

the cost of corn and there are issues with consistency in nutrient composition, as is the case with 

any other co-product based alternative feed ingredient. To our knowledge, no studies have used 

this specific supplement for binding of mycotoxins or other compounds, but it may possess 

similar binding effectiveness as DE which is the active ingredient behind its adsorbing potential. 
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1.7.3 Hydrated Sodium-Calcium Aluminosilicates 

 Aluminosilicates can contain various alkali metals, alkaline earth metals and minerals 

that characterize their surface area, ionic charge, and ultimately their capacities as adsorbents 

(Barrer, 1989). Although its most common use is anticaking of pelleted feeds, hydrated sodium-

calcium aluminosilicate (HSCAS) is the most extensively studied adsorbent for mycotoxin-

contaminated feed prophylaxis (Huwig et al., 2001). Aluminosilicates have also been proposed 

as treatment for diarrhea, metabolic diseases in dairy cattle, enteric infection, and toxicity from 

various compounds (as reviewed by Papaioannou et al., 2005). Hydrated sodium-calcium 

aluminosilicate is a variant of calcium-based montmorillonite and belongs to the phyllosilicate 

group of mineral adsorbents (Di Gregorio et al., 2014). Aluminosilicates are typically negatively 

charged which provides the potential to adsorb positively charged molecules (Di Gregorio et al., 

2014). They favour adsorbates with planar three-dimensional structures as it is theorized that 

interaction and formation of adsorbent-adsorbate complexes occur via docking at edge sites as 

well as within the interlayer space (Phillips et al., 1995). It has been postulated that the electron-

rich β-dicarbonyl from the lactone and cyclopentenone ring of aflatoxin B1 chelates with metal 

ions of aluminosilicates containing unfilled d orbitals to explain the mechanism of effective 

binding of aflatoxins by HSCAS (Phillips et al., 1995). As previously mentioned, mineral 

adsorbents exert less effective binding against mycotoxins with less polar functional groups; this 

is needed for adhesion with hydrophilic, negatively charged mineral surfaces to sufficiently bind 

(Papaioannou et al., 2005). Up to 0.5% inclusion of HSCAS in diets contaminated with up to 450 

µg AFB1 per kg and 70 µg OTA per kg reversed effects in liver weight and decreased 

biochemical indicators of liver damage with an overall improvement in feed efficiency (as 

reviewed by Di Gregorio et al., 2014). 
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1.8 Feasibility of Adsorbents as Intestinal Binding Agents 

 Little is known regarding interactions between adsorbents and other additives often 

included in animal feed, such as antimicrobials and supplements administered to treat infections. 

In addition to health of an animal, effects of adsorbents on performance through any changes in 

nutrient bioavailability should also be examined. Most studies in this area have examined 

zeolites but similar conclusions can be made with other mineral adsorbents due to common 

physicochemical mechanisms. 

 Inclusion of 2% clinoptilolite with enrofloxacin and salinomycin exerted the greatest 

performance benefits versus use of clinoptilolite or antibiotics alone while observing no clinical 

adverse effects on weaner and grower-finisher pigs (Papaioannou et al., 2004). Rodríguez-

Fuentes et al. (1997) found no interaction between clinoptilolite and tetracycline and 

cloranfenicol but found low adsorption of aspirin, thyophiline, propranolol and phenobarbital by 

zeolite in in vitro tests. Collings et al. (1980) reported an additive effect on feed efficiency when 

2.5% sodium bentonite and 44 ppm of lincomycin were paired and fed to starter, grower and 

finisher pigs. Bentonite was found to adhere to tylosin, a macrolide antibiotic, when administered 

simultaneously to broiler chickens; this was attributed to ionic exchange interactions between the 

two compounds which ultimately decreased effectiveness of the antibiotic (Devreese et al., 

2012). More information is known regarding sequestration of macro- and micronutrients. The 

results from a study by Papaioannou et al. (2004) supported a previous finding that feeding high 

protein diets appeared to enhance effects by clinoptilolite in comparison to feeding diets with 

lower concentrations of crude protein (Poulsen and Oksbjerg, 1995). In contrast, apparent 

nitrogen digestibility and net protein utilization decreased in 25 and 65 kg grower pigs when fed 

diets containing up to 7.5% clinoptilolite (Shurson et al., 1984). Sodium bentonite also depressed 
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nitrogen digestibility in starter pigs but no significant changes in energy and mineral 

bioavailability were found throughout groups of pigs (Collings et al., 1980). Since clinoptilolite 

was found to adsorb bile acids and glucose, researchers have considered the feasibility of using 

the mineral as a possible anti-diarrheal drug in humans (Rodríguez-Fuentes et al., 1997). This is 

supported by a study which saw a 17% decrease in cholesterol levels in piglets upon feeding 4 

g/kg of aluminosilicate, implying a decrease in fat digestibility (Döll et al., 2005). While a 0.25% 

inclusion of activated charcoal in rabbit diets was effective against aflatoxin contaminated in 

feed, hepatic vitamin A concentrations decreased by up to 14% along with a decrease in organic 

matter digestibility (Abdelhamid et al., 1990). On the contrary, no significant decreases in 

vitamin A or E concentrations were reported in a human clinical intervention trial involving 

intake of up to 3 g montmorillonite per day for a maximum of 3 months (Afriyie-Gyawu et al., 

2007). Chung and Baker (1990) found that HSCAS posed no detrimental effects on phytate 

utilization or inorganic phosphorus utilization in chicks. Chung et al. (1990) reported no 

decreases in riboflavin, vitamin A or Mn utilization but slightly lowered availability of Zn at 

1.0% inclusion of HSCAS in young broiler chicks. Gut absorption coefficients for Cu, Zn, Fe 

and Mn were significantly lower in lambs fed a HSCAS-supplemented diet while there were no 

differences in Ca, P and Mg utilization (Gowda et al., 2007). 

 Adsorbent additives have been shown to be quite inert while serving as effective 

intestinal binders of select mycotoxins, but more research is needed to investigate their effects on 

nutrient bioavailability and any possible interactions with drugs and antimicrobials. Regulatory 

agencies provide guidelines recommending inclusion levels of additives based on their efficacy 

of anticaking pelleted feed; few of the discussed additives have been accepted for specific use as 

treatment agents against mycotoxicosis. The European Food Safety Authority (2010) has 
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established a new set of guidelines detailing requirements for a feed additive to serve a primary 

purpose for reducing mycotoxin levels in feed. In order for an additive to be approved in this 

category, a minimum of three in vivo studies are required that demonstrate significant reduction 

of effects associated with mycotoxin ingestion. In addition, supplementary studies are also 

needed to characterize surface properties, toxicological data, and in vitro investigations to screen 

potential adsorbents. When discussing these in the context of binding androstenone and skatole, 

the goal is to find a successful additive selective for our compound of interest with no 

detrimental impact on boar performance and health. A similar progression of research, from in 

vitro to in vivo testing, should be undertaken to evaluate a cost-effective additive’s feasibility as 

intestinal binders to sequester boar taint compounds below generally accepted threshold levels.  
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CHAPTER 2: HYPOTHESIS AND RESEARCH OBJECTIVES 

2.1 Rationale of Research and Hypotheses 

Due to increasing pressure from legislators, findings in welfare research, and public 

opinion, surgical castration is no longer proven to be a viable method to control boar taint in the 

long term. Any new methods to control boar taint must be practical with respect to ease of usage 

and must be cost-effective in order to be considered a feasible alternative. Control of skatole 

production and accumulation in fat can be achieved through dietary means involving some 

sources of dietary fibre (Wesoly and Weiler, 2012). Many animals including pigs and humans 

undergo enterohepatic circulation, a recycling mechanism in which endogenous steroids can be 

excreted then reabsorbed from the gastrointestinal tract upon hepatic conjugation of the 

compound (Roberts et al., 2002). Although the presence of enzymes responsible for 

sulfoconjugation (sulfotransferases) of androstenone has been confirmed and androstenone 

circulates in blood primarily as a sulfoconjugate (Sinclair and Squires, 2005; Sinclair et al., 

2005; Laderoute, 2015), direct evidence of conjugated androstenone undergoing enterohepatic 

circulation is yet to be reported. Extensive research involving the use of non-nutritive binding 

agents (adsorbents) to alleviate toxic effects associated with mycotoxin contamination in feed of 

several food animal production species resulted in many positive findings (Huwig et al., 2001; 

Papaioannou et al., 2005). At least one previous study has successfully lowered the proportion of 

carcasses deemed to have boar taint based on concentrations of skatole in fat using a non-

nutritive mineral adsorbent (Baltic et al., 1997). As chemical structures for some of the most 

common mycotoxins are similar to that of skatole and testicular steroids such as estrogens and 

androstenone, it is of interest whether effective gastrointestinal binding of steroids and skatole by 

the same adsorbents used to bind select mycotoxins can be achieved.  
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Hypothesis 1: Like other testicular steroids, androstenone is expected to undergo enterohepatic 

circulation, in which a detectable amount of sulfoconjugated androstenone is believed to exit 

systemic circulation to the small intestine as facilitated by biliary excretion. 

Hypothesis 2: Non-nutritive adsorbents previously effective in sequestering mycotoxins 

aflatoxin B1 and zearalenone may also bind androstenone to interrupt its theorized enterohepatic 

circulation and to ultimately influence its accumulation in adipose tissue of entire male pigs. 

Hypothesis 3: Accumulation of skatole in fat of entire male pigs is decreased when bound to 

non-nutritive adsorbents in the hindgut, where skatole is primarily produced by microflora. 

 

2.2 Research Objectives 

Objective 1: To identify low-cost non-nutritive adsorbents for effective binding of androstenone, 

skatole, and/or estrone in vitro. 

 Previous in vitro and in vivo experiments conducted by Jen and Squires (2011ab) 

explored various adsorbents from either mineral or pharmaceutical origin, including 

cholestyramine, activated charcoal, tween-60, bentonite, and polyvinylpolypyrrolidone. 

Activated charcoal was found to be the only adsorbent effective for significantly decreasing fat 

androstenone levels in Yorkshire boars below boar taint threshold levels (1.0 µg/g) (Jen and 

Squires, 2011b). However, its high cost and difficulty of handling does not allow activated 

charcoal to be commercially feasible. Therefore, cheaper additives were identified and tested 

with a similar experimental design as that of Jen and Squires (2011a). 
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Objective 2: To investigate the effects of mineral-based adsorbents on levels of androstenone 

and skatole in plasma and fat, growth performance, and basic carcass characteristics for purebred 

Duroc finisher boars. 

 It is known that Duroc intact male pigs have higher incidence of boar taint in comparison 

to other commercial pig breeds, as evident by higher levels of androstenone (Xue et al., 1996; 

Lervik et al., 2011). Due to this information, Duroc boars were considered suitable for a proof-

of-concept study involving four mineral-based adsorbents which have found to effectively bind 

androstenone in the preceding in vitro study. Growth performance and basic carcass parameters 

were also measured to investigate any negative effects associated with changes in nutrient 

bioavailability in the gastrointestinal tract. 

 

Objective 3: To investigate the effects of feeding duration of adsorbent-supplemented feeds on 

levels of androstenone and skatole in plasma and fat, growth performance, and advanced meat 

quality characteristics of crossbred finisher boars. 

 Boar taint has genetic implications in that onset of puberty and testicular steroidogenesis 

differ by breed (Pedersen, 1998; Hortós et al., 2000; Doran et al., 2002b). An effective method to 

control boar taint alternative to surgical castration must have relevance to commercial pork 

production in North America and abroad, in which crossbred pigs are predominantly raised and 

slaughtered at a specific range of body weight. Refinement of additives’ inclusion in boar diets 

also applies to the duration for which boars are fed. In addition, no information is available 

regarding effects of various non-nutritive adsorbents on advanced meat quality characteristics in 

pigs. Therefore, Objective 2 was expanded with a follow-up study examining the above. 
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CHAPTER 3: IN VITRO INVESTIGATIONS ON THE USE OF MINERAL 

ADSORBENTS TO SEQUESTER BOAR TAINT COMPOUNDS 

3.1 Abstract 

 The objective of this study was to assess the feasibility of four mineral adsorbents as low-

cost dietary interventions to control boar taint. Four additives (bentonite, BNT; diatomaceous 

earth, DE; spent filter aid, SFA; and sodium-calcium aluminosilicate, HSCAS) have all been 

previously effective for binding mycotoxins aflatoxin B1 and zearalenone in the gut of pigs and 

chickens. The capacity and affinity of each additive to bind androstenone (AND), estrone (E1), 

estrone sulphate (E1S), and skatole were tested in an in vitro system developed in the laboratory. 

Michaelis-Menten enzyme kinetics were used to analyze binding capacity, expressed as Bmax (% 

theoretical maximum binding), and binding affinity, K (amount of additive required to reach 

50% of Bmax). Langmuir and Freundlich isotherm models with residual sum of squares (RSS) 

and the Akaike information criterion (AIC) goodness-of-fit tests were also used to determine 

adsorption behaviour. Tukey’s range test was performed for statistical significance with SAS 9.4. 

Most tested adsorbents reached high Bmax with AND, with values of 77.7 ± 1.12%, 71.9 ± 1.93%, 

55.0 ± 7.85%, and 69.5 ± 1.39% for BNT, DE, SFA, and HSCAS respectively. Affinity (K) was 

highly variable between adsorbents and did not differ between adsorbents across any compounds 

(P > 0.05). SFA was the only adsorbent to bind skatole with maximum capacity at 89.9 ± 1.09%. 

Based on lowest RSS and AIC values, most adsorbent-adsorbate complexes fit best with the 

Freundlich isotherm model. We conclude that all four additives tested in this experiment 

effectively bound androstenone while only SFA effectively bound skatole under in vitro 

conditions. Further research involving animal models is warranted to explore the affinity and 

selectivity of adsorbents in the gastrointestinal tract of pigs to control boar taint. 

Keywords: androstenone, skatole, boar taint, activated charcoal, bentonite, diatomaceous earth, 

spent filter aid, hydrated sodium-calcium aluminosilicate 
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3.2 Introduction 

 A major obstacle in raising intact male pigs is boar taint, which is an undesirable odour 

and taste from pork of intact males. This is caused by an accumulation of the compounds 3-

methylindole (skatole) and 5α-androst-16-ene-3-one (androstenone) in the boar’s adipose tissue. 

Around the world, surgical castration is a routine practice for mitigating this issue; however, this 

is usually performed without analgesia and thus poses a significant welfare concern (Lidow, 

2002; Prunier et al., 2006). The European Union has declared 2018 as the target year to 

voluntarily ban castration and limit imports of pork from castrated males, with markets in the 

United Kingdom and Spain having already been transitioned to entire male production in part or 

full (European Food Safety Authority, 2004).  

 Alternatives to castration which directly influence levels of androstenone currently 

include inhibiting GnRH function by immunocastration, selecting for low-taint boars, and early 

slaughter (Zamaratskaia and Squires, 2009). Effects of immunocastration on boar taint 

accumulation, physiology, meat quality, behaviour, and the reproductive tract of treated boars 

have been extensively studied (Cronin et al., 2003; Oliver et al., 2003; Dunshea et al., 2005; 

Jaros et al., 2005; Zamaratskaia et al., 2008; Andersson et al., 2011; Brunius et al., 2011). 

However, consumers’ perception regarding use of immunocastration as well as its effects on 

pork pricing and processing costs have not yet been thoroughly examined (Vanhonacker et al., 

2009). Current knowledge of genetics may enable more precise selection and elimination of 

undesirable traits such as boar taint (Strathe et al., 2013). Although fat androstenone 

accumulation is quite heritable, its selection can also result in the reduction of androgens 

associated with pubertal development and possible consequences with reproductive performance 

(Bonneau, 1998; Zamaratskaia and Squires, 2009; Parois et al., 2015). Slaughtering intact males 

at an earlier age is practiced in some EU countries but may not be economically advantageous in 
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markets that demand heavier carcasses and require a careful combination of breed and slaughter 

weight for guaranteed taint-free pork (Aluwé et al., 2011; Fàbrega et al., 2011). Novel studies 

exploring dietary approaches to reduce androstenone are limited. 

 Androstenone synthesis is controlled by the hypothalamic-pituitary-gonadal axis (HPG) 

and levels of androstenone dramatically increase in circulation in the pig along with other 

anabolic steroid hormones at sexual maturity (Schwarzenberger et al., 1993). Estrone, another 

steroid hormone regulated by the HPG, undergoes enterohepatic circulation, which is a recycling 

mechanism that increases the half-life of various compounds in endogenous circulation 

(Brewster et al., 1977; Schwenk et al., 1979; Ruoff and Dziuk, 1994, Roberts et al., 2002). This 

process involves: (1) steroidogenesis in testis; (2) transportation of steroid to the liver via 

systemic circulation, where it is conjugated into a glucuronide or sulfate; and (3) excretion into 

the gastrointestinal tract through bile. There, conjugated steroid may exit the body with feces, or 

deconjugation may take place by gut bacteria and the free steroid is reabsorbed to restart this 

cycle (Ruoff and Dziuk, 1994). To our knowledge, no studies have demonstrated this process 

with androstenone; however, there is evidence that sulfotransferases play a role in conjugating 

androstenone and that androstenone circulates primarily as a sulfoconjugate (Sinclair and 

Squires, 2005; Sinclair et al., 2005). A form of intervention which interrupts the 

absorption/reabsorption of the steroid from the gut may lower its circulation in the blood and its 

accumulation in the adipose tissue. An ideal adsorbent should possess a selective affinity for 

androstenone compared to other steroids (e.g. testosterone and estrogen) which are beneficial to 

the lean gain of a hog. 

Skatole is a fermentation product of tryptophan that is produced by select strains of 

bacteria that degrade the amino acid in the hindgut (Yokoyama and Carlson, 1979). As with 
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other xenobiotics, skatole is then transported to the liver upon absorption from the 

gastrointestinal tract for subsequent Phase I and II metabolism via the Cytochrome P450 family 

of enzymes. Reduction of skatole formation and in turn its absorption, metabolism, endogenous 

circulation and accumulation can be achieved through a variety of dietary means, all of which 

influence the hindgut’s microbial population (as reviewed by Wesoly and Weiler, 2012). 

 The use of inert adsorbents has become a promising method to reduce the effects of 

mycotoxicosis from contaminated feedstuffs (Schell et al., 1993; Huwig et al., 2001; Di Gregorio 

et al., 2014). Previously studied adsorbents with successful in vitro and in vivo results include 

activated charcoal, various clays, zeolites, hydrated sodium-calcium aluminosilicates, and 

diatomaceous earth (Harvey et al., 1989; Huwig et al., 2001; Xia et al., 2005; Abbes et al., 2006; 

Bailey et al., 2006; Modiersanei et al., 2008; Shi et al., 2009; Harper et al., 2010; Bennett et al., 

2011; Chen et al., 2014). Chemical structures for some of the most common mycotoxins are 

similar to that of steroids such as estrogen and androstenone, which helps predict the 

mechanisms of action by these xenobiotics. Using the above concepts, Jen and Squires (2011a, 

b) tested various binding agents in both in vitro and in vivo experiments and found that a 5% 

inclusion of activated charcoal fed for 4 weeks significantly decreased fat androstenone levels in 

Yorkshire boars. Although the use of activated charcoal in swine feed is not feasible in 

commercial operations due to its high cost, these studies have helped to identify another potential 

alternative to castration for controlling boar taint. 

Bentonite is a hydrated aluminum silicate of volcanic origin and is composed mainly of 

montmorillonite. It has both human and agricultural applications including anticaking of feed 

pellets, filler for micronutrient premixes, as well as anti-inflammatory, dermatological, and 

cosmetic applications (Ducrotte et al., 2005; Choy et al., 2007; Bočarov-Stančić et al., 2011; 
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Weaver et al., 2013). Diatomaceous earth, also called diatomite or kieselguhr, is finely powdered 

silica of sedimentary origin and is composed of fossilized diatoms. Amongst its diverse range of 

uses, diatomaceous earth is used as an insecticide, a filtrate for a variety of liquids such as beer 

and syrup, an anticaking agent, and anti-parasitic treatments for companion and farm animals 

(Johnson, 1997). Diatomite with less than 7% crystalline silica in its composition ("food-grade") 

is deemed to be a safe food additive in North America (Bennett et al., 2011). Spent filter aid is a 

byproduct of the corn syrup processing industry in Southwestern Ontario, with up to a third of its 

composition being diatomaceous earth and the rest made up of bioavailable nutrients, including 

crude protein and fat (~16.2-18% crude protein and ~34-42% crude fat, on a dry matter basis) 

which can serve to meet the nutrient requirements of various farm animals. Due to this additional 

feature and its low cost (about two-thirds the price of corn grain), it may be a promising multi-

purpose ingredient in boar diets. Hydrated sodium-calcium aluminosilicates belong to a specific 

group of aluminosilicates (or zeolites) which consist of various alkali metals and alkaline earth 

metals that characterize their surface area, ionic charge, and ultimately their capacities as 

adsorbents (Barrer, 1989). Today it is used as antifungal and anticaking agents in animal feed. 

The purpose of this study was to explore whether mineral adsorbents can serve as an 

alternative to activated charcoal to potentially bind skatole and androstenone in vitro. We 

assessed the binding capacity and affinity of four adsorbent additives (bentonite, diatomaceous 

earth, spent filter aid, and sodium-calcium aluminosilicate), against androstenone, estrone, 

estrone sulphate, and skatole and analysed the data using multiple models (Michaelis-Menten, 

Langmuir and Freundlich isotherms). Activated charcoal will also be included in this experiment 

as a positive control to support previous findings. 
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3.3 Materials and Methods 

3.3.1 Preparation of adsorbents and adsorbates 

Our methods were adapted from the study by Jen and Squires (2011a), which in turn was 

based on the work involving mycotoxins by Solfrizzo et al. (2000). Bentonite (BNT; Sigma-

Aldrich, St. Louis, MO, USA), diatomaceous earth (DE; Gaia Green Products Ltd., Grand Forks, 

BC, Canada), spent filter aid (SFA; Ingredion Canada, London, ON, Canada), hydrated sodium-

calcium aluminosilicate (HSCAS marketed as “Jumpstart 360®”; Jumpstart Animal Technology, 

Winnipeg, MB, Canada) were made into 40 mg/mL stock solutions prepared in pH 7.4 phosphate 

buffer saline (139 mM NaCl, 8.5 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl). Activated 

charcoal (AC; NORIT A®, Acros Organics, NJ, USA) was also prepared in the same manner. 

Since spent filter aid is heterogeneous and flaky in texture, it was ground with a homogenizer 

prior to preparation. The typical chemical composition of each adsorbent has been provided in 

Table 3.1. 

 Radiolabeled androstenone (AND), estrone (E1), and estrone-1-sulphate (E1S) were 

prepared in two steps: 1) using a crystalline steroid source (all from Steraloids Inc., Newport, RI, 

USA), a 20 µg/mL “cold” solution in PBS and 10% ethanol was prepared for each steroid; then 

2) the solution was diluted to a 10 µg/mL stock in PBS and 5% ethanol with radioactive steroid 

added (to reach approximately 15,000-18,000 counts per minute per 1 mL). 0.04 µCi/µmol of 

“MT 1986” [
3
H]-5α-Androst-16-en-3-one (Moravek Biochemicals, Brea, CA, USA; 10.0 

Ci/mmol), 0.54 µCi/µmol of “NET 319” [2,4,6,7-
3
H(N)]-Estrone (Perkin-Elmer, Boston, MA, 

USA; 94.0 Ci/mmol), and 0.70 µCi/µmol of “NET203250UC” [6,7-
3
H(N)]-Estrone-1-sulfate 

(Perkin-Elmer, Boston, MA, USA; 54.3 Ci/mmol) were used in each incubate. Since 
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androstenone tends to stick to container surfaces, its stock solution was added with 0.05% 

Tween-60 surfactant (Sigma-Aldrich, St. Louis, MO, USA).  

 Skatole was prepared using crystalline skatole (Sigma-Aldrich, St. Louis, MO, USA) 

dissolved initially in 100% ethanol (100 µg dissolved skatole/mL ethanol), then further diluted in 

PBS to achieve a final stock concentration of 3 µg dissolved skatole/mL PBS with 3% ethanol. 

This concentration was chosen based on studies by Lanthier et al. (2007) involving weanling 

pigs, which found that pigs with cecal skatole concentrations above 3 µg/g in feces resulted in 

accumulation of skatole in adipose tissue above boar taint threshold levels. 

 

Table 3.1. Typical chemical composition (%) of the tested mineral adsorbents. 

 Adsorbent 

 

Bentonite Diatomaceous earth Spent filter aid HSCAS
z
 

SiO2 67.4 90.2 91.5 47.2 

Al2O3 21.2 4.1 1.0 36.0 

Fe2O3 4.14 1.6 1.5 0.4 

P2O5 0.1 0.3 0.004 - 

CaO 1.46 0.4 0.3 0.84 

MgO 2.61 0.2 0.3 0.2 

Na2O + K2O 2.8 1.4 2.5 0.56 

TiO2 0.17 0.2 - 0.3 
z
 HSCAS = Hydrated sodium-calcium aluminosilicate. 

 

3.3.2 Dose-response curves and adsorption assays 

 Incubation conditions for each additive were derived to simulate the intestinal 

environment of the pig as described by Clemens et al. (1975). It was further refined through 

preliminary experiments by Jen and Squires (2011a) to determine time to reach adsorption 

equilibrium between each adsorbent-adsorbate complex. The concentrations of radiolabeled 

hormone solutions as determined above are well above the levels commonly found in intact 
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males just before the onset of puberty. Stock solutions of additives were serially diluted with 

PBS, starting from 40 mg/mL to 20 mg/mL, 10 mg/mL, 5 mg/mL, 2.5 mg/mL, 1.25 mg/mL, 

0.625 mg/mL, 0.312 mg/mL, 0.156 mg/mL, 0.078 mg/mL, and 0.039 mg/mL. Duplicate aliquots 

of 1 mL of each concentration were mixed with an equal amount of final radiolabeled hormone 

solution (prepared as described above), capped, vortexed for 5-10 s, and then incubated for 30 

minutes in a shaking water bath at 37 °C. Samples were vortexed again at the 15-minute and 30-

minute incubation times. They were then centrifuged and 1 mL of the supernatant was mixed 

with 4 mL of Eco-Lite scintillator cocktail (ICN Biochemicals Canada Ltd., Mississauga, ON, 

Canada). The samples were then capped, vortexed for ~10 s, and counted for radioactivity in a 

liquid scintillation counter (Beckman Coulter LS6000SC, Mississauga, ON, Canada) under 

standard tritium conditions. 

 Binding of skatole was quantified by HPLC analysis (Jen and Squires, 2011a). Stock 

solutions of additives were diluted in PBS to 40 mg/mL, 30 mg/mL, 20 mg/mL, 10 mg/mL, 5 

mg/mL, 2.5 mg/mL, 1 mg/mL, 0.5 mg/mL, and 0.25 mg/mL. Duplicate aliquots of 0.5 mL of 

each concentration were mixed with an equal amount of 3 µg/mL stock skatole solution, capped, 

vortexed for 5-10 s, and then incubated for 10 hours in a shaking water bath at 37 °C. Samples 

were taken out every hour and after centrifugation, a 200 µL aliquot of supernatant from each 

sample was diluted with 600 µL of PBS prior to being analysed by HPLC using a C18 reverse 

phase column (Luna, 3 µnm 100 x 4.6mm, ODS-2). The solvent system was 90% of 5 mM 

potassium dihydrogen phosphate (pH 3.9) and 10% v/v acetonitrile (buffer A), and 100% 

acetonitrile (buffer D) with a flow rate of 0.6 mL/min. The gradient consisted of: 0 min – 70% A, 

6 min – 100% D, 11 min – 100% D, 11.1 min – 70% A and 17 min – 70% A. 
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3.3.3 Michaelis-Menten data analysis 

 The magnitude of additive binding to adsorbate was expressed as a percentage, calculated 

from the difference between the amount in the supernatant and the amount in a blank solution 

with no additive. To analyse differences in binding, binding curves were generated and assessed 

for Michaelis-Menten parameters using the Enzyme Kinetics module of SigmaPlot 12.0 as 

described by Jen and Squires (2011a). A modified Michaelis-Menten equation is described in 

Equation [1]: 

B = (Bmax)(C) 

        K + C 

 Where B represents percentage of adsorbate bound to adsorbent; Bmax is the theoretical 

maximum of B (“binding capacity”); C is the concentration of adsorbent in mg/mL; and K is the 

affinity constant, i.e. concentration of adsorbent at 50% of Bmax (analogous to the Michaelis 

constant Km in the original Michaelis-Menten equation). All statistical analyses were performed 

using the MIXED procedure in SAS 9.4 (SAS Institute, Cary, NC, USA). The Bmax and K 

models consisted of the fixed adsorbent effect, the fixed bound steroid effect, the interaction 

between adsorbents and bound steroids, and random experimental error (normally distributed 

with a mean of 0 and variance of σ
2
). Kinetic parameters were compared across adsorbents and 

adsorbates using Tukey’s range test. Statistical significance was declared at P < 0.05. 

 

3.3.4 Langmuir and Freundlich isotherm adsorption models analyses 

 Adsorption isotherm models produce a curve and parameters associated with the 

retention or mobility of an adsorbent to a solid phase in an aqueous medium at constant 

temperature and pH (Foo and Hameed, 2010). These are calculated at adsorption equilibrium, in 

which over time the adsorbent-adsorbate complex reaches an equilibrium ratio between the 

[1] 



43 

 

amount adsorbed and the amount remaining in solution. The Langmuir and Freundlich isotherms 

are two of the most commonly analysed models to describe and compare affinity of adsorbents in 

solution. Choice of the appropriate model to best describe binding behaviour can be done 

through goodness-of-fit parameters, such as residual sum of squares (RSS) and/or the Akaike 

information criterion (AIC).  

 The Langmuir isotherm assumes in its formulation that the adsorbed layer is one 

molecule thick and there are limited adsorption sites which are identical, with no adjacent 

interaction and steric hindrance between molecules that are adsorbed (“homogeneous 

adsorption”). Equation [2] is the governing equation of the Langmuir isotherm: 

Ca =    K2K1Cr 

           1 + (K1Cr) 

 Where Ca is the amount of material adsorbed per unit mass of adsorbent (%); K2 is the 

maximum capacity of the sorbent material (%), and is equivalent to Bmax in Equation [1]; K1 is 

the affinity of the adsorbent for each adsorbate studied (in mL/mg), also known as the 

dissociation constant and is the inverse of K in Equation [1]; and Cr is the concentration of 

adsorbent at equilibrium in mg/mL. It is important to note that the Langmuir model is very 

similar to the Michaelis-Menten equation as it predicts a constant monolayer capacity at high 

adsorbent concentrations (Ho et al., 2002). 

 The Freundlich isotherm is used to describe reversible adsorption between the binder and 

adsorbate, and applies multi-layer adsorption with non-uniform distribution of affinity to 

adsorbate on the surface (heterogeneous adsorption). The model assumes that adsorption is the 

sum of all occupied sites, with binding sites for stronger affinities being occupied first until 

energy of adsorption is exponentially decreased at equilibrium (Proctor and Toro-Vasquez, 1996; 

Foo and Hameed, 2010). The following equation describes this: 

[2] 
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Ca = KFCr
a
           

 Where Ca is the amount of material adsorbed per unit mass of adsorbent (%); KF is the 

isotherm constant (% (mg/mL)
a
) related to the capacity of adsorbent for the material adsorbed; 

and a is the adsorption intensity which describes the affinity of adsorbent for the material 

adsorbed. Higher KF and a values are desirable as they respectively reflect greater capacity and 

affinity of the adsorbent. 

 Analyses of both Langmuir and Freundlich models were conducted for each adsorbent 

across all tested adsorbates using a Microsoft Excel spreadsheet added with the Solver feature 

developed by Bolster and Hornberger (2007). Residual sum of squares (RSS) and the Akaike 

information criterion (AIC) values were used to test for goodness of fit and model 

appropriateness as produced by each non-linear model, and is similar to R
2
 in linear regression. 

 

3.4 Results 

3.4.1 Androstenone and skatole binding 

Graphs displaying the proportion of total adsorbate (AND, E1, E1S and skatole) bound to 

each adsorbent are shown in Figures 3.1a-e. Detailed kinetics parameters to describe binding 

affinity are shown in Table 3.2.  

Firstly, binding curves produced using AC as an adsorbent (Figure 3.1a) support results 

from previous experiments conducted by Jen and Squires (2011a). Both the present study and 

Jen and Squires (2011a) found that 0.5 mg/mL AC binds nearly 100% of E1 and E1S. AND was 

almost completely bound by AC at approximately 5 mg/mL with a calculated Bmax of 95.2 ± 

1.39%. AC had the greatest maximum capacity of binding when compared with all other 

adsorbents (P < 0.05). AC bound E1 and E1S with similar capacity, with respective Bmax values  

[3] 
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Table 3.2. Michaelis-Menten model-derived kinetic parameters (independent replications n = 4) 

to examine capacity (Bmax) and affinity (K) of individual adsorbents to bind boar taint 

compounds and other steroids. Values are represented as mean ± standard error for independent 

replications. 

 

Adsorbent 

Parameter BNT DE SFA HSCAS AC 

AND 

Bmax 77.7 ± 1.12
A,1

 71.9 ± 1.93
A,1

 55.0 ± 7.85
B,1

 69.5 ± 1.44
AB,1

 95.2 ± 1.39
C,1

 

K 0.12 ± 0.03 0.75 ± 0.43 0.84 ± 0.49 0.13 ± 0.05 0.13 ± 0.003
1
 

E1 

Bmax 62.9 ± 7.69
A,1

 2.6 ± 1.68
B,2

 62.5 ± 8.29
A,1

 0.3 ± 0.22
B,2

 97.3 ± 0.86
C,1

 

K  2.27 ± 2.20 1.69 ± 1.68 1.14 ± 1.02 N/D
y
 0.03 ± 0.003

2
 

E1S 

Bmax 4.3 ± 1.33
A,2

 0.4 ± 0.25
A,2

  2.9 ± 2.59
A,2

 0.8 ± 0.46
A,2

 103.7 ± 0.35
B,2

 

K 26.49 ± 13.73  0.02 ± 0.02 4.35 ± 4.35 0.18 ± 0.15 0.11 ± 0.02
1
 

Skatole 

Bmax 15.9 ± 1.55
A,2

 14.5 ± 3.82
A,3

 89.9 ± 1.09
B,3

 15.7 ± 3.24
A,3

 N/D
z
 

K 0.93 ± 0.83 4.23 ± 4.15 1.83 ± 0.41 0.34 ± 0.13 N/D
z
 

Adsorbents. BNT = bentonite; DE = diatomaceous earth; SFA = spent filter aid; HSCAS = 

hydrated sodium-calcium aluminosilicate; AC = activated charcoal. 

Parameters. Bmax = calculated maximum % of binding; K = concentration of adsorbent (in 

mg/mL) to bind 50% of Bmax. 

Differing superscript letters represent significant differences (P < 0.05) across adsorbents (within 

a row) for binding a specific compound.  

Differing superscript numbers represent significant differences (P < 0.05) when comparing 

binding of compounds (across rows) by a specific adsorbent.  

z
 AC completely bound skatole at even the lowest concentrations, so modelling the data and 

comparisons were not possible. 

y
 The binding of E1 by HSCAS was very low, so K values could not be reliably determined.  
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Figure 3.1a-b. Graphs of adsorbates bound over concentrations ranging from 0.039 – 40 mg/mL 

for (a) activated charcoal and (b) bentonite. AND = androstenone; E1 = estrone; E1S = estrone 

sulphate. 
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Figure 3.1c-d. Graphs of adsorbates bound over concentrations ranging from 0.039 – 40 mg/mL 

for (c) diatomaceous earth and (d) spent filter aid. AND = androstenone; E1 = estrone; E1S = 

estrone sulphate. 
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Figure 3.1e. Graphs of adsorbates bound over concentrations ranging from 0.039 – 40 mg/mL 

for hydrated sodium-calcium aluminosilicate (HSCAS). AND = androstenone; E1 = estrone; E1S 

= estrone sulphate. 
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Table 3.3. Parameters for Langmuir and Freundlich adsorption isotherm models, and goodness-of-fit RSS/AIC values produced for 

the adsorption of AND, E1, and E1S and skatole at pH 7.4. 

  LANGMUIR FREUNDLICH 

Adsorbent Adsorbate 

K1  

(mL/mg) K2 (%) RSS AIC a KF (%) RSS AIC 

BNT AND 9.10 77.27 0.04 -52.43 0.12 58.12 0.05 -49.86 

  E1 7.62 52.84 0.18 -35.69 0.18 37.00 0.03 -57.43 

  E1S N/A N/A N/A N/A N/A N/A N/A N/A 

  Skatole 140.01 13.53 0.01 -48.30 0.09 11.60 0.01 -50.95 

DE AND 1.95 71.52 0.09 -44.03 0.19 41.12 0.06 -47.33 

 

E1 N/A N/A N/A N/A N/A N/A N/A N/A 

  E1S N/A N/A N/A N/A N/A N/A N/A N/A 

  Skatole 10.28 11.46 0.01 -55.81 0.12 8.85 0.003 -62.02 

SFA AND 10.70 46.63 0.20 -34.76 0.18 33.71 0.04 -52.14 

  E1 5.14 54.59 0.18 -35.78 0.20 35.18 0.03 -55.74 

  E1S N/A N/A N/A N/A N/A N/A N/A N/A 

  Skatole 0.58 89.70 0.01 -51.03 0.26 36.52 0.04 -37.82 

HSCAS AND 9.26 69.11 0.05 -49.49 0.12 52.46 0.05 -50.67 

  E1 N/A N/A N/A N/A N/A N/A N/A N/A 

  E1S N/A N/A N/A N/A N/A N/A N/A N/A 

  Skatole 4.66 15.67 0.002 -63.34 0.11 11.51 0.001 -73.10 

AC AND 7.89 95.17 0.06 -47.08 0.12 70.30 0.08 -44.76 

 E1 41.27 97.17 0.004 -76.55 0.04 88.01 0.08 -45.21 

  E1S 9.57 103.56 0.04 -51.91 0.11 78.16 0.37 -27.94 

Adsorbents. BNT = bentonite; DE = diatomaceous earth; SFA = spent filter aid; HSCAS = hydrated sodium-calcium aluminosilicate; 

AC = activated charcoal. 

Adsorbates. AND = androstenone; E1 = estrone; E1S = estrone sulphate. 

Parameters. K1 = Langmuir isotherm / dissociation constant; K2 = maximum capacity of sorbent material to specific adsorbate; RSS 

= residual sum of squares; AIC = Akaike information criterion; a = adsorption intensity; KF = Freundlich isotherm constant; N/A = not 

applicable, as Langmuir and Freundlich adsorption isotherm models were not tested when binding was negligible. 
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of 97.3 ± 0.86% and 103.7 ± 0.35%. AC completely bound skatole at all tested concentrations, 

thus modelling with Michaelis-Menten kinetics and comparisons were not applicable (data not 

shown). The affinity (K) values for any adsorbate did not differ between adsorbents (P > 0.05) 

with the exception of AC, in which K for E1 binding was significantly lower than adsorbate 

binding for AND and E1S (P < 0.05).  

When examining the capacity of adsorbents to bind androstenone, BNT and DE (Figures 

3.1b, c) had significantly higher Bmax (77.7 ± 1.12% and 71.9 ± 1.93%, respectively) than SFA (P 

< 0.05; Table 3.2). SFA and HSCAS (Figures 3.1d, e) had the lowest capacity for AND across 

adsorbents with a Bmax of 55.0 ± 7.85% and 69.5 ± 1.44%, respectively (Table 3.2). 

Amongst non-AC adsorbents, BNT and SFA had the highest maximum capacity for E1 

with similar Bmax values of 62.9 ± 7.69% and 62.5 ± 8.29%, respectively (P > 0.05; Table 3.2). 

There was negligible binding capacity of estrone by DE and HSCAS (2.6 ± 1.68% and 0.3 ± 

0.22% respectively) with no differences in steroid binding between the two adsorbents (P > 

0.05). Calculations with BNT yielded the highest affinity for E1 numerically, with a K value of 

2.3 ± 2.20 mg/mL (Table 3.2). 

 All non-AC adsorbents bound E1S with very low capacity with no significant differences 

in E1S binding across adsorbents (P > 0.05). Amongst steroids that were examined in this 

experiment, E1S yielded the lowest Bmax values amongst non-AC adsorbents, between 0.4 ± 

0.28% and 4.3 ± 1.33%.  

 Pertaining to the binding of skatole, most of the tested adsorbents exhibited low 

maximum Bmax capacity and high affinity K values, with no significant differences in parameters 

amongst BNT, DE, and HSCAS (P > 0.05; Table 3.2). Although the calculated K value for SFA 

(1.8 ± 0.41 mg/mL) did not significantly differ from those of other adsorbents (P > 0.05; Table 
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3.2), the calculated Bmax was significantly greater versus other adsorbents with SFA binding 89.9 

± 1.10% of total skatole in solution (P < 0.05; Table 3.2). 

 

3.4.2 Adsorption isotherms analyses 

Adsorbent-adsorbate complexes with negligible binding were not assessed for Langmuir 

and Freundlich model isotherms. This included binding of E1S by BNT, binding of E1 and E1S 

by DE, binding of E1S by SFA, and binding of E1 and E1S by HSCAS. Results of isotherm 

models and their parameters are summarized in Table 3.3. Columns are divided into K1 and K2 

values for the Langmuir isotherm as well as a and KF values for the Freundlich isotherm. 

Goodness-of-fit regression analyses and model selection using RSS and AIC were also included 

for each model. Lower RSS and AIC values (regardless of absolute value, for AIC) indicate 

better fit of a particular model over the other. Lower values for RSS and AIC were found using 

the Langmuir model for the binding of AND by BNT; however, there was lower variation using 

the Freundlich model for the binding of E1 and skatole by BNT (with the latter determined with 

lower AIC despite similar RSS values). All tested compounds bound to DE, SFA, and HSCAS 

favoured the Freundlich isotherm with the exception of binding of skatole by SFA in which there 

were lower values using the Langmuir model. All complexes between AC and its adsorbates 

favoured the Langmuir isotherm. 

 

3.5 Discussion 

 For ideal control of boar taint, specific sequestration of androstenone and/or skatole is 

needed, while minimizing binding of endogenous steroids in the gastrointestinal tract to limit any 

effects on intact male growth performance and carcass leanness. Sulfoconjugated androstenone 
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concentrations were negatively correlated with androstenone accumulation in adipose tissue 

(Sinclair and Squires, 2005). Sulfoconjugation is thought to have some role in the modulation of 

the concentration of unconjugated androgens (Payne and Jaffe, 1970; Raeside et al., 1999a). 

Mechanisms underlying accumulation of skatole in plasma and fat after its absorption in the 

intestines are also not well understood. Based on findings by Lanthier et al. (2007), weanling 

pigs which exceeded 3 µg/mL of fecal skatole were found to have skatole deposited in adipose 

tissue beyond the generally accepted threshold concentration of 0.20 – 0.25 µg/g of fat. 

 Here, binding of skatole, androstenone, E1 and E1S to a number of adsorbents was 

investigated using an in vitro study which simulated the physiological pH, temperature, and 

transit time for an in vivo pig model. The term “binding” in this study is defined from a 

combination of capacity (Bmax, K2, and KF) and affinity (K, K1, and a) of an adsorbent to an 

adsorbate of interest, as determined by parameters from Michaelis-Menten kinetics in addition to 

Langmuir and Freundlich isotherm adsorption models as discussed previously. Binding capacity 

and affinity are closely linked to each other and can yield varying outcomes to describe binding 

depending on their respective values; for example, a very low K value would not be a very useful 

piece of information if the respective Bmax of the binding complex is very low. When comparing 

Bmax at equilibrium between tested steroids, most non-AC adsorbents evaluated in this study 

yielded higher binding of AND relative to other steroids, ranging from 55.3 ± 7.85% to 77.7 ± 

1.12% in contrast to 0.3 ± 0.22% to 62.9 ± 7.69% for E1 and 0.4 ± 0.25% to 4.3 ± 1.33% for 

E1S. If results from the study by Jen and Squires (2011b) are interpreted as a proof of concept 

for androstenone undergoing possible enterohepatic circulation, sorbent additives tested in the 

present study may serve as good alternatives to activated charcoal. Based on this, it would be 
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worth exploring their affinity in environments more complex than what was used in this study, 

such as in the intestinal lumen of pigs.  

 Similar to Michaelis-Menten enzyme kinetics, the binding of an adsorbate did not 

increase linearly with an increase in the amount of adsorbent. Instead, the rate at which adsorbate 

binds decreases until a maximum binding is reached and is considered to be at equilibrium at that 

point. Increasing the amount of adsorbent might introduce additional sites for adsorption, and 

therefore binding should increase. However, previous studies have suggested that aggregation 

can occur between adsorbent compounds at higher concentrations, which nonlinearly reduce the 

surface area available for adsorption (Karthikeyan et al., 2007).  

Parameters from Michaelis-Menten, Langmuir, and Freundlich models all help to 

quantify and compare between adsorbents’ capacity and affinity to compounds of interest. 

Adsorption isotherm models such as the Langmuir and Freundlich equations provide a useful 

quantitative contrast of mechanisms between various adsorbent-adsorbate complexes, and are 

used here as another method of comparison in an in vitro system. These two isotherms are the 

most common models used for environmental contaminant-adsorbing materials analysis and aid 

in determining the behaviour of adsorptive surfaces as well as the interactions between adsorbed 

compounds on the surface. Based on the model fit criteria used, most of the non-AC adsorbent 

complexes fit better with the Freundlich model, indicating they are more appropriately described 

as possessing heterogeneous surfaces and are capable of reversible adsorption through multiple 

layered surfaces. However, it is essential to acknowledge the limitations of each isotherm. The 

Langmuir model was originally developed to compare affinity of gas-solid-phase adsorption for 

activated charcoal (Langmuir, 1916). This model does not take into account the process of 

displacement of pre-adsorbed molecules found in an aqueous solution (such as water) and only 



54 

 

considers adsorption of a studied compound, which questions its assumption of homogeneous 

binding (Sohn and Kim, 2005). The Freundlich model assumes an infinite number of adsorption 

sites which does not allow determination of a maximum amount of adsorbates bound (Proctor 

and Toro-Vasquez, 1996; Ho et al., 2002). In addition, despite using these models, no 

standardized method exists for comparing between in vitro studies examining the same 

isotherms, making comparisons of binding affinities difficult across studies. No consistent set of 

error functions are used in relevant papers, and performing goodness-of-fit tests is dependent on 

whether or not the model has been linearized (Bolster and Hornberger, 2007; Foo and Hameed, 

2010). 

 Montmorillonite, the majority component of bentonite, is similar to HSCAS and both are 

classified as aluminosilicates. Bentonite belongs to the phyllosilicates (“sheet-configuration”) 

family of clay minerals, which possess adsorptive ability through ionic exchange on active 

binding sites found on the surface and interior of layered silicates (Huwig et al., 2001; Aly et al., 

2004). Amongst the tested adsorbents, binding curves generated by BNT yielded the highest 

binding of AND and E1; it would be particularly worthwhile to continue the testing of BNT as a 

feed additive for controlling boar taint in growth performance trials.  

  Studies involving zearalenone by Sprynskyy et al. (2012) previously reported that the 

hydrophilic silanol (Si-O-H) functional groups found on the surface of diatomaceous earth 

favours affinity for more polar molecules. When comparing chemical structure between 

androstenone and estrone, estrone features an aromatic ring characteristic of estrogens with an 

alcohol residual group, which is the site for conjugation as mediated by sulfotransferases. The 

poor binding between DE and E1 in contrast to much greater binding between DE and AND seen 

in the current experiment is not supported by the above information on surface chemistry of DE. 
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This also does not explain the ineffective binding seen between DE and E1S, as sulfoconjugation 

significantly increases the polarity of a steroid. Perhaps the overall binding effectiveness here 

relies on more than intermolecular forces, as other factors such as porosity and surface area in 

addition to three-dimensional structure of compounds contribute to the adsorptive properties of 

an adsorbent to particular adsorbates (Huwig et al., 2001). 

With the exception of AC, SFA appeared to be the least selective adsorbent as it 

effectively bound both AND and E1 in addition to skatole. With a particularly high Bmax of 89.9 

± 1.09%, SFA was the only non-AC additive to bind skatole effectively. This may be attributed 

to its hydrophobic surface consisting of lipid-rich residues on the diatomaceous earth that comes 

from filtration of corn to produce syrup. In considering supplementation of this additive to pig 

diets to reduce boar taint, one must also determine its effects on palatability and performance in 

order to optimize the inclusion level. 

 Similar to bentonite, HSCAS is classified under the phyllosilicate group of clay minerals 

and feature calcium ions and protons which are exchanged against naturally occurring sodium 

ions (Huwig et al., 2001). The product tested in this study ("Jumpstart 360" produced by 

Jumpstart Animal Technology Ltd., sold for $4.20/kg CAD as of 2015) also contains up to 10% 

propionic acid and activated lignite charcoal in addition to HSCAS, and is marketed as an 

antifungal additive and odour control agent. Collectively with other successful adsorbents 

previously discussed, it would be of interest to assess the binding effectiveness of HSCAS to 

androstenone in an animal model. Due to the additional ingredients included in the product, one 

ought to be cautious in determining an inclusion level to supplement in swine feed if the primary 

objective is to possibly decrease levels of androstenone and/or skatole in boars. 
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As stated previously, estrone is a steroid hormone that undergoes enterohepatic 

circulation, a recycling mechanism that increases the half-life of various compounds in 

endogenous circulation (Brewster et al., 1977; Schwenk et al., 1979; Ruoff and Dziuk, 1994, 

Roberts et al., 2002). In the present study, none of the low-cost additives appeared to improve 

binding affinity of E1S over the range of adsorbent concentrations tested. There were no 

differences in binding affinity of E1S when concentrations of non-AC adsorbent were varied; 

this may either indicate that binding may take place at a more concentrated range of adsorbent or 

the binding agent has no affinity to the compound. Additionally, extensive variation was 

observed between adsorbents’ calculated K values and is most likely responsible for 

nonsignificant differences in K values. This may be attributed to the lack of sensitivity of the 

scintillation counter at very low concentrations of incubate, which tended to fluctuate at every 

replication of the data. Due to this, Langmuir and Freundlich isotherm models were inapplicable 

for adsorbent-E1S complexes at this range.  

Most of the tested additives demonstrated poor affinity to skatole, which may be due to 

its smaller size and chemical structure being slightly more polar than androstenone. There is 

evidence of a positive interaction between androstenone and skatole, thus the decrease of one 

compound may affect the levels of the other (Babol et al., 1999; Zamaratskaia et al., 2005b; 

Chen et al., 2007). Decreasing the concentration of androstenone is more important than that of 

skatole, as there are existing nutritional approaches to successfully control production of skatole 

in the hindgut. Many previous studies used dietary fibre such as chicory inulin and raw potato 

starch to decrease skatole levels in feces and plasma (Claus et al., 2003; Mentschel and Claus, 

2003; Rideout et al., 2004; Lanthier et al., 2006). Examining the effect of dietary additives on 

androstenone is still a novel area. Inclusion of 5% activated charcoal significantly lowered fat 
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androstenone concentrations below the sensory threshold levels of 0.5 - 1.0 µg/g (Jen and 

Squires, 2011b). Rasmussen et al., (2011) lowered androstenone levels in intact males by feeding 

a diet containing 10% chicory root, which increased activity of cytochrome P450 enzymes 

CYP2A1, 1A2 and 2E1. These enzymes are responsible for the first step in excretion of 

xenobiotics and endogenous steroids (presumably including androstenone) via Phase I 

metabolism (Squires and Lundström, 1997; Babol et al., 1998a; Diaz and Squires, 2000ab; Doran 

et al., 2004). Gene expression of hepatic 3β-hydroxysteroid dehydrogenase, one of the enzymes 

responsible for the metabolism of androstenone to androstenol, was also found to increase upon 

feeding this ingredient to pigs (Rasmussen et al., 2012). A later study involving the effect of 

purified plant metabolites of chicory on hepatocyte cultures helped demonstrate that CYP 

expression can be regulated up or down depending on the combination of individual extracts as 

well as dose (Rasmussen et al., 2014). The initial findings with activated charcoal (Jen and 

Squires, 2011b) were not continued further due to its high cost, its universal binding affinity, and 

difficulty of handling. Therefore, it only serves as a positive control for binding affinity in both 

in vitro and in vivo settings at this time. Charge distribution, polarity, and shape of the adsorbate 

are all important factors for the ultimate affinity of a mineral adsorbent (Huwig et al., 2001). It is 

important to acknowledge that minerals can vary widely in composition depending on their 

origin and therefore this inconsistency can give mixed results. The in vitro experiments help to 

determine the most effective sorbent material(s) for any in vivo work to be done, but the dose and 

duration of feeding adsorbents can only be assessed and refined using an in vivo feeding study. It 

is also important to acknowledge that in vitro results do not readily convert to the same results in 

an animal model. An example of this is the inefficacy of activated charcoal to mitigate effects 

associated with fumonisin B1 toxicity in rodents despite positive in vitro studies (Galvano et al., 
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1997; Solfrizzo et al., 2001). Candidate additives must also be examined for their potential to 

selectively bind nutrients necessary for an animal’s growth. Previous feeding studies involving 

pigs, broiler chicks, and lambs reported negative effects on net protein utilization and 

bioavailability of some minerals after feeding diets supplemented with either clinoptilolite or 

HSCAS (Collings et al., 1980; Shurson et al., 1984; Gowda et al., 2007).  

 In conclusion, four low-cost mineral adsorbents were identified and assessed for their 

binding of androstenone, estrone, estrone sulphate, and skatole at physiological pH in an in vitro 

environment. All additives effectively bound androstenone over the tested range of adsorbent 

concentrations while skatole was only effectively bound by spent filter aid. This information 

serves as justification for the four additives to be included in grower-finisher diets in future in 

vivo feeding studies to examine a nutritional approach for controlling boar taint. 
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CHAPTER 4: USE OF MINERAL ADSORBENTS AS INTESTINAL BINDING AGENTS 

TO DECREASE ANDROSTENONE AND SKATOLE IN PUREBRED DUROC 

FINISHER BOARS 

4.1 Abstract 

 The objective of this study was to investigate the effects of feeding mineral-based 

adsorbents on levels of androstenone and skatole in plasma and fat, in addition to their effects on 

growth performance and carcass characteristics of grower-finisher pigs. Four diets containing 

adsorbents (2% bentonite, BNT; 3.5% diatomaceous earth, DE; 15% spent filter aid, SFA; 0.7% 

hydrated sodium-calcium aluminosilicate, HSCAS) were fed for 28 days to 90 purebred Duroc 

intact males (83.1 ± 10.31 kg) allocated to 5 dietary treatments including a control. Pigs were 

divided into pens of 3, totalling 6 pens per treatment in a complete randomized block design. 

Diets added with adsorbents were formulated by minimizing cost per unit of energy; corn was 

primarily substituted for the additives to maintain balance of key nutrients across treatments. 

Boars were then transitioned to a common recovery diet for at least 14 days prior to slaughter at 

an average weight of 135.7 ± 0.92 kg. Blood and backfat was sampled biweekly from day 0 

(baseline measurement at start of treatment period) to slaughter to measure concentrations of fat 

and plasma androstenone, fat skatole, and plasma estrone sulphate using ELISA, HPLC, and RIA 

respectively. Average daily gain, feed intake, and feed conversion ratio were calculated upon 

weekly weighing of all pigs from baseline to slaughter in addition to basic carcass measurements 

(back fat, lean depths and loin eye area). Repeated measures and comparisons of metabolite 

concentrations with baseline were performed. There were no differences in growth performance 

or carcass characteristics across diets (P > 0.05) throughout the treatment period. In addition, 

there were no significant decreases in fat or plasma androstenone and plasma estrone sulphate 

concentrations across dietary treatments by day 28 (P > 0.05). At this time, none of the 
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adsorbents added at their determined amounts in finisher diets appear to sequester androstenone 

or estrone sulphate in vivo. However, this area should be explored further using breeds of 

commercial significance as well as longer duration and/or higher inclusion levels. 

 

Keywords: androstenone, skatole, estrone sulphate, boar taint, bentonite, diatomaceous earth, 

spent filter aid, hydrated sodium-calcium aluminosilicate 

 

4.2 Introduction 

 It is economically beneficial to raise intact male pigs over castrates due to their superior 

characteristics for leanness and feed efficiency (Lundström et al., 2009). However, the issue of 

boar taint, an undesirable odour and taste from cooking pork from intact males, still prevents 

commercial production of boars worldwide. Boar taint is caused by an accumulation of the 

compounds, 3-methylindole (skatole) and 5α-androst-16-ene-3-one (androstenone) in boar 

adipose tissue. Skatole is a breakdown metabolite of tryptophan, in which select strains of 

bacteria degrade the amino acid in the hindgut (Yokoyama and Carlson, 1979). Androstenone is 

a steroid synthesized in the mature testes, where it is then transported to the salivary gland 

through blood, and acts as a pheromone to facilitate female standing at time of breeding (Melrose 

et al., 1971). Around the world, surgical castration is a routine practice for mitigating boar taint; 

however, this is usually performed without analgesia and thus poses a significant welfare 

concern (Lidow, 2002; Prunier et al., 2006). The European Union has declared 2018 as the target 

year to voluntarily ban castration and limit import of pork from castrated males; markets in the 

United Kingdom and Spain have already transitioned to entire male production in part or full 

(European Food Safety Authority, 2004).  

Inhibition of gonadotrophin-releasing hormone (GnRH) using immunocastration, genetic 

selection of low-taint boars, or early slaughter currently exists as alternatives to castration 
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(Zamaratskaia and Squires, 2009). Consumers’ attitudes towards immunocastration in addition to 

its effects on pork pricing and processing costs have not yet been thoroughly explored 

(Vanhonacker et al., 2009) despite extensive studies on effects of immunocastration on boar taint 

control, meat quality, growth performance, behaviour, and reproductive tracts of 

immunocastrated boars (Cronin et al., 2003; Oliver et al., 2003; Dunshea et al., 2005; Jaros et al., 

2005; Zamaratskaia et al., 2008; Andersson et al., 2011; Brunius et al., 2011). Despite its 

relatively high heritability, selection of androstenone accumulation in fat can also reduce 

androgens associated with pubertal and reproductive development as well as performance 

(Bonneau, 1998; Zamaratskaia and Squires, 2009; Parois et al., 2015). Slaughtering intact males 

at ages younger than those found in commercial practice does not guarantee taint-free pork as 

onset of puberty varies between breeds (Zamaratskaia and Squires, 2009); it may also not be 

economically advantageous in markets that demand heavier carcasses (Aluwé et al., 2011; 

Fàbrega et al., 2011). Refining existing alternatives to control boar taint as well as development 

of new effective alternatives are currently of high interest for worldwide pork production. 

Androstenone has not yet been confirmed to undergo the recycling process of 

enterohepatic circulation as discussed in previous chapters. There is evidence, however, that 

sulfotransferases have a role in the conjugation of androstenone and that androstenone circulates 

predominantly as its sulfoconjugated form (Sinclair and Squires, 2005; Sinclair et al., 2005). A 

form of intervention which interrupts the absorption/reabsorption of a steroid from the gut may 

lower its circulation in the blood and its accumulation in the adipose tissue. Reduction of skatole 

formation and in turn its absorption, metabolism, endogenous circulation and accumulation in 

adipose tissue can be achieved through dietary supplementation of some ingredients high in 

dietary fibre, such as chicory inulin or sugar beet pulp (Rideout et al., 2004; Whittington et al., 
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2004; Jensen and Hansen, 2006; Lanthier et al., 2006). At least one study has explored the use of 

mineral adsorbents to control skatole. When finisher boars were fed a 0.5% clinoptilolite (a 

major component of zeolite) diet, a significant decrease in the proportion of carcasses with fat 

skatole levels greater than 0.25 µg/g was reported, which is the upper limit for the detection 

threshold of boar taint for skatole (Baltic et al., 1997). Nutritional effects to alter metabolism of 

androstenone remain a novel area.  

The use of non-nutritive adsorbents supplemented in animal feed is a promising approach 

to alleviate many of the toxic effects associated with mycotoxin ingestion in farm animals 

(Huwig et al., 2001). There is a wide range of adsorbents from both natural and pharmaceutical 

origins, with their properties attributed to ionic exchange, physical trapping inside the layered 

structure of adsorbent, size of pores, and/or ionic distribution (Huwig et al., 2001). Their efficacy 

for binding toxins and restoration of animal performance depends on their physicochemical 

interactions with a given adsorbate, their purity, inclusion levels, and interactions with other 

compounds during gastrointestinal passage (Papaioannou et al., 2005). Similarity in chemical 

structure between some of the most common mycotoxins such as aflatoxin B1, zearalenone, and 

ochratoxin A with steroids such as estrogen and androstenone allows these xenobiotics to 

interact with hormone receptors (Biehl et al., 1993). The current study adapts much of its 

concepts from research in mycotoxin prophylaxis using feed additives. A nutritional approach to 

decrease androstenone in boars has been previously suggested by Jen and Squires (2011b), in 

which a finisher diet supplemented with 5% activated charcoal significantly decreased fat 

androstenone levels in Yorkshire boars below the threshold level of 1.0 µg/g associated with the 

development of boar taint. However, activated charcoal is expensive and is not practically 

feasible for long-term feeding in commercial swine operations; therefore, cheaper alternatives 
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are required. The previous chapter examined four other adsorbents on their ability to bind 

steroids and skatole through simple in vitro experiments emulating those conducted by Jen and 

Squires (2011a). These include bentonite, diatomaceous earth, spent filter aid, and hydrated 

sodium-calcium aluminosilicate, which have been qualitatively described in the previous chapter. 

It was concluded that most of the above additives effectively bound androstenone with calculated 

maximum binding percentages ranging from 55 to 77%. Spent filter aid was found to be the only 

effective adsorbent against skatole with a maximum binding of 90%. 

 The objective of this study was to investigate the effects of mineral-based adsorbents on 

levels of androstenone and skatole in plasma and fat in addition to their effects on growth 

performance and basic carcass characteristics for grower-finisher pigs. Estrone sulphate in 

plasma serves as a positive control for enterohepatic circulation of the pig; thus it was also 

quantified and analysed. 

 

4.3 Materials and Methods 

4.3.1 Animals and sample collection 

 All procedures were approved by the Animal Care Committee at the University of 

Guelph and used in accordance with the rules established by the Canadian Council on Animal 

Care (2009). Ninety Duroc boars (83.1 ± 10.31 kg) were housed in pens of three pigs per pen 

based on initial body weight at the University of Guelph Ponsonby General Animal Facility in a 

naturally-ventilated environment (temperature ranging from 20 - 24 °C) with free access to 

water. Pens were distributed throughout the station in similarly designed and ventilated rooms 

with 5 to 10 pens per room. Pigs were acclimatized prior to the experiment by being fed a typical 
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corn-soybean meal-based finisher diet (3370 kcal/kg metabolizable energy, 14.9% crude protein, 

2.17% crude fibre) ad libitum for 3 days prior to commencement of the study.  

 Boars were randomly allocated to 5 dietary treatments to give 6 replicates per treatment; 

this included 4 treatments in which an adsorbent additive was fed and one treatment, the control 

(CTRL) diet in which no adsorbent was fed. After the acclimatization period, boars were fed 

their respective diet ad libitum for 28 days (“treatment period”), after which all pigs were placed 

on the CTRL diet for at least 14 days (“recovery period”). Boars allocated to the CTRL group 

remained on their diet without adsorbent additive until slaughter. The remaining boars were fed 

diets supplemented with adsorbent additives. The adsorbent-supplemented diets included: 2% 

bentonite (BNT; Shur-Gain, St. Marys, ON, Canada), 3.5% diatomaceous earth (DE; Agrogreen 

Canada, Fonthill, ON, Canada), 15% spent filter aid (SFA; Ingredion Canada, London, ON, 

Canada), and 0.7% hydrated sodium-calcium aluminosilicate (HSCAS; marketed as “Jumpstart 

360®” by Jumpstart Animal Technology Inc., Winnipeg, MB, Canada). Inclusion levels of 

adsorbents were determined by a combination of previous in vitro results to determine binding 

efficacies as well as levels adapted from the Canadian Food Inspection Agency’s Schedule IV 

List of Approved Feed Ingredients under the Feed Regulations Act of 1983. Adsorbent 

containing diets were made by primarily replacing corn and soybean meal in the CTRL diet with 

the additives; all diets were formulated to meet NRC (2012) requirements for growing-finishing 

intact males by minimizing cost per unit of energy (Tables 4.1 and 4.2). As SFA is not a listed 

ingredient in NRC (2012), and no detailed analyses of its nutrient composition have yet been 

completed, its energy and amino acid content was assumed to be that of yellow corn in our 

formulation. Samples of blood and backfat were taken from every pig in the study during the 

trial. Blood samples were collected from the orbital sinus into heparinized tubes at days 0, 14, 
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28, 42, and at slaughter. Samples were centrifuged at 2700 rpm and at 4°C and plasma were 

separated and stored at -80°C until analysis. Backfat biopsies (~0.5 g) were taken at the same 

days as the blood samples and were performed using a 2.5 inch-long needle that is rapidly 

inserted and removed from the back neck of the pig. Fatty tissue was then separated from each 

biopsy and transferred into glass tubes and stored at -20°C until analysis. 

 

4.3.2 Performance parameters and slaughter 

 Pen feed intakes and individual boar body weights were measured weekly from day 0 

until slaughter in order to calculate average daily gain (ADG), average daily feed intake (ADFI), 

and feed conversion ratio (FCR) per pen. At the end of the recovery period, all pigs were 

transported to the University of Guelph’s Meat Laboratory. The time between day 42 to 

slaughter (and the last time point for blood and biopsy sampling) varied between treatment 

groups due to the Meat Laboratory’s limited daily slaughter capacity as well as the fact that boars 

were slaughtered from heaviest to lightest weight. Carcasses were weighed 30 to 40 minutes 

after exsanguination. The left side of each carcass was probed using a Hennessy probe between 

the 3
rd

 and 4
th

 last rib, 7 cm off the midline for estimation of carcass lean content based on loin 

depth and backfat thickness. Carcasses were placed in a 1 °C chill cooler approximately 1 hour 

post mortem. After a 48 hour chilling period, the entire left side of the carcass was cut into two 

pieces at the grading site (between the third and fourth last rib, 7 cm off the midline) to expose 

the longissimus muscle interface. Basic carcass measurements were assessed by an experienced 

carcass evaluator and included fat depth (mm), a ruler measurement of subcutaneous fat at the 

grading site, and loin eye area (mm
2
), in which the loin at the longissimus muscle interface was 
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Table 4.1. Feed ingredient composition for boar diets. 

 
CTRL BNT DE SFA HSCAS 

Ingredients (kg/metric tonne) 

    Corn 780.0 763.4 751.7 655.4 774.2 

Soybean meal 181.0 178.0 175.0 155.0 180.0 

Limestone 10.6 10.4 10.2 10.4 10.5 

Animal-vegetable 

fat blend 10.0 10.0 10.0 10.0 10.0 

Mono calcium 

phosphate 

7.7 

 

7.6 

 

7.4 

 

8.0 

 

7.7 

 

Micro-premix
z
 5.0 5.0 5.0 5.0 5.0 

Salt (NaCl) 4.0 4.0 4.0 4.0 4.0 

Lysine-HCl 1.7 1.6 1.6 2.2 1.7 

Sodium bentonite - 20.0 - - - 

Diatomaceous earth - - 35.0 - - 

Spent filter aid - - - 150.0 - 

HSCAS
y
 - - - - 7.0 

Experimental diets. CTRL: control diet; BNT: 2% bentonite diet; DE: 3.5% diatomaceous earth 

diet; SFA: 15% spent filter aid diet; HSCAS: 0.7% hydrated sodium-calcium aluminosilicate 

diet. 

z
 Analysis: 15.6% Ca, 8.5% P, 0.3% Mg, 7.5% Na, 0.6% S, 0.1% K, 1004 mg/kg Cu, 6038 

mg/kg Zn, 7790 mg/kg Fe, 5.96 mg/kg Co, 1120 mg/kg Mn, 24 mg/kg I, 440000 IU/kg Vitamin 

A (minimum), 60000 IU/kg Vitamin D (minimum), 2600 IU/kg Vitamin E (minimum). 

y
 HSCAS = hydrated sodium-calcium aluminosilicate.  
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Table 4.2. Calculated and analysed nutrient composition for boar diets. 

 CTRL BNT DE SFA
a
 HSCAS 

Calculated nutrient composition  

Metabolizable energy 

(kcal/kg) 3335 3269 3220 3305 3312 

Net energy (kcal/kg) 2540 2489 2452 2558 2522 

Crude protein (%) 15.24 14.93 14.71 15.69 15.13 

Crude fat (%) 3.93 3.86 3.82 8.56 3.91 

Ca (%) 0.585 0.573 0.565 0.589 0.581 

P, total (%) 0.497 0.487 0.480 0.502 0.494 

Na (%) 0.189 0.189 0.186 0.187 0.188 

Lys, total (%) 0.856 0.839 0.826 0.864 0.850 

Lys, SID
b
 (%) 0.749 0.734 0.723 0.754 0.744 

Met, SID (%) 0.225 0.220 0.217 0.236 0.223 

Met+Cys, SID (%) 0.451 0.442 0.435 0.478 0.448 

Thr, SID (%) 0.472 0.463 0.456 0.477 0.469 

Trp, SID (%) 0.140 0.137 0.135 0.134 0.139 

Val, SID (%) 0.595 0.583 0.574 0.606 0.591 

N, SID (%) 2.052 2.011 1.981 2.098 2.038 

      

Analysed nutrient composition 

Moisture (%) 12.27 12.05 11.83 12.28 11.85 

Metabolizable energy 

(kcal/kg) 3370 3230 3100 3130 3310 

Crude protein (%) 14.91 14.85 14.06 14.24 14.68 

Crude fat (%) 3.29 2.92 2.84 5.67 3.19 

Crude fibre (%) 2.17 2.28 1.84 2.04 2.66 

Ash (%) 4.27 5.51 6.72 7.14 4.74 

Ca (%) 0.62 0.62 0.53 0.57 0.58 

P, total (%) 0.53 0.50 0.47 0.54 0.49 

K (%) 0.71 0.62 0.57 0.48 0.63 

Mg (%) 0.15 0.16 0.14 0.14 0.15 

Na (%) 0.19 0.20 0.18 0.25 0.18 

Ca:P ratio 1.18 1.25 1.12 1.07 1.18 

Experimental diets. CTRL: control feed; BNT: 2% bentonite diet; DE: 3.5% diatomaceous 

earth diet; SFA: 15% spent filter aid diet; HSCAS: 0.7% hydrated sodium-calcium 

aluminosilicate diet. 

a
 Proximate analysis information of spent filter aid was provided by the supplier (21.4 – 25.3% 

moisture, 16.2 – 21.1% crude protein, 34.8 – 42.3% crude fat, 0.1 – 0.3% crude fibre, 15.0 – 

20.6% simple sugars, and 13.37 – 21.45% ash; all on a dry matter basis). Other missing nutrient 

values were substituted with a typical nutrient composition of corn. 

b
 Digestibility of amino acids as measured from unabsorbed amount in ileum and accounted for 

basal endogenous losses (NRC, 2012).  
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Table 4.3. Comparison of dietary metabolizable energy (ME) and select mineral contents 

between boar diets and recommended values adapted from NRC (2012). 

   

 

NRC Requirements for 

intact males Dietary Treatments
a
 

75-100 kg 

BW 

100-135 kg 

BW CTRL BNT DE SFA HSCAS 

Effective ME content  

of diet (kcal/kg) 3300 

 

3300 3370 3230 3100 3130 3310 

Estimated effective  

ME intake (kcal/d)
b
 7657 

 

8633 9399 9196 8243 8579 9308 

Estimated feed intake  

+ wastage (g/d) 2442 

 

2754 2789 2847 2659 2741 2812 

Body weight gain 

(g/d) 

 

922 

 

906 1129 1065 1051 1189 1127 

     

 

     Total Ca (%) 0.61 0.57 0.62 0.62 0.53 0.57 0.58 

Total P (%) 0.53 0.50 0.53 0.50 0.47 0.54 0.49 

Na (%) 0.10 0.10 0.19 0.20 0.18 0.25 0.18 

K (%) 0.17 0.17 0.71 0.62 0.57 0.48 0.63 

Mg (%) 0.04 0.04 0.15 0.16 0.14 0.14 0.15 

Experimental diets. CTRL: control feed; BNT: 2% bentonite diet; DE: 3.5% diatomaceous 

earth diet; SFA: 15% spent filter aid diet; HSCAS: 0.7% hydrated sodium-calcium 

aluminosilicate diet. 

a
 All values concerning nutrient requirements have been obtained upon chemical analysis of diet 

samples; all values concerning performance (with the exception of estimated effective ME 

intake) were calculated based on weekly weight and feed measurements from days 0 – 28 of the 

trial (treatment period). 

b 
Estimated effective ME intake for each dietary treatment was determined as the product of 

analysed effective ME content of each diet and estimated feed intake. 
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traced on acetate paper and quantified by an electronic planimeter (MOP; Carl Zeiss Inc., 

Oberkochen, Germany). 

 

4.3.3 Biochemical assay procedures 

Androstenone concentrations in fat and plasma were assayed using an ELISA (Claus et 

al., 1988) technique adapted by Squires and Lundström (1997). Estrone sulphate concentrations 

in plasma were analysed using radioimmunoassay (RIA) as described by Schwarzenberger et al. 

(1993). Skatole concentrations in fat were quantified by HPLC as described by Lanthier et al. 

(2007).   

 

4.3.4 Statistical analysis 

 Results are presented as least square means ± pooled standard error. Repeated measures 

of biochemical metabolites, performance parameters, and slaughter measurements were analysed 

using the MIXED procedure of SAS version 9.4 (SAS Institute, Cary, NC). The following model 

was adapted from Sinclair et al. (2001b) and used to evaluate significant (P < 0.05) differences in 

steroid concentrations among dietary treatments over time: 

Yijk = µ + dik + αi + βj + (αβ)ij + εijk 

Where Yijk is the concentration of steroid; µ is the general mean; αi is the fixed dietary treatment 

effect; βj is the fixed time effect; (αβ)ij is the interaction between dietary treatments and time; dik 

is the independent random experimental error from dietary treatments, with a mean of 0 and 

variance of σ
2

d; and εijk is the normally distributed random experimental error on repeated 

measures, with a mean of 0 and variance of σ
2

ε.  
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Parameters for performance and carcass data were compared between dietary treatments 

using post-hoc simple non-orthogonal contrasts if the ANOVA was significant at P < 0.05. To 

better approximate a normal distribution to meet assumptions, androstenone and estrone sulphate 

data were natural log-transformed. The experimental unit was the pen for analysing growth 

performance data while the individual pig was used as the experimental unit for biochemical and 

slaughter measurements.  

Concentrations of androstenone and estrone sulphate over collection days were compared 

with day 0 within each treatment using paired Dunnett’s t-test. In addition, frequency 

distributions for androstenone and skatole found in subcutaneous fat of carcasses across groups 

were compared with Fisher’s exact test. Statistical significance was declared at P < 0.05 and 

tendencies at P < 0.10. 

 

4.4 Results 

4.4.1 Nutrient composition of diets 

 The analysed ME content for 3 of the adsorbent diets (BNT, DE, SFA) did not meet the 

NRC requirements for recommended dietary ME content for intact males weighing 75 to 135 kg 

(Table 4.3). However, estimated effective ME intakes for all diets exceeded NRC 

recommendations for at least the first range of body weights (75 – 100 kg). While crude protein 

content of the CTRL diet was numerically greater than the protein content of 3 adsorbent diets 

(DE, SFA, HSCAS), average daily gains for all diets exceeded NRC estimated gains for intact 

males weighing 75 to 135 kg boars. In general, all groups met major mineral requirements as 

recommended by NRC (2012). 
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Table 4.4. Initial and final ages and live weights, in addition to growth performance parameters from start of trial to end of treatment 

period (28 d)
z
. 

 Dietary Treatment
y
   

 
CTRL BNT DE SFA HSCAS S.E. P-value 

Initial age (d) 124.8 123.6 122.8 123.6 122.6 2.12 0.350 

Age at slaughter (d) 179.8* 175.4 175.1 174.4 175.1 1.08 0.001 

Initial weight (kg) 83.4 83.3 84.1 81.9 83.0 4.38 0.430 

Final weight (kg) 136.1 135.1 132.5 134.9 139.4 2.34 0.856 

ADG (g/d) 1118.0 1098.9 1070.6 1154.6 1122.1 61.80 0.879 

ADFI (g/d) 2773.1 2878.7 2658.8 2774.1 2806.0 75.87 0.110 

FCR 2.49 2.64 2.51 2.40 2.51 0.0796 0.221 
z 
Data presented as least square means ± standard error. 

y 
Dietary Treatment. CTRL: control feed; BNT: 2% bentonite diet; DE: 3.5% diatomaceous earth diet; SFA: 15% spent filter aid 

diet; HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet. 

Parameters. ADG: average daily gain; ADFI: average daily feed intake; FCR: feed conversion ratio. 

* Final age of the control group was significantly greater than the rest of the treatments, due to the animals being slaughtered in order 

of heaviest to lightest live weights. 
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Table 4.5. Carcass traits and probe measurements, as measured in each treatment group at slaughter
z
.  

 

Covariates & Dietary Treatment
y
 

  

 

P-value
x
 CTRL BNT DE SFA HSCAS S.E. P-value 

Carcass traits 

Hot carcass 

weight (kg) 

fWeight 

(<0.0001) 

108.6 

 

109.6 

 

110.2 

 

110.7 

 

109.7 

 

1.01 

 

0.680 

 

Hennessy probe measurements 

Backfat (mm) 

 

N/A 

 

14.2 

 

14.6 

 

13.9 

 

14.3 

 

14.1 

 

1.05 

 

0.989 

 

Loin depth (mm) 

 

HCW 

(0.007) 

57.9
ab

 

 

59.1
a
 

 

59.8
a
 

 

59.6
a
 

 

60.3
b
 

 

1.42 

 
0.007 

 

Carcass measurements 

Ruler fat (mm) 

 

N/A 

 

10.8 

 

11.7 

 

11.1 

 

12.6 

 

11.8 

 

1.05 

 

0.734 

 

Loin eye area (mm
2
) 

 

N/A 

 

5884.9 

 

5609.4 

 

5649.4 

 

5663.8 

 

5674.7 

 

113.51 

 

0.154 

 
z
 Data presented as least square means ± pooled standard error. 

y
 Experimental diets. CTRL: control feed; BNT: 2% bentonite diet; DE: 3.5% diatomaceous earth diet; SFA: 15% spent filter aid 

diet; HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet. 

x
 Covariates used in the model include: fWeight = final body weight at slaughter (kg); HCW = hot carcass weight (kg); N/A = not 

applicable as no covariate remained in the final model. 

Means with different superscripts within each row differ at P < 0.05 as determined by simple non-orthogonal contrasts.
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Table 4.6. Frequency distributions (%) for androstenone and skatole concentrations in carcasses 

by dietary treatment and overall. 

Threshold 

concentration 

(µg/g)
a
 CTRL BNT DE SFA HSCAS Overall 

28 d of trial 

Androstenone 

≥ 0.5 38.9 62.5 68.9 41.2 61.1 54.1 

≥ 1.0 33.3 31.3 50 29.4 38.9 36.5 

Skatole 

≥ 0.20 5.6 0 0 6.3 0 2.5 

≥ 0.25 5.6 0 0 6.3 0 2.5 

42 d       

Androstenone       

≥ 0.5 64.7 87.5 93.3 81.3 88.9 82.9 

≥ 1.0 58.8 68.8 66.7 50 72.2 63.4 

Skatole       

≥ 0.20 0 12.5 0 0 0 2.5 

≥ 0.25 0 6.3 0 0 0 1.3 

Slaughter       

Androstenone       

≥ 0.5 88.2 100 80 87.5 88.9 89 

≥ 1.0 76.5 93.8 60 56.3 77.8 73.2 

Skatole       

≥ 0.20 0 6.3 6.7 0 0 2.4 

≥ 0.25 0 6.3 6.7 0 0 2.4 

Experimental diets. CTRL: control feed; BNT: 2% bentonite diet; DE: 3.5% diatomaceous 

earth diet; SFA: 15% spent filter aid diet; HSCAS: 0.7% hydrated sodium-calcium 

aluminosilicate diet. 

a
 Numerous sensory panel studies in previous years have established 0.5 – 1.0 µg/g and 0.20 – 

0.25 µg/g as the generally accepted ranges of threshold concentrations of androstenone and 

skatole, respectively, in backfat of boars (Babol and Squires, 1995; Walstra et al., 1999; 

Zamaratskaia et al., 2004).  
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4.4.2 Animal performance and carcass measurements 

 Parameters associated with performance are summarized in Table 4.4. Initial age, initial 

body weight, and final live body weight were similar across dietary treatments (P > 0.05). Age at 

slaughter was significantly greater for CTRL boars as compared to boars fed diets containing 

adsorbents (P < 0.001). A total of nine pigs (1 CTRL, 2 BNT, 4 DE, 2 SFA) died over the course 

of the trial primarily due to ulceration of the pars esophagus as determined by post-mortem 

examinations. 

 Feeding diets supplemented with adsorbents did not affect growth, intake, or feed 

conversion ratio of pigs when compared with boars fed the CTRL diet (P > 0.05). While final 

live weight was found to be a covariate (P < 0.0001; Table 4.5) impacting hot carcass weight, 

there were no differences in hot carcass weight across dietary treatments (P = 0.68). Hennessy fat 

probe measurements, ruler fat thickness, and loin eye area also did not differ amongst dietary 

treatments (P > 0.05). Hennessy probe lean depth differed amongst dietary treatments in which 

non-orthogonal contrasts yielded significant differences between BNT vs. HSCAS (P = 0.001), 

DE vs. HSCAS (P = 0.0005), and SFA vs. HSCAS (P = 0.001) (Table 4.5). Two outliers in 

HSCAS were included in statistical analysis of probe lean depth data, including probe lean depth 

measurements of 30.0 mm and 38.8 mm. When outliers were removed, there was a trend for 

probe lean depth to be affected by dietary treatment (P = 0.082). 

 

4.4.3 Androstenone concentrations found in plasma and backfat 

 Concentrations of androstenone in plasma and backfat at each sampling are illustrated in 

Figure 4.1 and Figure 4.2, respectively. Plasma concentrations in boars at day 0 were highly 

variable, ranging from 19.0 ± 4.70 to 51.0 ± 10.90 ng/mL. Over the course of the trial, dietary 
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treatment did not affect concentrations of plasma androstenone (P > 0.05) based on ANOVA. 

Concentrations at slaughter ranged from 20.9 ± 5.60 ng/mL (51 days on feed) to 49.3 ± 10.87 

ng/mL (50 days on feed). Within each dietary treatment, levels of androstenone in plasma on 

sampling days over the trial did not differ from baseline measurements (P > 0.05). 

Androstenone concentrations in fat were low at day 0 of trial, ranging from 0.2 ± 0.06 

µg/g to 0.6 ± 0.20 µg/g. There were no differences in concentrations of fat androstenone amongst 

dietary treatments (P > 0.05). Androstenone concentrations in fat for all dietary treatments 

significantly increased during the recovery period, with levels of 2.2 ± 0.71 µg/g (47 days on 

feed) to 9.3 ± 5.12 µg/g (50 days on feed) at time of slaughter (P < 0.05). Androstenone 

concentrations in fat significantly increased at day 14 for pigs fed CTRL and BNT diets (P < 

0.05), which then at day 28 decreased  back to values not significantly different to concentrations 

at day 0 for both dietary treatments (P > 0.05). 

Proportions of pigs exceeding 0.5 µg/g and 1.0 µg/g of androstenone in fat (Walstra et 

al., 1999) at the end of feeding the adsorbents as well as at day 42 and slaughter for each dietary 

treatment were also assessed and summarized in Table 4.6. Proportions of tainted carcasses did 

not differ amongst dietary treatments at any specific day of the trial or at either of the threshold 

concentrations (P > 0.05).  

 

4.4.4 Estrone sulphate levels in plasma 

 Concentrations of estrone sulphate in plasma as measured at each sampling are illustrated 

in Figure 4.3. At day 0, concentrations of estrone sulphate ranged from 1.3 ± 0.21 ng/mL to 2.0 ± 

0.30 ng/mL; levels ranged from 2.1 ± 0.36 ng/mL to 3.7 ± 0.59 ng/mL at the end of the treatment 

period (day 28) and 3.7 ± 0.98 ng/mL (47 days on feed) to 6.1 ± 1.12 ng/mL (48 days on feed) at 
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slaughter. There were no differences in concentrations of plasma estrone sulphate amongst 

dietary treatments over the course of the trial (P > 0.05). 

Plasma estrone sulphate concentrations were similar within each dietary treatment from 

start of the trial up to and including day 14 (P > 0.05; Figure 4.3). Plasma concentrations of 

estrone sulphate in CTRL-fed boars at the last two time points of sampling (days 43 and 50) 

exceeded concentrations at day 0 (P < 0.05). This was also the case with boars fed BNT in which 

estrone sulphate concentrations at the end of feeding the adsorbent (day 28) also exceeded 

concentrations at day 0 (P < 0.05). Estrone sulphate concentrations in boars fed DE exceeded day 

0 concentrations at the end of feeding the adsorbent and at slaughter (day 47 of feeding) (P < 

0.05). Plasma estrone sulphate concentrations for boars fed SFA and HSCAS did not differ over 

the course of the trial (P > 0.05).  

 

4.4.5 Skatole levels in backfat 

 Skatole was not detected in most boars’ adipose tissue throughout the trial (data not 

shown). The feeding of DE was the only dietary treatment in which skatole concentrations in 

carcasses exceeded 0.20 µg/g (lower limit of boar taint threshold) at slaughter. Only 10% of 

boars fed DE surpassed the level; proportions did not change at the upper limit of 0.25 µg/g. 

Proportions of tainted carcasses between treatments did not differ on any specific day of trial at 

either of the threshold concentrations (P > 0.05; Table 4.6). 

 

4.5 Discussion 

 Enterohepatic circulation has been interrupted in the past using the ionic exchange resin, 

cholestyramine to treat hypercholesterolemia in humans via binding of cholesterol excreted into  

* * 
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Figure 4.1. Profile of androstenone concentrations in plasma of control and treatment boars from day 0 to slaughter. Values are 

plotted as means ± standard error. The dashed vertical line signifies end of the treatment period and beginning of the recovery period. 

* Indicates values significantly different from values at day 0 (P < 0.05) of that group. 
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Figure 4.2. Profile of androstenone concentrations in fat of control and treatment boars from day 0 to slaughter. Values are plotted as 

means ± standard error. The dashed vertical line signifies end of the treatment period and beginning of the recovery period. * Indicates 

values significantly different from values at day 0 (P < 0.05) of that group. 
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Figure 4.3. Profile of estrone sulphate concentrations in plasma of control and treatment boars from day 0 to slaughter. Values are 

plotted as means ± standard error. The dashed vertical line signifies end of the treatment period and beginning of the recovery period. 

* Indicates values significantly different from values at day 0 (P < 0.05) of that group.
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the intestinal lumen by bile (Thompson, 1971). The current study aimed to apply the same 

principle by providing adsorbents in the diet to bind compounds associated with boar taint 

(androstenone and skatole) as well as estrone sulphate, which undergoes enterohepatic 

circulation (Roberts et al., 2002).  

With the exception of spent filter aid, adsorbents tested in this experiment do not provide 

nutrients themselves and therefore variably affect diet formulations depending on their inclusion 

levels. Boar diets added with bentonite, diatomaceous earth, or spent filter aid in this study did 

not meet dietary metabolizable energy levels recommended by NRC (2012). However, no 

significant differences in growth performance were detected amongst dietary treatments (P > 

0.05). It can be suggested that animals in these groups increased their intake to compensate for 

this deficiency in energy. Inclusion of novel additives in diets of animals must always consider 

adverse effects on growth performance due to the possibility of altered palatability and/or 

bioavailability of nutrients and medications. Studies involving clinoptilolite and sodium 

bentonite to improve feed efficiency saw negative effects on nitrogen utilization in young pigs 

when these additives were included in the diet (Collings et al., 1980; Shurson et al., 1984). 

Previous studies investigating possible interactions between mineral adsorbents and antibiotics 

have observed both additive and non-additive effects on antibiotic efficacy and performance in 

various food animal production species (Collings et al., 1980; Rodríguez-Fuentes et al., 1997; 

Devreese et al., 2012). Despite no evidence of growth compromises in the current study as well 

as numerous previous studies reporting on the tested additives’ inert properties (Huwig et al., 

2001), effects of these diets on meat quality and more detailed carcass and sensory parameters in 

pigs are unknown and warrants further investigation. The mean age at slaughter for CTRL boars 

in this study was significantly higher in comparison to those for other dietary treatments in this 
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study; the unbalanced order of slaughters from heaviest to lightest pigs may have caused this 

discrepancy. Overall, no compromises in growth performance or basic carcass evaluations were 

observed in the current study by feeding adsorbents in the diet, indicating that these adsorbents 

can be supplemented in the diet at the chosen inclusion levels for short-term periods. 

The relationship between plasma and fat androstenone concentrations is not yet clear, 

with inconsistent findings on their possible correlation (Andresen, 1976; Bonneau et al., 1982). 

Sinclair et al. (2001a) reported low concentrations of androstenone deposited in fat of Yorkshire 

boars when plasma androstenone did not surpass 15 ng/mL. Upon surpassing a specific 

androstenone concentration in plasma, the metabolic relationship between plasma and fat 

concentrations becomes less clear (Claus et al., 1994). It is also known that sulfoconjugated 

androstenone circulating in plasma may negatively influence androstenone accumulation in 

adipose tissue (Sinclair and Squires, 2005). As the majority of previous studies examined 

concentrations of plasma androstenone at an age when metabolite levels change rapidly (e.g. 

during puberty or after castration of a mature male pig), it is reasonable to expect a poor 

correlation between plasma and fat androstenone concentrations. 

Unlike previous findings in this lab reported by Jen and Squires (2011b), the 

experimental design for the present study did not have enough statistical power to detect 

differences given the extensive variation for both plasma and fat androstenone concentrations in 

the study. Sorting and mixing of boars before the start of the study may have contributed to the 

transient increase in androstenone concentrations recorded in the present study, 14 days after 

baseline measurements. Boars raised in systems in which pigs from various litters are mixed at 

multiple stages of their lives (nursery, grower, finisher, etc.) resulted in elevated levels of 

androstenone (Zamarataksia et al., 2005b; Fredriksen et al., 2006). Liptrap and Raeside (1968) 
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reported a decrease in testicular steroidogenesis in peripheral plasma when boars were confined 

in metabolism crates; this has been speculated to be due to an inhibitory effect of corticosteroids 

on plasma LH activity. The boars in the present study were raised at an elite genetics farm that 

placed litter-mates in the same pens until transport to the research facility, in which a new social 

hierarchy was inevitably established prior to the start of the study due to sorting. Experiments 

measuring changes in levels of androstenone in fat have found increases or decreases in steroid 

concentrations typically within 3 to 6 weeks but more recent studies examining transport stress 

have found significant changes within as short as 3 days (Claus et al., 1979; Wesoly et al., 2015). 

In addition, none of the binding agents in the present study appeared to effectively decrease 

androstenone concentrations in fat by the end of feeding the adsorbents (28 d). However, after 14 

days on feed, SFA-fed boars appeared to maintain a low concentration of androstenone 

comparable to hormone levels at day 0 (P > 0.05). It would be worth examining this additive 

further, perhaps altering the experimental design to include a larger sample size, a longer 

duration of feeding, and feeding this adsorbent to other commercial breeds of pigs. 

There may be several other explanations to address the extensive variation and the lack of 

treatment effects found in this experiment. Breed variation and within-breed variation, largely 

dictated by genetics, play prominent roles in the onset of pubertal development in boars in 

addition to several other interlinked factors such as age, body weight, nutrition, and social 

environment (Fàbrega et al., 2011). Genetic potential of steroidogenesis is evident by differences 

in fat androstenone concentrations and onset of puberty between breeds (Pedersen, 1998; Hortós 

et al., 2000; Doran et al., 2002b). To the best of our knowledge, the current study is the first to 

examine nutritional effects on androstenone concentrations using purebred Durocs, a breed 

known to have higher incidence of boar taint in comparison to other commercial pig breeds (Xue 
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et al., 1996; Moe et al., 2009; Oskam et al., 2010; Lervik et al., 2011). An experiment involving 

LH stimulation of primary Leydig cells by Lervik et al. (2011) found that absolute mean steroid 

concentrations were greater in neonatal Duroc Leydig cells but the relative increase in hormone 

concentrations was significantly lower for estradiol, progesterone, and cortisol when adjusted for 

basal steroid concentrations. Based on the above information, we believed that use of Durocs for 

the current study was a good candidate for evaluating the concept that feeding of dietary 

adsorbents could possibly alter enterohepatic circulation of androstenone. The generally accepted 

threshold concentration of androstenone in fat for the detection of boar taint ranges from 0.5 to 

1.0 µg/g according to numerous sensory panel studies (Babol and Squires, 1995; Walstra et al., 

1999; Zamaratskaia et al., 2004). In the current study, fat androstenone concentrations exceeding 

the upper limit were found in many pigs regardless of dietary treatment, both at the end of 

feeding adsorbents and at slaughter (Table 4.6). This is in contrast with proportions reported by 

Jen and Squires (2011b) using Yorkshire boars; at the upper limit (1.0 µg/g) for detecting boar 

taint, none of the boars fed activated charcoal were above this level by the end of the feeding 

period. Conversely, 45.5% of boars fed the control diet exceeded the upper limit. In summary, 

current knowledge suggests that breed differences in steroid hormone synthesis and probably 

gene expression are complex and cannot be explained by a simple mechanism. As much of this 

field of study is ultimately within the interests of pig producers, future studies must apply any 

positive results seen with purebred breeds to commercial breeds of pig for practical relevance. 

In comparison to the boars sampled by Jen and Squires (2011b), the boars in the present 

study were approximately 30 kg lighter in body weight and 40 days younger at time of slaughter; 

lighter weights and younger ages were chosen in the current study to have the pigs closer to 

commercial slaughter weights. Although Bonneau (1987) reported a significant correlation 
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between age and fat androstenone concentrations in young boars (~120 days of age), the same 

was not the case in older boars. Another study by Bonneau et al. (1987) reported extensive 

variation in fat androstenone patterns between boars at 175 days of age and pigs from the same 

litter were consistent in their level of fat androstenone synthesis. In relation to genetics, 

previously reported heritabilities for fat androstenone concentration were highly variable, 

implying that different individuals in a pig population have a high or low potential for particular 

androstenone levels (Oskam et al., 2010). While studies have slaughtered pigs as light as 75 kg 

body weight, they have yielded inconclusive evidence regarding how slaughter age and body 

weight influence severity of boar taint (Zamaratskaia and Squires, 2009). It is often difficult to 

reproduce and form conclusions on positive results from studies evaluating a potential alternative 

method to surgical castration in controlling boar taint. Factors associated with pubertal onset as 

discussed previously rely on the experimental design of an individual study and will inevitably 

vary between trials; therefore, any comparisons between studies to form conclusions in this area 

should be performed with caution. Furthermore, additional research is required to accurately and 

consistently characterize sexual maturation in young boars using an array of physical and 

biochemical indicators, including age, body weight, reproductive tract parameters, and known 

relationships between various steroid production amongst commercial breeds of pig.  

The absence of dietary treatment effects in the current study may also be due to 

inadequate inclusion of the additives. Dietary levels of adsorbents were generally determined 

based on a combination of in vitro results from the previous chapter and levels adapted from the 

Canadian Food Inspection Agency’s Schedule IV List of Approved Feed Ingredients under the 

Feed Regulations Act of 1983. The one exception was formulation of the HSCAS diet, in which 

the upper limit of incorporation was recommended by the supplier. Relative binding affinities 
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were calculated from the theoretical maximum binding values after incubating each additive in a 

pH 7.4 buffer; the binding affinities were then used as multipliers to estimate final inclusion 

levels for each additive. Jen and Squires (2011b) fed 5% activated charcoal which significantly 

decreased fat androstenone concentrations below threshold levels for detection of boar taint. 

Their previous in vitro experiments as well as the results produced in Chapter 3 demonstrated 

and further strengthened the fact that activated charcoal was the most effective adsorbent to bind 

androstenone, with maximum binding reaching as high as 94% of total hormone (Jen and 

Squires, 2011a). Therefore, it would have been reasonable to include the present study’s tested 

adsorbents at greater amounts than the 5% activated charcoal inclusion level used by Jen and 

Squires (2011b) in an attempt to achieve similar results. However, CFIA’s recommendations for 

each of these adsorptive agents are set for use as an anticaking agent in feed and not for any 

other use. Since the toxicity and other potential effects on performance are not yet fully 

understood in pigs, we used lower concentrations of the adsorbents in diet formulation. A study 

by Aluwé et al. (2009) reported no changes in fat androstenone levels when pigs were fed a 

finisher diet supplemented with 1% clinoptilolite (a major component of zeolite mineral), despite 

using four different methods to detect and quantify androstenone. The authors attributed their 

results to low inclusion level of clinoptilolite, which was initially chosen to be commercially 

feasible with respect to cost. Subsequent studies in this area should focus on optimizing inclusion 

levels of effective additives, provided that their use will lead to significant decreases in fat 

androstenone levels. The purpose of the recovery period in the design of both the current study 

and Jen and Squires (2011b) was to allow androstenone levels to increase after removing pigs 

from their diets containing adsorbents. Future studies should also consider examining the effect 
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of duration of feeding, including feeding the adsorbent diets until slaughter provided their use 

does not compromise performance and complies with withdrawal periods regulated by the CFIA.  

Estrone sulphate is known to circulate at high concentrations in boars and is positively 

correlated with fat and salivary androstenone concentrations along with plasma and fat skatole 

levels (Babol et al., 1999; Zamaratskaia et al., 2004). Estrone sulphate concentrations in plasma 

or fat are considered a reliable indicator of steroid hormonal status and sexual maturity (Babol et 

al., 1999), with Sinclair et al. (2001a) reporting that pigs with plasma estrone sulphate 

concentrations exceeding a certain range in plasma correlates with advanced status of puberty. At 

the end of the current study, no differences in plasma estrone sulphate concentrations were found 

between dietary treatments (P > 0.05). It is known from the previous chapter that none of the 

tested adsorbents appeared to effectively bind radiolabeled estrone sulphate over the tested 

concentrations of additives, supporting the live animal findings presented here. It is worth noting 

that plasma estrone sulphate concentrations in pigs fed SFA and HSCAS did not significantly 

increase over time as compared to the remaining dietary treatment groups as yielded by 

Dunnett’s t-tests. However, there is no further conclusive evidence that any dietary adsorbent 

significantly impacted enterohepatic circulation of steroids in the gastrointestinal tract of pigs. 

Use of select dietary fibre ingredients including chicory inulin and sugar beet pulp 

remains the most effective dietary method to lower levels of skatole in feces, plasma, and fat 

(Claus et al., 2003; Mentschel and Claus, 2003; Rideout et al., 2004; Lanthier et al., 2006). 

Although fibre serves as an alternative energy substrate for microbes to shift from proteolytic to 

saccharolytic metabolism (Wesoly and Weiler, 2012), it does not alter the ability to degrade 

skatole (Baltic et al., 1997; Aluwé et al., 2009). Very low levels of skatole in this study 

unfortunately did not enable us to examine the effects of the tested additives on accumulation of 



87 

 

skatole in adipose tissue. It is known that skatole levels in fat of boars are not always greater than 

in other genders (Dehnhard et al., 1991; Zamaratskaia and Squires, 2009) and that skatole 

accumulation is positively correlated with androstenone and estrone (Doran et al., 2002a; 

Zamaratskaia et al., 2005bc). The absence of skatole accumulating in fat in the pigs from this 

study may be associated with the low levels of estrone sulphate observed in plasma, or the 

gastrointestinal microflora of these elite purebred Duroc boars. The use of non-nutritive agents 

supplemented in feed to control androstenone concentrations is still a very novel area. 

Enterohepatic circulation of androstenone must be investigated through more direct (albeit 

expensive and meticulous) studies, perhaps by measuring presence and removal of radiolabeled 

androstenone in bile, plasma, urine, and feces (Jen, 2009).  

In conclusion, four cost-effective, non-nutritive mineral adsorbents did not significantly 

decrease levels of androstenone in fat and plasma or concentrations of estrone sulphate in plasma 

of finisher boars. Supplemented diets did not compromise growth performance and basic carcass 

characteristics for slaughtered pigs. A more refined experimental design is required to confirm 

the null effects seen in the diets supplemented with 15% spent filter aid and 0.7% hydrated 

sodium-calcium aluminosilicate associated with fat androstenone and plasma estrone sulphate 

concentrations. 
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CHAPTER 5: EFFECTS OF FEEDING DURATION OF DIETS SUPPLEMENTED 

WITH BINDING AGENTS ON CONCENTRATIONS OF BOAR TAINT AND MEAT 

QUALITY CHARACTERISTICS IN BOARS 

5.1 Abstract 

 The objective of this study was to investigate the effects of feeding two mineral 

adsorbents (binding agents) on plasma and fat levels of metabolites, growth performance and 

meat quality of intact male pigs. Three finisher diets were fed to 101 (Yorkshire x Landrace) x 

Duroc crossbred intact males (65.3 ± 6.36 kg) for up to 68 days including 2 finishing diets 

containing binding agents (15% spent filter aid (SFA) or 0.7% hydrated sodium-calcium 

aluminosilicate (HSCAS)). The pigs were allocated to 5 dietary treatments including a control 

(CTRL) such that designated pigs started on diets containing binding agents at 70 or 90 kg body 

weight (70SFA, 90SFA, 70HSCAS, and 90HSCAS). Fat and plasma were sampled every 2 

weeks to measure fat and plasma androstenone, fat skatole, and plasma estrone sulphate levels 

using ELISA, HPLC, and radioimmunoassay, respectively. Facilities where pigs were housed did 

not allow for calculations of feed intake and feed conversion, thus body weight gain (average 

daily gain) was only calculated. Upon slaughter (138.5 ± 7.33 kg live weight), meat quality 

parameters from loin, subjective scoring and objective measurements were determined. Repeated 

measures ANOVA and comparisons of steroids with day 0 using Dunnett’s t-test were 

performed. Average daily gain was not significantly different between dietary treatments when 

adjusted for initial body weight and days on feed (P > 0.05). Subjective firmness score was 

significantly lower in pigs fed 70SFA in comparison to all other dietary treatments (P < 0.05). 

Loin intramuscular fat content was lower for SFA-fed pigs compared to the control (P < 0.05). 

According to quadratic regression comparisons, mean fat androstenone concentrations in 

90HSCAS boars were significantly lower than that of CTRL boars at slaughter (P < 0.05). Mean 
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plasma androstenone concentrations in 70HSCAS boars were significantly lower than that of 

CTRL boars at slaughter (P < 0.05). Feeding diets containing binding agents, with the exception 

of 70SFA, significantly decreased estrone sulphate concentrations in plasma vs. CTRL (P < 

0.05). Use of a binding agent in finishing diets was able to decrease fat and plasma androstenone 

concentrations without largely affecting growth performance and meat quality. However dietary 

incorporation of binding agents did not reduce the number of carcasses with boar taint, which 

may adversely affect consumers eating pork from intact males. 

Keywords: androstenone, skatole, estrone sulphate, boar taint, bentonite, diatomaceous earth, 

spent filter aid, hydrated sodium-calcium aluminosilicate, meat quality 

 

5.2 Introduction 

 Boar taint is an objectionable odour and taste that is produced when pork from some 

intact male pigs is cooked. Compounds responsible for this issue are 3-methylindole (skatole), a 

breakdown metabolite of tryptophan produced by select strains of bacteria in the hindgut 

(Yokohama and Carlson, 1979), and 5α-androst-16-ene-3-one (androstenone), a pheromonal 

steroid predominantly synthesized in the mature testes (Melrose et al., 1971). Castration is a 

widely used procedure to eliminate boar taint, but this adversely affects performance and 

welfare. Removal of the testes also eliminates androgen biosynthesis which reduces the superior 

feed efficiency and leaner carcasses found with raising boars (Walstra and Vermeer, 1993; Babol 

and Squires, 1995; Xue et al, 1997; Lundström et al., 2009). Surgical castration is usually 

performed without analgesia and current knowledge suggests that long-term pain may follow the 

physical pain of the procedure (Lidow, 2002; Prunier et al., 2006). This has caused the global 

swine industry to reconsider their traditional approach for the control of boar taint (European 

Food Safety Authority, 2004), with much interest in seeking cost-effective alternative methods to 
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castration. As elaborated in previous chapters, none of the commercially available alternative 

methods have yet been widely adopted despite significant advancements. Within developing 

another alternative method, it is within our objectives to uncover further information regarding 

the possible enterohepatic circulation of the boar taint compound as mentioned in previous 

chapters. A form of intervention which interrupts the absorption/resorption of a steroid from the 

intestines may lower its circulation in the blood, and ultimately its accumulation in adipose 

tissue. 

 The previous chapter of this thesis examined four mineral-based adsorbents as possible 

binding agents for androstenone and skatole in intact male pigs. The experiment evaluated 

purebred Duroc boars and found extensive variation in androstenone levels for plasma and fat. It 

was concluded that further refinement of duration of feeding the adsorbents and inclusion of 

other pig breeds were required. Based on the results of the previous study, spent filter aid and 

hydrated sodium-calcium aluminosilicates (HSCAS) were selected for further work, which also 

examined areas besides the control of skatole and androstenone, including growth performance 

and meat quality characteristics. Meat quality studies comparing immunocastrates, barrows, and 

intact males have shown that immunocastration did not appear to significantly impact meat 

quality characteristics, but lean yield tended to be lower in carcasses from immunocastrated 

intact males (Pauly et al., 2009; Gispert et al., 2010; Aluwé et al., 2013). To our knowledge, 

there is no available information on the effects of these adsorbents on carcass characteristics and 

meat quality parameters in pigs. 

 The objective of this study was to investigate the effect of feeding two mineral-based 

adsorbents for two different durations on levels of androstenone and skatole in plasma and fat of 

intact male pigs. In addition to levels of boar taint, plasma estrone sulphate will also be examined 
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along with examining the effects of feeding binding agents on growth performance and 

carcass/meat quality characteristics of grower-finisher boars. 

 

5.3 Materials and Methods 

5.3.1 Animals and sample collection 

 All procedures were approved by the Animal Care Committee at the University of 

Guelph in accordance with the rules established by the Canadian Council on Animal Care 

(2009). One-hundred one [(Landrace x Yorkshire) x Duroc] boars (65.3 ± 6.36 kg) were housed 

in pens of either four or eight pigs per pen at the University of Guelph’s Arkell Swine Research 

Station in a temperature-controlled environment (18 ± 2 °C) with free access to water. Boars 

were allocated to 1 of 5 dietary treatment groups using an incomplete block design, with varying 

replicates per treatment, totalling 19 pens. Sorting ensured no pigs from the same litter were 

allocated to the same pen. The dietary treatments were: control (CTRL; 29 pigs, n = 5), 15% 

spent filter aid in the diet starting at 70 kg BW (70SFA; 16 pigs, n = 4), 15% spent filter aid in 

the diet starting at 90 kg BW (90SFA; 20 pigs, n = 3), 0.7% hydrated sodium-calcium 

aluminosilicate in the diet starting at 70 kg BW (70HSCAS; 16 pigs, n = 4), and 0.7% hydrated 

sodium-calcium aluminosilicate in the diet starting at 90 kg BW (90HSCAS; 20 pigs, n = 3). The 

sources of the additives (SFA from Ingredion Inc., London, ON, Canada; HSCAS marketed as 

Jumpstart 360® from Jumpstart Animal Technology Inc., Winnipeg, MB, Canada) and their 

inclusion levels are the same as the first animal experiment of this thesis (Chapter 4). All pigs 

started on a typical corn-soybean meal-based finisher diet (3330 kcal/kg metabolizable energy, 

16.2% crude protein, 2.46% crude fibre) fed ad libitum (Table 5.1). This diet was fed for 7 days 

(70SFA and 70HSCAS pigs) or 21 days (90SFA and 90HSCAS pigs) before respective pigs 
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started on diets containing the designated binding agent. Boars in the control group were fed a 

common grower-finisher diet until 100 kg BW, when they were switched to the terminal 

finishing diet to meet NRC (2012) requirements for growing-finishing intact males (Table 5.1). 

Nutrient composition of all experimental diets is presented in Table 5.2.  

Blood and back fat biopsy samples were collected from each pig at two-week intervals 

from start of trial to slaughter. The 90SFA and 90HSCAS pigs’ baseline measurements were 

taken 14 days after those from CTRL, 70SFA and 70HSCAS groups. The final date of sampling 

differed between dietary treatment groups as pigs were killed on six separate occasions over a 

span of four weeks. The groups were not balanced at each day on which pigs were killed. Blood 

samples were collected from the orbital sinus into heparinized tubes, which were then 

centrifuged at 2700 rpm and at 4°C. Plasma was separated and stored at -80°C until analysis. 

Back fat biopsies (~0.5 g) were taken on the same days as the blood samples with a biopsy 

needle (as elaborated previously in Chapter 4). Fatty tissue from each biopsy was transferred into 

glass tubes and stored at -20°C until analysis. 

 

5.3.2 Growth performance parameters, slaughter, and post-slaughter carcass measurements 

 Feed intakes and body weights were measured weekly from day 0 until slaughter in order 

to calculate average daily gain (ADG). Due to the limited space inside the facilities at time of the 

trial, pens with shared feeders were used which prevented any calculations and statistical 

analyses of average daily feed intake and feed conversion ratio. 

At the end of the experiment, all pigs were transported to the University of Guelph’s 

Meat Laboratory to be slaughtered using standard commercial slaughter procedures including   
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Table 5.1. Feed ingredient composition for boar diets. 

 

CTRL 

Phase 1 

CTRL 

Phase 2 

SFA 

Phase 1 

SFA 

Phase 2 

HSCAS 

Phase 1 

HSCAS 

Phase 2 

Ingredients (kg/metric tonne) 

Corn 738.73 779.71 621.48 655.84 733.41 774.08 

Soybean meal 221.60 181.30 187.90 154.60 220.20 180.10 

Limestone 11.00 10.60 10.90 10.40 10.90 10.50 

Animal-vegetable 

fat blend 10.00 10.00 10.00 10.00 10.00 10.00 

Monocalcium 

phosphate 8.10 7.71 8.47 7.95 8.04 7.66 

Micro-premix
z
 5.00 5.00 5.00 5.00 5.00 5.00 

Salt (NaCl) 4.10 4.00 4.00 4.00 4.00 4.00 

Lysine-HCl 1.47 1.68 2.25 2.21 1.45 1.66 

Spent filter aid - - 150.00 150.00 - - 

HSCAS
y
 - - - - 7.00 7.00 

Dietary Treatments. CTRL: control feed; SFA: 15% spent filter aid diet; HSCAS: 0.7% 

hydrated sodium-calcium aluminosilicate diet. Phase 1 diet fed from 70 to 100 kg BW; Phase 2 

diet fed from 100 kg BW until slaughter. 

z
 Analysis: 15.6% Ca, 8.5% P, 0.3% Mg, 7.5% Na, 0.6% S, 0.1% K, 1004 mg/kg Cu, 6038 

mg/kg Zn, 7790 mg/kg Fe, 5.96 mg/kg Co, 1120 mg/kg Mn, 24 mg/kg I, 440000 IU/kg Vitamin 

A (minimum), 60000 IU/kg Vitamin D (minimum), 2600 IU/kg Vitamin E (minimum). 

y
 HSCAS = hydrated sodium-calcium aluminosilicate. 
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Table 5.2. Calculated and analysed nutrient compositions for boar diets. 

 

CTRL 

Phase 1 

CTRL 

Phase 2 

SFA 

Phase 1
z
 

SFA 

Phase 2
z
 

HSCAS 

Phase 1 

HSCAS 

Phase 2 

Calculated nutrient composition 

Metabolizable  

energy (kcal/kg) 3328.00 3335.00 3312.00 3305.00 3305.00 3312.00 

Net energy (kcal/kg) 2514.00 2540.00 2536.00 2558.00 2497.00 2522.00 

Crude protein (%) 16.54 15.24 17.00 15.69 16.69 15.13 

Crude fat (%) 3.84 3.93 8.49 8.56 3.83 3.91 

Ca (%) 0.620 0.585 0.625 0.589 0.615 0.581 

P, total (%) 0.523 0.497 0.528 0.502 0.520 0.494 

Na (%) 0.194 0.189 0.188 0.187 0.189 0.188 

Lys, total (%) 0.950 0.856 0.959 0.864 0.944 0.850 

Lys, SID
y
 (%) 0.833 0.749 0.840 0.754 0.827 0.744 

Met, SID (%) 0.244 0.225 0.252 0.236 0.242 0.223 

Met+Cys, SID (%) 0.488 0.451 0.509 0.478 0.485 0.448 

Thr, SID (%) 0.528 0.472 0.523 0.477 0.524 0.469 

Trp, SID (%) 0.161 0.140 0.152 0.134 0.160 0.139 

Val, SID (%) 0.660 0.595 0.660 0.606 0.656 0.591 

N, SID (%) 2.274 2.052 2.283 2.098 2.258 2.038 

       

Analysed nutrient composition 

Moisture (%) 12.32 12.03 14.40 13.16 11.81 11.68 

Metabolizable energy 

(kcal/kg) 3360 3360 3010 3130 3330 3370 

Crude protein (%) 16.15 14.39 15.18 15.24 16.51 15.17 

Crude fat (%) 3.62 3.47 5.81 5.41 3.21 3.51 

Crude fibre (%) 2.65 2.82 2.55 2.62 2.60 2.61 

Ash (%) 4.43 4.21 7.20 6.49 4.82 4.48 

Ca (%) 0.63 0.63 0.70 0.61 0.61 0.61 

P, total (%) 0.62 0.54 0.57 0.54 0.53 0.55 

K (%) 0.83 0.73 0.59 0.59 0.81 0.73 

Mg (%) 0.16 0.15 0.14 0.14 0.16 0.16 

Na (%) 0.17 0.17 0.24 0.24 0.17 0.19 

Ca:P ratio 1.01 1.18 1.22 1.13 1.15 1.10 

Dietary Treatments. CTRL: control feed; SFA: 15% spent filter aid diet; HSCAS: 0.7% 

hydrated sodium-calcium aluminosilicate diet. Phase 1 diet fed from 70 to 100 kg BW; Phase 2 

diet fed from 100 kg BW until slaughter. 

 
z
 Proximate analysis information of spent filter aid was provided by the supplier (21.4 – 25.3% 

moisture, 16.2 – 21.1% crude protein, 34.8 – 42.3% crude fat, 0.1 – 0.3% crude fibre, 15.0 – 

20.6% simple sugars, and 13.37 – 21.45% ash; all on a dry matter basis). Other missing nutrient 

values were substituted with a typical nutrient composition of corn. 

 
y
 Digestibility of amino acids as measured from unabsorbed amount in ileum and accounted for 

basal endogenous losses (NRC, 2012).  
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electrical stunning followed by exsanguination. The time between the second-last and last 

sampling dates (the last time point for blood and biopsy sampling) was adjusted between dietary 

treatment groups to minimize variation in final weights between groups. Carcasses were weighed 

30 to 40 minutes after stunning. The left side of each carcass was probed using a Hennessy probe 

between the third and fourth last ribs, 7 cm off the mid-line for measuring back fat and loin 

muscle depths for determination of carcass lean yield. Carcasses were placed in a 1°C chill 

cooler approximately 45 min to 1 h post mortem. After a 24 h chilling period, the entire left side 

of the carcass was weighed and a loin dissection was done. Each loin was weighed and further 

dissected into lean, fat and bone components. Prior to dissection, loins were cut into two pieces 

at the grading site (between the third and fourth last ribs) to expose the longissimus muscle (LM) 

interface. Carcass measurements were assessed by an experienced carcass evaluator and included 

back fat depth (mm) over the longissimus (a ruler measurement of subcutaneous fat at the 

grading site), longissimus muscle length and depth and loin eye area (LEA; mm
2
; traced on 

acetate paper and quantified by an electronic planimeter) (MOP; Carl Zeiss, Inc.). Six 3.2 cm 

thick chops were cut from the LM, trimmed of epimysium and external fat and individually 

identified and tagged. The first chop was saved for later determination of intramuscular fat 

content as described below. The second chop was used for various subjective and objective 

measures of meat quality including pH, firmness, wetness, marbling score, colour, and drip loss. 

The remaining chops were aged for 2 or 7 days and saved for determination of Warner-Bratzler 

shear force (WBSF) as an instrumental evaluation of tenderness. All chops except the second 

chop were vacuum packaged and then stored at -20°C prior to analysis. The second chop was 

placed on butcher paper with the fresh cut surface exposed to the air for 30 minutes to “bloom” 
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and enhance colour development before scoring. Subjective evaluation of the LM chop was 

conducted by meat lab personnel and comprised the following: 

i. Muscle colour score based on the National Pork Producers Council (NPPC, 1999) six 

point scale (1 = pale pinkish gray to white, 2 = grayish pink, 3 = reddish pink, 4 = 

dark reddish pink, 5 = purplish red, 6 = dark purplish red).  

ii. Muscle firmness score on the National Pork Producers Council (NPPC, 1999) three 

point scale: (1 = soft – cut surfaces distort easily and are visibly soft, 2 = firm – cut 

surfaces tend to hold their shape, 3 = very firm – cut surfaces tend to be very smooth 

with no distortion of shape). 

iii. Muscle wetness score based on the National Pork Producers Council (NPPC, 1999) 

three point scale: (1 = exudative – excessive fluid pooling on cut surfaces, 2 = moist – 

cut surfaces appear moist, with little or no free water, 3 = dry – cut surfaces exhibit 

no evidence of free water). 

iv. Japanese colour score based on a six point scale using plastic Japanese colour 

standards (1 = extremely pale pink to gray, to 6 = dark purplish red) . 

v. Marbling score based on the National Pork Producers Council (NPPC 1999) ten point 

scale (1 = devoid of marbling, to 10 = very abundant marbling). 

A Konica Minolta Chroma Meter (Model CR-400; Mississauga, ON) with illuminant 

D65 and 0° viewing angle was used to objectively measure lean colour at two locations on the 

second chop. Colour data were collected in the Commission International de l’Eclairage (CIE) 

L*a*b* scale with:  L*, a measure of luminosity with a higher value being indicative of a lighter 

color, a*, a measure of the continuum from red to green, and b*, a measure of the continuum 

from yellow to blue (CIE, 1978). For a* and b* measurements, higher positive values indicate a 
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more intense red or yellow color, respectively, while lower values indicate respectively a more 

green or blue color. The colorimeter was standardized with a white ceramic tile with 

specifications of Y = 92.0, x = 0.3134, and y = 0.3194. Ultimate pH and temperature was 

determined from the average of three measurements from the second chop at 24 h post mortem 

using an Accumet A71 pH meter (Fisher Scientific, Toronto, ON) with a Hanna Instruments 

spear tipped electrode attached. Drip loss was then determined using the method described by 

Honikel (1998). After thawing and removal of all remaining subcutaneous fat, LM chops saved 

for intramuscular fat determination were cubed for freeze drying. Freeze dried samples were 

ground in a commercial coffee grinder and mixed. Dry matter was determined from the 

difference in weight before and after freeze drying and corrected by oven drying at 100°C.  

Intramuscular fat content was determined in the freeze dried meat samples using the Ankom 

XT20 Fat Analyzer for ether extraction of fat (AOAC, 2000). 

Frozen LM chops were prepared for WBSF determination by overnight thawing at < 4°C. 

Post thawing, two raw chops per pig were trimmed of any remaining external fat, weighed, and 

cooked using a Garland Grill (ED-30B broiler, Garland Commercial Range Ltd., Mississauga, 

ON) to an internal end point temperature of 74°C. Cooking temperatures were continually 

monitored by a thermocouple inserted in the geometric centre of each chop with initial and final 

temperatures recorded. Chops were turned after reaching an internal temperature of 

approximately 40°C. Once the chop was cooked to the target temperature endpoint, the cooked 

weight was recorded for determination of cooking losses. Chops were placed in individual bags, 

sealed, and immediately chilled in ice water. Chops were stored at < 4.0°C for 24 h before 

coring. Prior to coring, chops were allowed to equilibrate to room temperature. Four 1.27 cm 

meat cores were removed parallel to the muscle fibres from each chop using a drill press-
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mounted corer, such that eight cores were used for shear evaluation from each loin. Cores were 

sheared using a Warner-Bratzler blade on a TA-XT Plus texture analyzer (Texture Technologies 

Corp., Scarsdale, NY) with crosshead speed set at 3.3 mm s-1. Peak shear force was determined 

using a custom macro program in Stable Microsystems Exponent software, and the average of 

the 8 peak force values was taken as the shear force value for each animal. 

 

5.3.3 Biochemical assay procedures 

 Androstenone concentrations in fat and plasma were assayed with ELISA developed by 

Claus et al. (1988), which was then further refined by Squires and Lundström (1997) and Sinclair 

et al. (2001b). Estrone sulphate concentrations in plasma were analysed using radioimmunoassay 

(RIA) as described by Schwarzenberger et al. (1993). Skatole concentrations in fat were 

quantified by HPLC as described by Lanthier et al. (2007).  

 

5.3.4 Statistical analysis 

 Results are presented as mean values (steroid concentrations) or least squared means ± 

standard error (all other parameters). Repeated measures of steroids (androstenone, skatole, and 

estrone sulphate), performance parameters, and slaughter measurements were analysed using the 

MIXED procedure of SAS version 9.4 (SAS Institute, Cary, NC). The experimental unit was the 

individual pig for analysing ADG as well as biochemical and slaughter measurements. Like the 

previous chapter’s methods, the following model was adapted from Sinclair et al. (2001b) and 

used to evaluate significant (P < 0.05) differences in steroid concentrations among dietary 

treatments over time: 

Yijk = µ + dik + αi + βj + (αβ)ij + εijk 
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Where Yijk is the concentration of steroid; µ is the general mean; αi is the fixed dietary treatment 

effect; βj is the fixed time effect; (αβ)ij is the interaction between dietary treatments and time; dik 

is the independent random experimental error from dietary treatments, with a mean of 0 and 

variance of σ
2

d; and εijk is the normally distributed random experimental error on repeated 

measures, with a mean of 0 and variance of σ
2

ε. 

To better approximate a normal distribution, data sets of concentrations of androstenone 

and estrone sulphate were natural log-transformed. Using a generalized mixed linear model with 

the heterogeneous Toeplitz covariance structure chosen based on lowest Akaike information 

criterion (AIC), coefficients of linear and quadratic curves were also estimated and used to 

model each steroid’s concentrations. This method of repeated measures analysis allows for 

comparisons between treatment groups at specific time points, in which days 0, 14, 28, 42, 68 of 

trial were chosen for comparisons as they correspond to the biweekly sampling days for blood 

and back fat as well as the last day at which boars were slaughtered. Values of the dependent 

variable were back-transformed prior to graphing. The general equation of the ANOVA 

regression model was as follows: 

ln(Yi) = β0 + β1t + β2W + β3t
2
 ± ϵ 

Where Yi is the concentration of steroid of treatment group i; β0 is the intercept, or the initial rate 

at which the steroid changes in concentration; β1 is the linear regression coefficient for time; t is 

the independent variable of time, measured as days of trial; β2 is the linear regression coefficient 

for body weight; W is the independent variable of body weight, if it was found to be significant 

in the analysis; β3 is the quadratic coefficient for time; and ϵ is the random experimental error 

represented by upper/lower limits of a 95% confidence interval of estimated Yi. 
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Concentrations of androstenone and estrone sulphate as sampled over collection days 

were compared to concentrations at day 0 within each dietary treatment using paired Dunnett’s t-

test. The following covariates, if significant, were included with specific parameters’ models to 

analyse performance and slaughter measurements: number of days on feed (final live weight and 

ADG), initial weight (final live weight), final live weight (hot carcass weight), and hot carcass 

weight (probe backfat, probe loin depth, lean/fat/bone percentage, ruler backfat, ruler loin width, 

ruler loin length, and loin eye area). Finally, frequency distributions for androstenone and skatole 

concentrations found in subcutaneous fat of carcasses across groups were compared with 

Fisher’s exact test. Statistical significance was declared at P < 0.05 and tendencies at 0.05 < P < 

0.10. 

 

5.4 Results 

5.4.1 Nutrient composition of diets 

 The analysed ME content for the SFA diets (Phases 1 and 2) did not meet the NRC 

(2012) requirements for recommended dietary ME content (3300 kcal/kg) for intact males 

weighing 75 to 135 kg (Table 5.2). With the exception of the Phase 2 HSCAS diet, all treatment 

diets' analysed crude protein was slightly lower numerically than what was calculated (Table 

5.2). In general, all dietary treatments met major mineral requirements as recommended by NRC 

(2012). 

 

5.4.2 Animal performance 

 The effects of treatment on age, BW and gain data are summarized in Table 5.3. One pig 

in the CTRL group was euthanized due to lameness and therefore was excluded from 

performance and carcass parameter assessments. There were no differences in initial age 
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amongst dietary treatments (P > 0.05). In contrast, initial weights differed across dietary 

treatments with heavier initial weights for 90SFA and 90HSCAS boars despite random allocation 

of boars to experimental treatments (P < 0.001). Body weights of boars fed starting at 

approximately 90 kg were 87.8 ± 1.11 kg and 85.8 ± 1.25 kg for 90SFA and 90HSCAS 

respectively at start of treatment, which did not differ significantly from the mean body weight of 

87.9 ± 2.00 for CTRL at that given time (P > 0.05). There was a trend for age at slaughter to be 

greater for 70SFA versus 90SFA boars (P < 0.09). There were no differences in weight at 

slaughter as well as ADG across dietary treatments (P ≥ 0.05).  

 

5.4.3 Carcass measurements 

 The effects of boar diet on carcass traits and meat quality are summarized in Tables 5.4 

and 5.5. There were no differences in carcass traits across dietary treatments (P > 0.05; Table 

5.4). In general, there were no differences in meat quality traits across dietary treatments (P > 

0.05; Table 5.5) with the exception of firmness and loin intramuscular fat content. Firmness 

score for loins from boars fed 70SFA were lower than firmness scores for all other dietary 

treatments (P < 0.01). Loin intramuscular fat content was lower in loins from pigs fed SFA 

(70SFA & 90SFA) than loins from boars fed CTRL or 70HSCAS diets with intermediate values 

for loins from boars fed 90HSCAS (P < 0.05). 

 

5.4.4 Androstenone concentrations found in backfat and frequency distributions 

Raw concentrations of androstenone in backfat in each sample time are illustrated in 

Figure 5.1. Body weight was not found to be a significant covariate, and therefore was not 

included in the final estimation model. Back-transformed regression models are graphed in 
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Figure 5.2, with curve coefficients and comparisons of concentrations between dietary treatments 

at specific time points detailed in Table 5.6. 

Baseline backfat concentrations of androstenone ranged from 0.2 ± 0.05 µg/g to 0.5 ± 

0.08 µg/g. Concentrations at slaughter ranged from 0.7 ± 0.10 µg/g to 1.2 ± 0.36 µg/g. From 

comparison between estimation models, 90SFA boars had significantly lower concentrations of 

fat androstenone both at baseline and at day 14 of trial versus all other dietary treatments (P < 

0.05).  On days 14 and 28, boars fed 90HSCAS had significantly higher levels of fat 

androstenone than boars fed CTRL (P < 0.05). Feeding SFA starting at 70 kg vs. 90 kg BW 

resulted in lower levels of androstenone at day 14 in fat in 90SFA boars (P < 0.01). The opposite 

was observed in boars fed HSCAS on day 14, in which 70HSCAS boars had significantly lower 

levels of fat androstenone than 90HSCAS boars (P < 0.001). There were no differences in fat 

androstenone concentrations for boars fed SFA or HSCAS when compared to boars fed CTRL (P 

> 0.05). Fat androstenone concentrations were lower for boars fed HSCAS starting at 70 kg BW 

than boars fed SFA on days 14, 28, and 42 (P < 0.05). The converse was true, as boars starting 

HSCAS at 90 kg BW contained significantly greater fat androstenone concentrations versus 

boars starting SFA at the same weight on days 14 and 28 (P < 0.01). Androstenone 

concentrations in fat were significantly lower for 70HSCAS versus CTRL boars on days 28 and 

42 (P < 0.05). There was a highly significantly time effect amongst dietary treatment groups for 

androstenone concentrations in fat (P < 0.0001). Regardless of dietary treatment, fat 

androstenone concentrations differed from their levels at the start of the trial by their third 

sampling (day 28 for CTRL, 70SFA, and 70HSCAS; day 42 for 90SFA and 90HSCAS) (P < 

0.05) with the exception of fat androstenone concentrations for 70HSCAS, which only differed 

from baseline levels at time of slaughter. The 90HSCAS group’s levels of fat androstenone 
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Table 5.3. Effect of boar diet on age, body weight and ADG data
z
 

 Dietary Treatment
y
   

 

CTRL 70SFA 90SFA 70HSCAS 90HSCAS S.E. P-value 

Initial age (d) 107.6 107.6 108.1 108.1 108.2 0.42 0.627 

Age at slaughter (d) 163.9 167.5 160.2 166.1 162.8 2.15 0.088 

Initial weight (kg) 64.6
a
 61.3

a
 69.4

b
 62.5

a
 67.6

b
 1.44 < 0.001 

Final weight (kg)
x
 138.4 135.5 134.7 138.0 136.3 2.76 0.050 

ADG (g/d)
w
 1471.2 1381.8 1359.5 1436.1 1386.4 60.34 0.784 

z
 Data presented as least squares means ± standard error. Means with different superscripts within each row differ at P < 0.05. 

y
 Dietary Treatment: CTRL: control feed; 70SFA: 15% spent filter aid diet fed from 70 kg BW until slaughter; 90SFA: 15% spent 

filter aid diet fed from 90 kg BW until slaughter; 70HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet fed from 70 kg BW 

until slaughter; 90HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet fed from 90 kg BW until slaughter. 

x
 Number of days on feed was included in the model as a covariate. 

w
 Initial weight and number of days on feed were included in the model as covariates.  
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Table 5.4. Effect of boar diet on probe measurements and carcass traits
z
 

   Dietary Treatment
y
   

Parameter Covariate
x
 CTRL 70SFA 90SFA 70HSCAS 90HSCAS S.E. P-value 

Hot carcass weight (kg) fWeight (P < 0.0001) 114.8 114.2 113.9 114.1 114.7 0.44 0.757 

Probe backfat (mm) HCW (P < 0.0001) 18.5 18.5 18.4 18.6 18.6 0.62 0.798 

Probe loin depth (mm) HCW (P = 0.0012) 62.3 61.9 62.0 62.7 61.2 0.85 0.884 

Ruler backfat (mm) HCW (P < 0.0001) 17.3 17.2 17.2 16.6 17.5 0.57 0.876 

Ruler loin width (mm) HCW (P < 0.001) 74.0 72.9 72.4 71.0 72.0 0.82 0.063 

Ruler loin length (mm) N/A 103.7 105.5 105.6 105.1 105.9 0.93 0.575 

Loin eye area (mm
2
) HCW (P < 0.001) 5569.9 5429.3 5569.2 5530.8 5493.2 79.94 0.157 

Body Composition Based on Loin Dissection 

Carcass lean (%) N/A 52.9 53.9 53.4 53.6 53.1 0.69 0.652 

Carcass fat (%) N/A 23.4 21.6 24.3 22.4 23.9 1.05 0.709 

Carcass bone (%) N/A 16.9 17.6 16.7 17.5 16.9 0.27 0.727 
z
 Data presented as least squared means ± pooled standard error. 

y
 Dietary Treatment: CTRL: control feed; 70SFA: 15% spent filter aid diet fed from 70 kg BW until slaughter; 90SFA: 15% spent 

filter aid diet fed from 90 kg BW until slaughter; 70HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet fed from 70 kg BW 

until slaughter; 90HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet fed from 90 kg BW until slaughter. 

x
 Covariate: various covariates were used in models for specific traits including fWeight: final body weight at slaughter (kg) and 

HCW: hot carcass weight (kg). The P-value for the covariate is also presented. If the covariate did not remain in the final model, the 

cell is labeled N/A for not applicable.  
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Table 5.5. Effects of boar diet on meat quality evaluation of the loin
z
 

 Dietary Treatment
y
   

Parameter CTRL 70SFA 90SFA 70HSCAS 90HSCAS S.E. P-value 

pH 5.53 5.48 5.50 5.44 5.47 0.03 0.407 

Firmness 1.79
a
 1.35

b
 1.80

a
 1.61

ab
 1.90

a
 1.06 0.007 

Wetness 1.47 1.35 1.57 1.30 1.68 1.07 0.253 

Marbling 1.27 1.00 1.23 1.19 1.41 1.09 0.262 

Intramuscular fat (%) 2.46
a
 2.01

b
 2.09

b
 2.58

a
 2.40

ab
 1.05 0.029 

NPPC Colour 2.84 2.69 2.85 2.63 2.85 0.09 0.510 

Japanese Colour 2.72 2.63 2.63 2.57 2.84 0.001 0.575 

L* 50.4 50.3 49.4 51.6 49.5 1.01 0.461 

a* 7.1 8.0 7.6 8.1 7.7 1.04 0.206 

b* 2.3 2.9 2.2 3.5 2.2 1.11 0.057 

Drip loss (%) 10.9 11.7 10.9 12.1 11.7 0.42 0.360 

WBSF (2 d aging) (kg) 4.66 4.70 4.71 4.65 4.56 0.15 0.978 

WBSF (7 d aging) (kg) 3.96 4.04 4.41 4.21 4.11 0.20 0.689 

Cook loss (2 d aging) (%) 23.6 23.7 23.3 22.9 24.2 0.49 0.670 

Cook loss (7 d aging) (%) 22.0 23.0 24.3 23.4 22.4 1.07 0.729 
z
 Data presented as least squared means ± pooled standard error. 

y
 Dietary Treatment: CTRL: control feed; 70SFA: 15% spent filter aid diet fed from 70 kg BW until slaughter; 90SFA: 15% spent 

filter aid diet fed from 90 kg BW until slaughter; 70HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet fed from 70 kg BW 

until slaughter; 90HSCAS: 0.7% hydrated sodium-calcium aluminosilicate diet fed from 90 kg BW until slaughter. 
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decreased to its baseline range at time of slaughter (P > 0.05) with slaughter concentrations 

significantly lower than CTRL (P < 0.05). 

Frequency distributions for pigs exceeding the boar taint detection thresholds at slaughter 

for each group are summarized in Table 5.6. Distributions were not affected (P > 0.05) by dietary 

treatment for androstenone concentrations found in fat.  

 

5.4.5 Androstenone concentrations found in plasma 

Raw concentrations of androstenone in plasma as measured in each sample time are 

illustrated in Figure 5.3. Back-transformed regression models are graphed in Figure 5.4a-b, with 

curve coefficients and comparisons of concentrations between dietary treatments at specific time 

points detailed in Table 5.7. 

A body weight by treatment interaction was found to be significant for plasma 

androstenone concentrations (P = 0.01), and thus the data was modelled at two separate body 

weights: at 88.9 kg (25
th

 percentile of all pigs) and 109.8 kg (median body weight of all pigs). 

Baseline plasma concentrations of androstenone ranged from 12.3 ± 2.14 ng/mL to 22.1 ± 2.43 

ng/mL. Raw concentrations of plasma androstenone at slaughter ranged from 30.9 ± 4.68 ng/mL 

to 49.2 ± 7.24 ng/mL.  

The estimation model determined at a body weight of 88.9 kg yielded a tendency (P = 

0.09) for mean plasma androstenone concentrations from pigs fed 90HSCAS to be greater than 

CTRL at baseline measurements. 70SFA-fed pigs tended to have higher concentrations of 

plasma androstenone than all other dietary treatments at days 28, 42, and at slaughter (P < 0.10). 

From day 28 to slaughter, boars fed HSCAS starting at 70 kg BW had significantly lower 
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concentrations than CTRL (P < 0.05). Boars fed HSCAS starting at 90 kg BW tended to have 

lower concentrations than CTRL at time of slaughter (P = 0.07). 

The estimation model determined at a body weight of 109.8 kg yielded a tendency for 

higher baseline concentrations of plasma androstenone in pigs fed HSCAS starting at 90 kg in 

comparison to CTRL (P = 0.07). Plasma androstenone concentrations tended to be lower in 

70SFA-fed pigs when compared to all pigs fed HSCAS (day 0; P ≤ 0.05) and to 90HSCAS pigs 

(day 14; P < 0.05). There were no differences in mean plasma androstenone concentrations 

between dietary treatments at day 28. At day 42 and time of slaughter, boars fed HSCAS starting 

at 70 kg BW contained significantly lower plasma androstenone concentrations in comparison to 

CTRL (P < 0.05). At the same two times, boars fed SFA starting at 70 kg BW had significantly 

higher plasma androstenone concentrations than boars fed HSCAS regardless of duration of 

feeding (P < 0.05). At slaughter, boars fed SFA starting at 90 kg BW contained significantly 

lower androstenone concentrations than those fed the same additive starting at 70 kg BW (P < 

0.05), but this finding was not significantly different from levels of CTRL (P > 0.05). 

Within each treatment group, concentrations of plasma androstenone in boars fed CTRL, 

90SFA, and 90HSCAS at slaughter were significantly higher than that of each dietary 

treatment’s respective baseline measurements (P < 0.05). No other significant differences in 

levels of the steroid were detected in any of the groups. 

 

5.4.6 Estrone sulphate levels in plasma 

 Raw concentrations of estrone sulphate in plasma as measured in each sampling are 

illustrated in Figure 5.5. Back-transformed regression models are graphed in Figure 5.6, with 
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curve coefficients and comparisons of concentrations between dietary treatments at specific time 

points detailed in Table 5.8. 

Body weight was not found to be a significant covariate, and therefore was not included 

in the final estimation model. Back-transformed values as estimated by the above equations are 

graphed in Figure 5.6. Raw concentrations ranged from 1.4 ± 0.17 ng/mL to 2.5 ± 0.35 ng/mL at 

the start of the experiment. At days 0 and 14, levels of plasma estrone sulphate were significantly 

higher in boars fed SFA starting at 70 kg BW compared to all other dietary treatments (P < 0.05). 

The 70SFA treatment group remained significantly higher in plasma estrone sulphate when 

compared with 70HSCAS-fed boars at days 28 and 42 (P < 0.05). Boars fed HSCAS starting at 

70 kg BW had significantly lower plasma estrone sulphate concentrations than CTRL at day 42 

and slaughter (P < 0.05). At slaughter, all treatment groups with the exception of 70SFA (which 

only reported a tendency; P = 0.08) were found to have significantly lower levels of plasma 

estrone sulphate when compared with CTRL (P < 0.05). Raw concentrations ranged from 5.4 ± 

1.34 ng/mL to 10.5 ± 2.60 ng/mL at slaughter. Within each dietary treatment group, CTRL, 

70SFA, and 70HSCAS all differed from their respective baseline concentrations of estrone 

sulphate in plasma at day 42 and at slaughter (P < 0.05). Concentrations in boars fed SFA 

starting at 90 kg BW significantly increased at every sampled time point after baseline (P < 

0.05). Concentrations in boars fed HSCAS starting at 90 kg BW only differed significantly from 

baseline at time of slaughter (P < 0.05). 

 

5.4.7 Skatole levels in backfat 

 Most of the adipose tissue samples taken throughout the trial had undetectable levels of 

skatole, making detailed comparisons between groups not possible. The only dietary treatments  



109 

 

  

Figure 5.1. Raw profile of androstenone concentrations in fat of control and treatment boars from day 0 to slaughter. Values are 

plotted as means ± standard error. * Indicates values significantly different from values at day 0 (P < 0.05) of that group. 
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Figure 5.2. Estimated regression models of fat androstenone of treatment diets from day 0 to slaughter. Curves have been back-

transformed after estimating concentrations on the logarithmic scale. * Indicates values significantly different from CTRL on the 

specified day (P < 0.05). 
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Table 5.6. Calculated values of regression coefficients and model-estimated concentrations
z
 of androstenone in fat at specified time 

points (days 0, 14, 28, 42, 68). 

 Dietary Treatment 

Parameter CTRL 70SFA 90SFA 70HSCAS 90HSCAS 

β0 

 

-1.6682 -1.6085 -2.7939 -1.6577 -1.6385 

 

P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 

Limits
†
 (-1.8827, -1.4537) (-1.8812, -1.3358) (-3.4781, -2.1097) (-1.9303, -1.3850) (-2.3438, -0.9331) 

β1 

 

0.0264 0.0316 0.0862 0.0098 0.0653 

 

P-value 0.003 0.001 <0.001 0.326 0.003 

 

Limits (0.0091, 0.0437) (0.0127, 0.0504) (0.0431, 0.1294) (-0.0097, 0.0292) (0.0225, 0.1081) 

β2 

 

Not significant, thus excluded from the model 

β3 

 

-0.00004 -0.00022 -0.00078 0.00012 -0.00082 

 

P-value 0.792 0.175 0.008 0.476 0.004 

 

Limits (-0.0004, 0.0003) (-0.0005, 0.0001) (-0.0014, -0.0002) (-0.0002, 0.0005) (-0.0014, -0.0003) 

    

Estimated Concentration, µg/g (lower, upper) † 

   Time (d) 

 

0 0.19 (0.153, 0.233)
a
 0.20 (0.153, 0.262)

a
 0.06 (0.031, 0.120)

b
 0.19 (0.145, 0.250)

a
 0.19 (0.097, 0.391)

a
 

 

14 0.27 (0.232, 0.316)
a
 0.29 (0.245, 0.363)

ac
 0.18 (0.135, 0.228)

b
 0.22 (0.183, 0.273)

b
 0.41 (0.314, 0.542)

c
 

 

28 0.38 (0.320, 0.455)
a
 0.41 (0.327, 0.507)

a
 0.37 (0.294, 0.466)

ab
 0.28 (0.221, 0.344)

b
 0.64 (0.513, 0.788)

c
 

 

42 0.53 (0.447, 0.628)
a
 0.51 (0.411, 0.635)

a
 0.57 (0.443, 0.737)

ac
 0.36 (0.287, 0.443)

b
 0.71 (0.559, 0.902)

c
 

 

68 0.93 (0.568, 1.533)
a
 0.62 (0.383, 0.995)

a
 0.57 (0.350, 0.933)

a
 0.65 (0.388, 1.094)

a
 0.37 (0.237, 0.581)

b
 

† 
Upper and lower limits were determined using a 95% confidence interval. 

z
 Values with different letter superscripts within each row differ at P < 0.05.
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Figure 5.3. Raw profile of androstenone concentrations in plasma of control and treatment boars from day 0 to slaughter. Values are 

plotted as means ± standard error. * Indicates values significantly different from values at baseline (P < 0.05) of that group. 
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Table 5.7. Calculated values of regression coefficients and model-estimated concentrations
z
 of androstenone in plasma at specified 

time points (days 0, 14, 28, 42, 68). 

 

Dietary Treatment 

Parameter CTRL 70SFA 90SFA 70HSCAS 90HSCAS 

β0 
 

2.2720 4.5318 1.8803 0.4880 1.0071 

 

P-value <0.0001 <0.0001 0.034 0.511 0.204 

 

Limits
†
 (1.2223, 3.3217) (2.9621, 6.1016) (0.1450, 3.6157) (-0.9787, 1.9546) (-0.5558, 2.5701) 

β1 

 
-0.0069 0.0112 -0.0258 -0.0408 -0.0369 

 

P-value 0.464 0.457 0.099 0.005 0.011 

 

Limits (-0.0253, 0.0115) (-0.0183, 0.0464) (-0.0565, 0.0049) (-0.0690, -0.0127) (-0.0651, -0.0087) 

β2 

 
0.0052 -0.0205 0.0141 0.0288 0.0253 

 

P-value 0.433 0.079 0.235 0.007 0.021 

 

Limits (-0.0078, 0.0181) (-0.0434, 0.0024) (-0.00922, 0.03740) (0.007807, 0.04977) (0.003893, 0.04668) 

β3
§
 

 
0.0003 0.0003 0.0003 0.0003 0.0003 

 

P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 

Limits (0.0001, 0.0004) (0.0001, 0.0004) (0.0001, 0.0004) (0.0001, 0.0004) (0.0001, 0.0004) 

88.9 kg (25th percentile) 

Estimated Concentration, ng/mL  (lower, upper)
 †
 

   Time (d) 0 15.34 (11.580, 20.332) 14.99 (8.232, 27.290) 22.94 (13.244, 39.739) 21.06 (12.197, 36.370) 25.92 (14.970, 44.877) 

 

14 14.79 (11.645, 18.787) 18.60 (13.599, 25.425) 16.96 (12.473, 23.057) 12.62 (9.356, 17.017) 16.41 (12.074, 22.308) 

 

28 16.05 (11.084, 23.240)
ab

 25.97 (17.845, 37.791)
a
 14.11 (8.723, 22.828)

bc
 8.51 (5.699, 12.706)

cd
 11.70 (7.686, 17.804)

bd
 

 

42 19.61 (11.407, 33.699)
ab

 40.83 (20.880, 79.828)
a
 13.22 (5.783, 30.219)

bc
 6.46 (3.219, 12.966)

c
 9.39 (4.562, 19.313)

bc
 

 

68 38.93 (16.324, 92.835)
ab

 129.51 (35.785, 468.741)
a
 16.03 (3.499, 73.446)

bc
 5.30 (1.426, 19.715)

c
 8.54 (2.219, 32.869)

bc
 

109.8 kg (Median) 

Estimated Concentration, ng/mL (lower, upper)
 †
 

   Time (d) 0 17.09 (10.615, 27.520)
ab

 9.761 (3.4595, 27.538)
a
 30.80 (11.775, 80.551)

ab
 38.44 (15.031, 98.321)

ab
 43.97 (17.412, 111.019)

b
 

 

14 16.48 (12.328, 22.018) 12.11 (6.208, 23.617) 22.77 (12.813, 40.448) 23.03 (12.741, 41.628) 27.84 (15.692, 49.391) 

 

28 17.88 (14.268, 22.402) 16.91 (11.7603, 24.316) 18.94 (14.113, 25.428) 15.53 (11.259, 21.489) 19.84 (14.603, 26.966) 

 

42 21.84 (15.873, 30.048)
ab

 26.59 (19.543, 36.167)
a
 17.75 (11.834, 26.611)

bc
 11.79 (8.339, 16.673)

c
 15.92 (11.155, 22.729)

bc
 

 

68 43.36 (23.250, 80.872)
ab

 84.34 (36.830, 193.132)
a
 21.52 (7.481, 61.913)

bc
 9.68 (3.958, 23.672)

c
 14.49 (5.736, 36.583)

bc
 

†
 Upper and lower limits were determined using a 95% confidence interval. 

§
 Quadratic regression of plasma concentrations of androstenone over time was significant (P < 0.05), but no interaction between 

dietary treatment and quadratic regression over time was observed (P > 0.05); thus a single coefficient value was set for all groups. 
z
 Values with different letter superscripts within each row differ at P < 0.05.
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Figure 5.5. Raw profile of estrone sulphate concentrations in plasma of control and treatment boars from day 0 to slaughter. Values 

are plotted as means ± standard error. * Indicates values significantly different from values at day 0 (P < 0.05) of that group. 
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Figure 5.6. Estimated regression models of plasma estrone sulphate by treatment group from day 0 to slaughter. Curves have been 

back-transformed after estimating concentrations on the logarithmic scale. * Indicates values significantly different from CTRL on the 

specified day (P < 0.05). 
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Table 5.8. Calculated values of regression coefficients and model-estimated concentrations
z
 of estrone sulphate in plasma at specified 

time points (days 0, 14, 28, 42, 68). 

 

Dietary Treatment 

Parameter CTRL 70SFA 90SFA 70HSCAS 90HSCAS 

β0 

 

0.4413 0.6849 0.2784 0.1585 0.2023 

 

P-value <0.0001 <0.0001 0.0392 0.235 0.1303 

 

Limits
†
 (0.2342, 0.6485) (0.4244, 0.9453) (0.01413, 0.5427) (-0.1048, 0.4217) (-0.06086, 0.4654) 

β1
§
 

 

0.0065 0.0065 0.0065 0.0065 0.0065 

 

P-value 0.154 0.154 0.154 0.154 0.154 

 

Limits (-0.0025, 0.0155) (-0.0025, 0.0155) (-0.0025, 0.0155) (-0.0025, 0.0155) (-0.0025, 0.0155) 

β2 

 

Not significant; excluded from the model 

β3
ǂ
 

 

0.0003 0.0003 0.0003 0.0003 0.0003 

 

P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

 

Limits (0.0002, 0.0004) (0.0002, 0.0004) (0.0002, 0.0004) (0.0002, 0.0004) (0.0002, 0.0004) 

 Estimated Concentration, ng/mL (lower, upper) † 

Time (d) 

 

0 1.55 (1.266, 1.909)
a
 1.98 (1.533, 2.567)

b
 1.32 (1.017, 1.716)

c
 1.17 (0.903, 1.521)

ac
 1.22 (0.943, 1.589)

ac
 

 

14 1.80 (1.499, 2.171)
a
 2.30 (1.803, 2.940)

b
 1.53 (1.218, 1.930)

a
 1.36 (1.064, 1.739)

a
 1.42 (1.131, 1.785)

a
 

 

28 2.35 (1.934, 2.853)
ab

 3.00 (2.331, 3.854)
a
 2.00 (1.589, 2.507)

ab
 1.77 (1.376, 2.278)

b
 1.85 (1.477, 2.317)

b
 

 

42 3.43 (2.814, 4.185)
a
 4.38 (3.403, 5.631)

a
 2.92 (2.321, 3.662)

ab
 2.59 (2.008, 3.330)

b
 2.70 (2.157, 3.384)

ab
 

 

68 9.41 (7.385, 11.981)
a
 12.00 (9.097, 15.829)

ab
 7.99 (6.066, 10.531)

b
 7.09 (5.348, 9.397)

b
 7.41 (5.630, 9.742)

b
 

†
 Upper and lower limits were determined using a 95% confidence interval. 

§
 Linear regression of plasma concentrations of estrone sulphate over time was significant (P < 0.05), but no interaction between 

dietary treatment and linear regression over time was observed (P > 0.05); thus a single coefficient value was set for all groups. 

ǂ
 Quadratic regression of plasma concentrations of estrone sulphate over time was significant (P < 0.05), but no interaction between 

dietary treatment and quadratic regression over time was observed (P > 0.05); thus a single coefficient value was set for all groups. 

z 
Values with different letter superscripts within each row differ at P < 0.05.
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Table 5.9. Frequency distributions (%) for androstenone and skatole concentrations in carcasses 

based on dietary treatment and overall. 

Threshold 

concentration 

(µg/g)
a
 CTRL 70SFA 90SFA 70HSCAS 90HSCAS Overall 

Androstenone 

≥ 0.5 58.6 62.5 65 68.8 55 62.4 

≥ 1.0 24.1 31.3 30 12.5 15 22.8 

Skatole 

≥ 0.20 0 12.5 0 0 5 3 

≥ 0.25 0 6.3 0 0 5 2 

Treatment Diets. CTRL: control feed; 70SFA: 15% spent filter aid diet fed at 70 kg until 

slaughter; 90SFA: 15% spent filter aid diet fed at 90 kg; 70HSCAS: 0.7% hydrated sodium-

calcium aluminosilicate diet fed at 70 kg; 90HSCAS: 0.7% hydrated sodium-calcium 

aluminosilicate diet fed at 90 kg. 

a
 Numerous sensory panel studies in previous years have established 0.5 – 1.0 µg/g and 0.20 – 

0.25 µg/g as the generally accepted ranges of threshold concentrations of androstenone and 

skatole, respectively, in backfat of boars (Babol and Squires, 1995; Walstra et al., 1999; 

Zamaratskaia et al., 2004). 

 

with carcasses exceeding 0.20 µg/g at slaughter were 70SFA and 90HSCAS, with only 2 out of 

16 boars surpassing this level for 70SFA and 1 out of 20 boars for 90HSCAS. When the 

threshold is set at 0.25 µg/g, the proportion decreases to 1 out of 16 boars for 70SFA, while it 

remains the same for 90HSCAS (Table 5.6). No differences in proportion of carcasses with boar 

taint were found between dietary treatments (P > 0.05). 

 

5.5 Discussion 

Spent filter aid (SFA) is a coproduct of the corn syrup processing industry in 

Southwestern Ontario. The active adsorbent component for SFA is diatomaceous earth, which is 

a silicate-based compound commonly used in industries involving filtration (Johnson, 1997). 

Other components consist of bioavailable nutrients, including high levels of crude protein and fat 
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(~16.2 to 18% crude protein, ~34 to 43% crude fat, on a dry matter basis). Due to this additional 

feature and its low cost (priced at 67% of the market price for corn), SFA may be a promising 

alternative feed ingredient to help meet nutrient requirements for food animal production diets. 

Hydrated sodium-calcium aluminosilicates (HSCAS) feature a diverse range of compounds 

which vary in the makeup of alkali metals, alkaline earth metals and minerals to characterize 

their ultimate capacities as adsorbents (Barrer, 1989). Aluminosilicates have been proposed as a 

treatment for diarrhea, metabolic diseases in dairy cattle, enteric infection, and toxicity from 

various compounds including mycotoxins (as reviewed by Papaioannou et al., 2005). It is the 

most extensively studied adsorbent for mycotoxin-contamined feed prophylaxis (Huwig et al., 

2001). The HSCAS product used in this study also contains at least 10% propionic acid and 

lignite charcoal, and therefore is currently marketed primarily as an antifungal agent. 

In this experiment, average daily gains for boars fed specialized diets were not different 

to the boars fed control or to each other despite feed analyses reporting that SFA diets contained 

lower metabolizable energy content at 9% and 5% below formulated values respectively for the 

Phase 1 and Phase 2 CTRL diets. This discrepancy can be attributed to the high moisture content 

and heterogeneous texture of spent filter aid, which causes issues with composition between 

sampling of coproduct. More careful considerations to control consistency should be set for this 

ingredient if any future studies are to be conducted with the additive.  

 Determination of meat quality constitutes visual as well as analytical evaluations to 

assess carcass traits and predict overall eating quality. Carcass dissection, subjective scoring, and 

objective parameters evaluated in this study are established by various entities (CIE, 1978; 

Honikel, 1998; NPPC, 1999; AOAC, 2000). To our knowledge, this is the first study to examine 

detailed carcass and meat quality attributes in intact male pigs fed novel diets designed to 
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influence levels of boar taint compounds. Feeding pelleted diets supplemented with either spent 

filter aid or hydrated sodium-calcium aluminosilicate for up to 68 days prior to slaughter did not 

negatively impact most parameters of pork carcass and meat quality. However, there was a 25% 

and 10% lower score in subjective firmness for loins from boars fed 70SFA and 70HSCAS 

compared to firmness scores for loins from the rest of the treatments. It is known that 

composition of fatty acids in adipose tissue affects firmness of meat (Wood et al., 2008), and that 

firmness is found to be best predicted by the proportion of linoleic acid in the carcass (Wood et 

al., 1986; Wood et al., 1999). Use of various dietary oils high in omega-6 fatty acids, such as 

palm kernel oil over soybean oil, changed fatty acid composition of subcutaneous adipose tissue, 

leading to changes in lipid melting point and ultimately fat firmness (Teye et al., 2006b). 

Detailed fatty acid composition analyses for SFA have not been done. However, since the 

coproduct is produced from yellow corn, its oils are likely a significant source of omega-6 fatty 

acids, including linoleic acid. This was only found to be an issue upon a longer duration of 

feeding the adsorbent, despite both diets being fed for at least 42 days. Other factors influencing 

fresh pork firmness aside from diet include genetics, management, animal handling, stunning 

method, pH decline, ultimate pH, and chilling rate (Rincker et al., 2007). Differences in 

subjective firmness scores between the treatments may be partially influenced by genotype, but it 

can be assumed that the other stated factors were controlled in the current study. Therefore, it can 

be speculated that the two tested adsorbents may influence firmness if fed for a prolonged period 

of time. Intramuscular fat (IMF) content decreased 18% and 15% respectively for loins from 

boars fed 70SFA and 90SFA diets compared to IMF content for loins from boars fed the CTRL 

diet. Past studies have suggested that backfat thickness, ad libitum feeding, genotype/breed, and 

dietary protein content can all influence IMF content in pork (Wood et al., 1986; Ellis et al., 
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1999; Wood et al., 2008). Effects on eating quality as a result of increased intramuscular fat 

percentage in pork remain a topic of debate; previous studies document both positive and null 

effects regarding the influence of intramuscular fat content (Rincker et al., 2008; Cannata et al., 

2010; Hocquette et al., 2010; Font i Furnols et al., 2012). Previous research on this area 

involving taste panel surveys and consumers’ visual perception of pork reported a range between 

2% to 3.4% intramuscular fat at which noticeable effects on sensory characteristics were detected 

(Brewer et al., 2001; Hocquette et al., 2010; Font i Furnols et al., 2012). Consumer perception of 

“marbled” cuts of pork in relation to intramuscular fat percentage also varies considerably 

(Hocquette et al., 2010). Based on the above information, we believe that the difference in IMF 

of pork from boars fed spent filter aid when compared with other groups in the present study is 

not sufficient to result in noticeable differences in overall eating quality. 

Amongst the reasons for consumers to reject cooked pork, the odour and taste of boar 

taint remains as the most important limitations for worldwide adoption of intact males for pork 

production (Lundström et al., 2009). The generally accepted threshold concentrations in fat for 

detection of boar taint (0.5 – 1.0 ppm for androstenone, and 0.2 – 0.25 ppm for skatole) have 

been used in many previous studies and have been determined based on sensory evaluations of 

consumers across countries (as reviewed by Walstra et al., 1999). The ultimate objective is to 

reduce incidence of boar taint of carcasses as detected in the slaughter line. The present study 

found that fat androstenone concentrations in boars fed HSCAS significantly decreased relative 

to the control boars at multiple sampling times, evident by comparisons between regression 

models and between each group’s actual values. Boars fed HSCAS for a shorter duration 

(90HSCAS) were, however, the only group significantly lower in fat androstenone (~29% lower) 

than CTRL at time of slaughter. Despite these findings, proportions of tainted carcasses did not 
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significantly differ between groups at either of the two threshold concentrations for fat 

androstenone. An inclusion level of 0.7% was used for hydrated sodium-calcium aluminosilicate 

in the present and preceding study; due to other active ingredients in the product itself, the level 

was chosen as per the recommendations of the supplier. Conversely, feeding this treatment diet 

for a longer duration, perhaps starting at the beginning of the grower phase, may be a future 

consideration when revising the study design. 

As body weight was found to be a significant covariate, it was included in the model 

together with time to assess effects on plasma androstenone concentrations. The two body 

weights of 88.9 kg and 109.8 kg respectively correspond to the 25th percentile and median of the 

dataset used to analyze concentrations of all steroids in the present study; these were arbitrarily 

chosen to visualize estimated regression models as produced by ANOVA. Interpreting the results 

at either body weight is equally valid; interpreting plasma androstenone at 88.9 kg BW projects 

the estimation models using the lower 25% of all pigs’ weights, while interpreting at the median 

projects models using a “typical” animal from this experiment. Regardless of chosen body 

weight, plasma androstenone levels for boars fed HSCAS starting at 70 kg BW were 

significantly lower than those of the control boars at day 42 and at slaughter, with decreases of 

43% and 17% respectively. If compared with the above findings in fat androstenone 

concentrations, it is unclear whether this has any implication in the effectiveness of these 

adsorbents to ultimately control boar taint at time of slaughter. There is inconclusive evidence 

with respect to a correlation between androstenone concentrations found in plasma and fat, with 

multiple studies reporting both positive (Andresen, 1976; Groth and Claus, 1977; Sinclair et al., 

2001a) and null (Malmfors and Andresen, 1975; Lundström et al., 1978; Bonneau et al., 1982) 

correlations. It has been postulated that fat androstenone levels are influenced by multiple factors 
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beyond simple circulating levels of androstenone, including physiological maturity, genetic 

potential of steroid biosynthesis, storage capacity of androstenone in fat, and proportion of 

unconjugated to sulfoconjugated androstenone in systemic circulation (Bonneau et al., 1982; 

Sinclair et al., 2001a; Sinclair and Squires, 2005; Sinclair et al., 2005; Laderoute, 2015). The 

overall increase in circulating levels of testicular steroids at puberty may be due to reduced 

metabolic clearance rather than an increased rate of steroid synthesis in the mature testes 

(Christenson et al., 1984). Sinclair et al. (2001a) suggested that a high concentration of 

androstenone in plasma at slaughter does not always result in a tainted carcass based on findings 

in correlation between androstenone found in plasma versus fat. This was supported in another 

study, in which androstenone levels in fat of Yorkshire boars of up to 6 months of age remained 

much lower than 0.5 µg/g while androstenone levels in plasma increased over five-fold between 

5 to 6 months of age (Sinclair et al., 2001b). In summary, despite decreases in both fat and 

plasma androstenone as reported after feeding hydrated sodium-calcium aluminosilicate-

supplemented diets to intact male pigs, none of the diets supplemented with mineral-based 

adsorbents reduced the number of tainted carcasses that may potentially bring an unsatisfactory 

eating experience for some consumers.  

 Plasma estrone sulphate concentrations decreased for all treatments compared with 

control boars with the exception of 70SFA. Estrone sulphate as measured in plasma and estrone 

in fat is considered a reliable indicator of steroid hormonal status and degree of sexual maturity 

(Babol et al., 1999); a sufficiently high level (approximated between ~15 – 17 ng/mL in 

Yorkshire boars) signifies advanced pubertal status in at least one study (Sinclair et al., 2001a). 

Estrone is known to undergo enterohepatic circulation along with conjugated testosterone, 

estradiol, and estriol (Roberts et al., 2002). The previous chapter concluded that feeding 15% 
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SFA or 0.7% HSCAS diets for 28 days did not affect concentrations of estrone sulphate in 

plasma of Duroc boars. Results from the current study demonstrate that longer feeding of dietary 

adsorbents provided evidence of an interruption of enterohepatic circulation of estrone sulphate. 

This result is also an interesting difference to findings in Chapter 3, in which SFA and HSCAS 

reported little to no binding to radiolabeled estrone sulphate (at values of 0.4% and 0.8%, 

respectively) in a pH 7.4 buffer in vitro system. SFA did, however, demonstrated a large capacity 

of binding for unconjugated estrone at a value of 63%. At this time, use of adsorbents to lower 

the levels of a compound known to go through enterohepatic circulation (estrone) may help to 

provide an indirect insight on the possible biliary excretion and metabolism of androstenone in 

the gastrointestinal tract of pigs.  

At least one study has reported a significant decrease in fat skatole using adsorbents of 

similar properties to those tested in this study. The proportion of carcasses with fat skatole levels 

greater than 0.25 µg/g decreased when boars were fed 0.5% clinoptilolite (a major component of 

zeolite mineral) (Baltic et al., 1997). More studies have focused on reducing skatole production 

and ultimately its accumulation in adipose tissue through feeding a source of dietary fibre, such 

as chicory inulin (Rideout et al., 2004; Whittington et al., 2004; Jensen and Hansen, 2006; 

Lanthier et al., 2006). Fat skatole concentration was chosen to be measured in the two in vivo 

studies for this thesis, as we were most concerned with its ultimate concentration in the carcass at 

time of slaughter. Unfortunately, most pigs in the present study and in the experiment from the 

previous chapter did not have detectable levels of skatole in their sampled adipose tissue to make 

in-depth comparisons. Previous research has found that a positive relationship exists between 

circulating estrone sulphate and fat and plasma skatole (Babol et al., 1999; Zamaratskaia et al., 

2004), and a negative correlation was seen between androstenone and activity of CYP2E1 and 
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CYP2A, the hepatic enzymes associated with skatole metabolism (Doran et al., 2002a; 

Zamaratskaia et al., 2011). Overall concentrations of skatole in pigs may have been low in this 

study due to efficient metabolism and excretion by their hepatic enzymes, due to relatively low 

levels of both estrone sulphate and fat androstenone. 

In conclusion, feeding diets supplemented with spent filter aid and hydrated sodium-

calcium aluminosilicates from 70 kg to 140 kg BW, or 90 kg to 140 kg BW generally did not 

impact growth and meat quality characteristics in intact male pigs. Decreased subjective firmness 

score as a result of feeding treatment diets for a prolonged duration is speculated, but the 

observed decreased intramuscular fat percentage is not believed to noticeably impact overall 

pork quality. Diets supplemented with 0.7% hydrated sodium-calcium aluminosilicate fed to 

crossbred intact male pigs for up to 68 days significantly decreased androstenone levels in fat 

when fed for a longer duration, and in plasma when fed a shorter duration. However, these 

effects did not lower the proportion of tainted carcasses at slaughter. Diets supplemented with 

spent filter aid and hydrated sodium-calcium aluminosilicate significantly decreased levels of 

plasma estrone sulphate in boars at slaughter. Further refinement of duration of treatment feeds 

may manipulate androstenone concentrations to decrease levels in circulation and possibly in 

adipose tissue.  
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CHAPTER 6: CONCLUSIONS AND GENERAL DISCUSSION 

6.1 Thesis Conclusions 

This thesis has previously proposed three objectives, which will be addressed in this chapter. 

 

Objective 1: To identify low-cost adsorbents with effective binding of androstenone, skatole, 

and/or estrone in vitro. 

 The influence of some sources of dietary fibre on bacterial fermentation in the hindgut of 

pigs serves as an effective intervention of skatole production/accumulation through diet (Claus et 

al., 2003; Mentschel and Claus, 2003; Rideout et al., 2004; Lanthier et al., 2006; Wesoly and 

Weiler, 2012). Examining dietary methods to influence concentrations of androstenone remains a 

novel area. This in vitro study was conducted to explore whether mineral adsorbents bentonite, 

diatomaceous earth, spent filter aid, and hydrated sodium-calcium aluminosilicate may possibly 

serve as effective binding agents against androstenone in addition to skatole. Estrone and its 

sulfoconjugate were also tested, as estrone is known to undergo enterohepatic circulation and 

therefore may have future implications in an animal model. The in vitro environment simulated 

the pH (7.4), temperature (37 °C), and transit time (30 minutes for androstenone, 10 hours for 

skatole) within the porcine gastrointestinal tract. 

 Binding of androstenone, estrone, estrone sulphate, and skatole simulate Michaelis-

Menten enzyme kinetics over the tested range of adsorbent concentrations. BNT and DE reported 

the highest capacity of binding against androstenone, with Bmax values of 77.7 ± 1.12% and 71.9 

± 1.93% respectively. BNT and SFA reported the highest Bmax against estrone with values of 

62.9 ± 7.69% and 62.5 ± 8.29% respectively. All adsorbents bound estrone sulphate with little to 

no capacity with Bmax ranging from 0.8 ± 0.46% to 4.3 ± 1.33%. SFA was the only adsorbent 

with high capacity for skatole with a Bmax of 89.9 ± 1.09%. 
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 To further describe the process of adsorbent-compound adsorption, Langmuir and 

Freundlich isotherm models were recruited as another means to quantify and compare binding. 

The binding between BNT and AND as well as SFA and skatole more appropriately fit the 

Langmuir model, which is characterized by identical but limited adsorption sites on the adsorbed 

layer that is one molecule thick. All other adsorbents with non-zero binding to other compounds 

more appropriately fit the Freundlich model, which is characterized by reversible adsorption 

through heterogeneous and multilayer surfaces. 

 The relatively high capacity of binding against androstenone by all of these mineral 

adsorbents prompted us to advance further into in vivo analyses. Effective binding of 

androstenone in the intestinal digesta may decrease its accumulation in fat via an effective 

interruption of its theorized enterohepatic circulation, ultimately lowering incidence of boar taint. 

Furthermore, effective binding of skatole in the hindgut by spent filter aid may contribute to the 

decreased prevalence of boar taint in carcasses by impeding adsorption of skatole into systemic 

circulation. 

 

Objective 2: To investigate the effects of mineral-based adsorbents on levels of androstenone 

and skatole in plasma and fat, growth performance, and basic carcass characteristics of purebred 

Duroc finisher boars. 

 Upon determination of inclusion levels for each of the four mineral adsorbents tested in 

the previous experiment, this study was conducted to examine effects of BNT, DE, SFA, and 

HSCAS on concentrations of fat and plasma androstenone, plasma estrone sulphate, and fat 

skatole in addition to performance and basic carcass quality in purebred Duroc intact male pigs. 

Inclusion of 2% BNT, 3.5% DE, 15% SFA, and 0.7% HSCAS in typical corn-soybean meal 
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finisher diets formulated to meet NRC (2012) requirements did not produce any changes in 

androstenone concentrations in both fat and plasma or estrone sulphate in plasma when boars 

were fed their respective diets for 28 days. Comparisons between treatments with respect to fat 

skatole levels were not possible as most pigs yielded non-detectable levels throughout the study. 

No differences in average daily gain, average daily feed intake, feed conversion ratio, and 

carcass measurements (hot carcass weight, Hennessy probe backfat and loin depth, ruler fat 

thickness, and loin eye area) were reported between treatment groups during the 28-day 

treatment period. This implies that these treatment diets would not compromise performance of 

finisher boars if fed at the determined inclusion levels for short-term periods. 

 There may be multiple reasons to explain the lack of treatment effects seen in this study. 

The transient increases in fat androstenone seen at the second sampling time point (day 14 of 

trial) is thought to be due to stress associated with mixing, as supported by previous studies 

which reported increases in androstenone concentrations in pigs upon mixing, transport, and 

confinement (Liptrap and Raeside, 1968; Fredriksen et al., 2006; Wesoly et al., 2015). Factors 

associated with pubertal onset, including genetics, age, body weight, nutrition, and social 

environment may also have confounded the results, as treatment coincided with ages (~5-6 

months) at which pigs undergo sexual maturation (Fàbrega et al., 2011). Steroidogenesis is 

impacted by breed and varies widely between individual pigs within a breed (Christenson et al., 

1984; Oskam et al., 2010; Lervik et al., 2011). It is also possible that the inclusion levels of the 

adsorbents, determined by a combination of previous in vitro binding results and 

recommendations provided by the Canadian Food Inspection Agency, may have been 

insufficient. Little to no presence of skatole accumulation in fat in the examined boars may be 

attributed to the low levels of estrone sulphate measured in plasma or the gastrointestinal 
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microflora developed from the boars’ previous environment. In addition to inclusion level of 

adsorbents in dry feed, adjusting the duration for which pigs are fed, perhaps feeding until 

slaughter, is another consideration for refinement of future study designs.  

 

Objective 3: To investigate the effects of feeding duration of adsorbent-supplemented feeds on 

levels of androstenone and skatole in plasma and fat, growth performance, and advanced meat 

quality characteristics of crossbred finisher boars. 

 Suggestions from outcomes of the previous feeding study prompted several changes to 

the experimental design prior to starting this study. While retaining the inclusion levels from the 

previous study, duration was adjusted in which the recovery period was removed and treatment 

diets were fed from start of trial to slaughter. Additives were narrowed to simply SFA and 

HSCAS in an attempt to reduce variation in androstenone concentrations by increasing sample 

size. These two adsorbents were selected upon speculating that their insignificant increases in 

plasma estrone sulphate over the course of the previous trial required further examination. 

Commercial crossbred boars were chosen for more practical relevance. Therefore, the primary 

purpose of this study was to examine the effect of feeding SFA and HSCAS for two different 

durations on concentrations of plasma and fat androstenone, fat skatole, and plasma estrone 

sulphate of boars. Secondly, effects on carcass and meat quality were assessed using several 

instrumental and subjective evaluations. 

 The last boar was slaughtered at 68 days of the study. Based on repeated measures 

comparisons between regression models, concentrations of plasma and fat androstenone of 

crossbred boars fed treatment diets added with 0.7% HSCAS from either 70 or 90 kg to 

approximately 140 kg body weight significantly decreased compared to the control group by the 

time the boars were killed. However, this did not significantly decrease the proportion of 
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carcasses above the generally accepted threshold range of 0.5 – 1.0 µg/g (fat androstenone) or 

0.20 – 0.25 µg/g (fat skatole). Skatole in fat was not detectable in most boars. Using the same 

analysis, concentrations of plasma estrone sulphate of all boars given a treatment diet with the 

exception of 70SFA was significantly lower than of control at time of slaughter. Treatment diets 

generally did not significantly impact growth and meat quality characteristics in intact males, 

with the exception of decreased subjective firmness scores for treatment diets that commenced 

their feeding at 70 kg (70SFA & 70HSCAS) and intramuscular fat percentage observed with 

diets added with SFA.  

 Despite the decreases in plasma androstenone concentrations in 70HSCAS-fed boars, no 

sound conclusions can be made with regards to its impact on controlling boar taint, as the 

relationship between levels of androstenone in plasma and those in fat is not yet fully known. 

Several studies have observed low levels of boar taint detected in carcasses despite high 

increases in plasma androstenone prior to slaughter (Malmfors and Andresen, 1975; Lundström 

et al., 1978; Bonneau et al., 1982; Sinclair et al., 2001b). Accumulation of androstenone in fat is 

thought to be influenced by factors beyond circulating levels of androstenone, such as 

physiological maturity, genetic potential of steroidogenesis, capacity for accumulation of 

androstenone in fat, and levels of circulating sulfoconjugated androstenone (Bonneau et al., 

1982; Sinclair et al., 2001a; Sinclair and Squires, 2005; Sinclair et al., 2005; Laderoute, 2015). 

At this time, the lack of treatment effects on the proportion of tainted carcasses provides the most 

conclusive evidence that extending duration of feeding diets added with spent filter aid or 

hydrated sodium-calcium aluminosilicate did not effectively control boar taint in crossbred 

boars. The numerical decreases in growth performance of treatment diets compared to the control 

group may have resulted from formulated diets that have yielded nutrient compositions below 
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NRC (2012) requirements upon feed analysis. They are not believed to be caused by the 

inclusion of adsorbents in the treatment diets. Pertaining to meat quality, lower subjective 

firmness scores evaluated for treatment diets fed for a longer duration may be attributed largely 

on the diet. However, other factors influencing fresh pork firmness are worth noting; this 

includes management, genetics, and carcass pH (Rincker et al., 2007). Significance of increased 

intramuscular fat percentage on eating quality is not yet clear and remains a topic of debate 

(Rincker et al., 2008; Cannata et al., 2010; Hocquette et al., 2010; Font i Furnols et al., 2012). 

The amount of which intramuscular fat percentage decreased in pork from boars fed spent filter 

aid is not believed to cause noticeable changes in overall eating quality. 

 

6.2 Implications & Future Research on Nutritional Approaches to Control Boar Taint 

 Suppression of testicular activity using anti-GnRH antibodies (immunocastration) is 

currently the most researched and effective alternative to surgical castration. Despite extensive 

knowledge on its efficacy and cost-benefit analysis for use in commercial pork production, 

neither the producers nor the consumers have readily accepted the product. The currently 

marketed vaccine requires two injections at two separate times per boar, which increases the 

amount of labour as well as cost associated with the vaccine itself. The practice of castration is 

both time-consuming and labour-intensive for producers. In addition, reluctance of commercial 

abattoirs to accept immunocastrated boars along with lack of information on the change in pork 

pricing or consumer perception towards this practice hinders its widespread use (Vanhonacker et 

al., 2009). In summary, research for effective alternatives to successfully control boar taint is 

challenged by the apparent obligation of taking producer, retailer, and consumer perception into 

consideration. 
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 Dietary approaches to decrease levels of boar taint compounds in fat are appealing due to 

its relatively low demand for labour. Chicory root, a dietary fibre, was previously reported to 

increase the activity of CYP2A1, 1A2, and 2E1 enzymes which are responsible for excretion of 

androstenone. When discussing the use of binding agents to control boar taint, only a handful of 

adsorbents have been tested at this time. Clinoptilolite, a zeolite mineral adsorbent, has 

previously been added in boar diets to control boar taint with mixed results (Baltic et al., 1997; 

Aluwé et al., 2009). In addition to mineral-based adsorbents, many other binding agents of 

varying origins that have been successful in binding select mycotoxins are available. Recent 

studies have examined adsorbents from organic biomass, including yeast cell wall extract, 

micronized plant fiber, hydrolysed lignin, and leonardite to name a few (Huwig et al., 2001; Di 

Gregorio et al., 2014; Zhu et al., 2016). Secondly, future studies must optimize the cost and 

benefits associated with this method, which must consider factors such as changes in feed 

ingredient costs, adsorbent costs, and pork pricing in addition to inclusion level and duration of 

feeding a treatment diet. We believe that the inclusion levels of adsorbent-supplemented feeds in 

this thesis were too conservative and inadequately supported by research on the toxicities of each 

adsorbent. The previous addition of 5% activated charcoal in feed by Jen and Squires (2011b) 

remains as the most plausible method in this area thus far. As previously discussed, reproduction 

of results is expected to be difficult if any of the above tested adsorbents are used again; this is 

due to the extensive variation in steroidogenesis evident in pigs regardless of breed (Fàbrega et 

al., 2011). 

This thesis relies on the theoretical assumption that androstenone undergoes 

enterohepatic circulation like estrone or testosterone. Despite Jen and Squires (2011b) providing 

indirect evidence, more direct methods to examine this phenomenon are required. Jen (2009) 
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proposed analysing concentrations of androstenone and estrogenic steroids in bile and digesta 

collected from a T-cannula upon injection of exogenous androstenone in the jugular vein and 

carotid artery. Use of radiolabeled androstenone to trace its movement within the body upon 

injection into systemic circulation may be another approach. To further elucidate microbial 

deconjugation of androstenone, several bacterial strains may be cultured upon collecting from 

the small intestines of slaughtered market-weight boars. Sulfoconjugated androstenone may be 

infused with cultures of individual strains then measured for unconjugated androstenone using 

HPLC after an overnight incubation.  

With regards to the control of boar taint, we believe that an alternative to surgical 

castration or immunocastration ought to be used in combination with other alternative methods 

to ensure taint-free pork. Advancements in genetic selection to reduce androstenone and/or 

skatole production/accumulation appear promising, especially through current research involving 

quantitative trait loci (QTL) markers located in multiple chromosomes that are closely associated 

with boar taint (Quintanilla et al., 2003; Lee et al., 2005; Varona et al., 2005). Any method that 

demonstrates an effective decrease in the number of tainted carcasses in the slaughter line must 

possess full practical application supported by multiple studies to address every stage of its 

development. This includes mechanisms of decreasing the boar taint compounds themselves, 

cost-benefit analysis, the acceptability of the method’s usage as viewed by both producers and 

consumers, and meat quality and sensory attributes. 

Through studies pertaining to welfare of pigs and potential performance benefits 

associated with raising intact males, legislation initiated by the European Union has challenged 

traditional practices which will bear worldwide economic implications in the near future (EFSA, 

2004). The impending reality of commercial husbandry of intact male pigs will inevitably lead to 
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increased aggressive and sexual behaviour amongst pen-mates (Fredriksen et al., 2006; Prunier et 

al., 2006). Whether this presents a significant loss of performance, or whether this affects the 

efficacy of the alternatives to castration due to increased stress is still not yet fully understood. 

Regardless, the elimination of surgical castration will improve animal welfare, but a new issue 

will be presented: whether or not same-sex housing of boars in crowded pens typical of intensive 

swine production is itself a welfare issue. 
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