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Abstract

Boar taint is a persistent challenge in pork production, caused primarily by the accumula-
tion of androstenone and skatole in adipose tissue. It affects 5–40% of uncastrated male
pigs and is perceived negatively by a substantial proportion of consumers, with skatole
detectable by almost all individuals. Traditional surgical castration effectively prevents
boar taint but is increasingly criticized on animal welfare grounds. Immunocastration
using gonadotropin-releasing hormone (GnRH) vaccines has emerged as a promising al-
ternative, providing reversible suppression of reproductive function while maintaining
growth efficiency. This review integrates current knowledge on the biochemical basis
of boar taint, evaluates the performance of commercial vaccines such as Improvac® and
GonaCon®, and examines economic, regulatory, and consumer factors influencing adoption.
Immunocastration presents limitations due to variability in immune responses, the need
for multiple doses, and challenges related to public perception. To address these challenges,
intensive research is underway on single-dose formulations, precision adjuvants, and ad-
vanced delivery technologies, all of which are expected to drive the next generation of
immunocastration vaccines.

Keywords: immunocastration; boar taint; GnRH vaccine; androstenone and skatole;
Improvac; GonaCon

1. Introduction
Boar taint is an undesirable odour and flavour in pork derived from entire (uncastrated)

male pigs and represents one of the most significant barriers to the widespread use of
intact males in pig production [1]. Boar taint arises from the accumulation of lipophilic
compounds in adipose tissue, primarily androstenone, a steroidal pheromone, and skatole,
a microbial by-product of tryptophan degradation with a faecal odour [2]. When pork
meat is heated during cooking, these compounds volatilize, producing urine-, faecal-, or
sweat-like aromas that negatively impact consumer acceptance [3,4].

The economic importance of boar taint is considerable and it is typically present in the
meat of 5–40% of uncastrated male pigs [5]; however, this problem is nonexistent or minor
in meat from castrated pigs [4]. Consumer perception of boar taint varies considerably
between compounds. Sensitivity to androstenone is highly heterogeneous; around 40–50%
of the human population are partially or completely anosmic to it, while the remainder
perceive it often as unpleasant, though occasionally as neutral or even attractive. Women
tend to show higher sensitivity than men, with studies reporting 18–31% of consumers being
highly sensitive [6–8]. In contrast, skatole is detected by approximately 99% of consumers at
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very low concentrations and is consistently perceived as unpleasant. These two compounds
interact synergistically, with skatole often dominating overall odour perception unless
individuals are highly sensitive to androstenone, in which case androstenone becomes the
key determinant of rejection [3]. Consequently, consumer acceptability depends on both
compound concentrations and individual sensory sensitivity. Notably, reported sensory
thresholds vary, with androstenone typically detectable at ~500–1000 ng/g fat and skatole
at ~100–200 ng/g fat [9–12]. However, these thresholds are influenced by factors such as
genetic variability, cultural differences, and cooking methods. Despite extensive research,
variability in consumer responses and inconsistencies in sensory methodologies continue to
hinder standardisation and reliable risk assessment [1]. Hence, further research is needed
to clarify how cooking conditions influence the perception of boar taint. Additionally,
consumer studies are constrained by limited awareness and familiarity, as pork from
sexually mature boars is rarely encountered in the market, leaving most consumers without
prior exposure to its characteristic odour.

Traditionally, surgical castration, performed within the first week of life and involving
the removal of the testes, has been used to mitigate boar taint [1], reduce aggressive
behaviour, and promote fat deposition desirable for certain pork products. However, this
practice is now widely recognized as a major animal welfare concern due to the acute
pain and stress it induces, as well as potential long-term physiological consequences [1,13].
These impacts are evidenced by pronounced behavioural and physiological responses
during the procedure (e.g., screaming, resistance, elevated stress hormones, elevated heart
rate) [14]. Furthermore, surgical castration is associated with additional risks, including
infection and increased pre-weaning mortality. Although anaesthesia effectively reduces
intraoperative pain and analgesia alleviates postoperative discomfort, neither approach
alone provides comprehensive welfare protection. Their combined use, while more effective,
increases both costs and labour. Despite these concerns, castration remains prevalent in
major pork-producing regions, driven largely by meat quality requirements and consumer
preferences, as pork from intact males is more prone to boar taint and certain quality defects.
For example, it is estimated that approximately 75–93% of commercial male piglets are
still surgically castrated in countries such as Germany, France, and Denmark [15]. The
practice has also persisted due to outdated assumptions that neonatal animals experience
reduced pain. Alternatives to conventional castration include the use of anaesthesia and
analgesia during the procedure or the avoidance of surgical castration altogether. While
pain mitigation strategies improve animal welfare without compromising meat quality,
they introduce additional costs and do not eliminate all associated risks. Consequently,
legal requirements for pain mitigation during surgical piglet castration vary considerably
between countries, with differences in the mandatory use of anaesthesia, analgesia, or both,
as well as the age at which these requirements apply.

Avoiding castration may improve animal welfare by eliminating surgical pain; how-
ever, it can also lead to management challenges, including increased aggression and harmful
social behaviours among intact males. Immunocastration has emerged as a promising
alternative, though its adoption is limited by variability in response, the need for repeated
dosing, and ongoing concerns around consumer acceptance. Growing societal awareness
of animal welfare has driven legislative and policy developments at both regional and
global levels, including the recognition of animal sentience and efforts to strengthen wel-
fare standards. Within the European Union (EU), stakeholders committed to phasing out
surgical castration by 2018; however, implementation has been uneven and no harmo-
nized alternative has been widely adopted [1]. Divergent national approaches and market
considerations have impeded progress despite ongoing policy support.
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2. Biochemical and Physiological Basis of Boar Taint
2.1. Major Compounds and Sensory Thresholds

Boar taint results from the accumulation of two primary compounds in entire male
pigs, androstenone and skatole, with other substances such as indole contributing to a
lesser extent. Each of these compounds originates from distinct physiological and microbial
pathways and differs markedly in their metabolism, sensory properties, and contribution
to overall taint perception (Figure 1). Due to the impact on pork quality, these compounds
were subject to regulatory attention in the EU (Regulation 852/2004) where meat exhibiting
a pronounced ‘sexual’ odour was deemed unfit for human consumption, although this
provision was removed when the regulation was repealed and replaced by Regulation (EU)
2017/625, which no longer explicitly references sexual odour [1].

 

Figure 1. Schematic representation of the biological pathways contributing to boar taint in uncastrated
post-pubertal male pigs. Androstenone is synthesised in the testes from cholesterol precursors
under hypothalamic–pituitary–gonadal regulation (luteinising hormone [LH], follicle-stimulating
hormone [FSH], and gonadotropin-releasing hormone [GnRH]), while skatole is produced in the
gastrointestinal tract through microbial degradation of tryptophan. Both compounds accumulate in
adipose tissue and contribute to undesirable odours in pork when heated.

2.1.1. Androstenone

Androstenone (5α-androst-16-ene-3-one; Figure 1) is a testicular steroid produced in
the Leydig cells via pathways shared with testosterone biosynthesis and regulated by the
hypothalamic–pituitary–gonadal (HPG) axis [1]. Physiologically, its primary role is to signal
reproductive maturity in intact males (boars) and elicit mating behaviour and endocrine
responses in females (sows). Due to its lipophilic nature, androstenone is transported
in the bloodstream to peripheral tissues, where it preferentially accumulates in adipose
tissue. Its metabolism is relatively slow, largely due to the limited activity of key enzymes
(e.g., 3β- and 3α-hydroxysteroid dehydrogenases) in hepatic and extrahepatic tissues. This
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inefficient clearance promotes its persistence in fat, contributing to the characteristic urine-
or sweat-like odour associated with boar taint.

2.1.2. Skatole

Skatole (3-methylindole; Figure 1), in contrast, is produced in the hindgut through
microbial degradation of L-tryptophan, via intermediates such as indole-3-acetic acid [1,2].
Its formation is influenced by dietary tryptophan availability, gut microbiota composition,
and intestinal conditions, including digestive transit time and epithelial cell turnover,
which increase substrate availability for bacterial metabolism. Following absorption into
the bloodstream, skatole is transported to the liver where it is metabolized by cytochrome
P450 enzymes (known to play a predominant role in drug and xenobiotic metabolism) into
water-soluble products for excretion [2,16]. However, excessive microbial production or
impaired hepatic detoxification leads to accumulation in adipose tissue, where it produces
a strong faecal odour.

Notably, skatole metabolism is closely linked to endocrine status. Testicular steroids
suppress hepatic enzymes responsible for skatole clearance, resulting in higher skatole ac-
cumulation in intact males compared to castrates or females. This interaction highlights the
interplay between microbial production and host physiology. Accordingly, interventions
that reduce testicular activity, such as immunocastration, not only decrease androstenone
synthesis but also enhance hepatic skatole metabolism. Additionally, variability in ska-
tole metabolism has led to the identification of metabolic biomarkers associated with
efficient clearance or increased accumulation, further underscoring the complexity of its
regulation [17].

2.1.3. Indole

Indole (2,3-benzopyrrole), another microbial metabolite of tryptophan, contributes
minimally to boar taint compared to androstenone and skatole [5]. Although present at
lower concentrations, indole has been shown to correlate with sensory scores and may
contribute additively to overall odour perception. Nevertheless, its impact is considered
secondary, and most control strategies primarily target androstenone and skatole.

Collectively, the dual origin of boar taint, from endocrine (androstenone) and mi-
crobial/endocrine (skatole and indole) sources, highlights its multifactorial nature and
explains why single-pathway interventions (for example regulation of skatole level by
dietary changes [2]) often show inconsistent outcomes. Effective control strategies must
therefore simultaneously target both testicular steroidogenesis and microbial metabolite
accumulation. Among the available approaches, immunocastration is uniquely positioned
to address both pathways, providing a mechanism-based solution to boar taint suppres-
sion. The following section examines the biological basis and functional consequences of
GnRH-targeting immunocastration.

2.2. Modulators of Boar Taint

Boar taint is a multifactorial and highly variable trait influenced by biochemical,
genetic, and environmental factors, which together contribute to its inconsistent occurrence
in commercial production systems.

2.2.1. Genetic

The genetic background of pigs plays a major role with clear breed differences in
susceptibility (Table 1) [18]. For example, Duroc pigs typically exhibit higher androstenone
concentrations, while breeds such as Meishan show comparatively low levels. Other breeds,
including Large White, Landrace, Pietrain, and Hampshire, display moderate and variable
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susceptibility, with considerable within-breed variation driven by selection, nutrition, and
management.

Table 1. Variations in boar taint levels amongst common pig breeds [16,18–21].

Pig Breed Genetic Susceptibility to Boar Taint *

Duroc High; consistently elevated androstenone concentrations and
greater boar taint risk.

Landrace Moderate-high; variable, with some lines showing increased
skatole and androstenone levels.

Large White
(Yorkshire)

Moderate; typically lower androstenone than Duroc but higher
than low-taint breeds.

Hampshire Moderate; variability across genetic lines, with intermediate
taint risk.

Pietrain Low-moderate; typically lower androstenone levels, associated
with lean carcass traits.

Meishan Low; characteristically low androstenone accumulation.
* Values reflect general breed tendencies. Substantial within-breed variation occurs due to genetic selection, as
well as interactions with nutrition, housing, management, and slaughter conditions.

Here, genetic variation strongly influences the production, metabolism, and accumula-
tion of boar taint compounds, as well as the degree of sexual maturity at slaughter. Both
androstenone and skatole show moderate to high heritability, making genetic selection a
promising long-term, non-invasive, and welfare-friendly strategy for reducing boar taint
while supporting the shift toward raising entire males. Selective breeding programs, in-
cluding genomic selection and the use of genetic markers, have already produced low-taint
pig lines (e.g., by Topigs Norsvin [Norway] and Nucleus [France]) [13]. Recent research
has also identified specific genomic regions and candidate genes (e.g., CDK4, CRHBP,
CTDSP2, CYP27B1, and SDR4E1) associated with boar taint [22]. Breed-related differences
have also been shown to significantly influence androstenone accumulation in pigs, where
genetic line affects both baseline levels and responses to production factors [1,23]. For
example, entire males from Pietrain × Duroc × Large White crosses exhibit substantially
higher androstenone concentrations in backfat compared to Pietrain × Large White or pure
Pietrain lines, while immunocastrated pigs show no such breed-specific variation (Table 1).

This variability in dietary, husbandry, environmental, and genetic factors highlights
the complex interactions between endocrine regulation, microbial metabolism, and environ-
mental influences in determining boar taint. While individual strategies may reduce specific
compound concentrations, particularly skatole, they rarely address both major contributors
simultaneously. This limitation underscores the need for integrated approaches targeting
the underlying hormonal regulation of boar taint, with immunocastration emerging as a
promising strategy capable of modulating both endocrine and metabolic pathways.

2.2.2. Husbandry

Husbandry practices have been shown to strongly influence boar taint levels [24]. For
example, social stress in group-housed entire males has been shown to increase aggression
and mounting behaviour, associated with elevated androstenone [1,25]. Here, aggression
and dominance are linked to androgen activity and may promote earlier puberty, though
direct relationships between behaviour and taint remain unclear [13]. Further, housing
conditions are particularly important for skatole, where poor hygiene, high stocking density,
and contact with faeces can increase its absorption and deposition in fat, while clean
environments help reduce its levels [26]. Pre-slaughter handling and transport can further
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elevate boar taint compounds, as well as seasonal and physiological factors. Pigs raised
in autumn/winter were shown to reach puberty earlier due to shorter daylight exposure,
leading to higher hormone levels and increased skatole, although effects on androstenone
are less consistent [13,24]. Slaughter weight and age also influence boar taint, as heavier
pigs are generally more sexually mature; however, correlations between carcass weight and
androstenone or skatole levels are typically weak within common commercial ranges [13,27].
Overall, housing, management, and handling conditions are key environmental factors
contributing to variability in boar taint.

2.2.3. Dietary

Environmental and management factors further modulate boar taint development.
Among these, dietary composition is a key determinant, particularly of skatole synthesis in
the hindgut. Diets enriched with fermentable carbohydrates, such as inulin (from chicory),
sugar beet pulp, and raw potato starch, have been shown to reduce skatole production by
altering gut microbiota activity, limiting tryptophan availability, and decreasing intestinal
cell turnover [28–30]. Several studies have demonstrated reductions in skatole levels in
the intestine and adipose tissue with these dietary interventions, although results remain
inconsistent depending on inclusion levels, feeding duration, and experimental conditions.
Other approaches, including manipulation of dietary protein levels or the use of adsorbents
such as activated carbon, have shown limited or no consistent effects [31]. Hydrolysable
tannins may reduce skatole concentrations modestly, but their impact on sensory perception
is often minimal, and higher doses may negatively affect food intake. The use of antibiotics
to suppress skatole-producing bacteria has proven effective experimentally but is no longer
permitted in the European Union [32,33]. In contrast, nutritional strategies to reduce
androstenone are limited, as its production is primarily regulated by endocrine mechanisms.
One practical approach is to promote rapid growth, allowing pigs to reach slaughter weight
before sexual maturity and thereby limiting androstenone accumulation. This strategy is
widely used in systems producing lighter carcasses [13].

3. Boar Taint Control by Immunocastration
Immunocastration is a welfare-friendly alternative to surgical castration that con-

trols boar taint through active immunization against gonadotropin-releasing hormone
(GnRH) (formerly known as GnRF or LHRH), the central regulator of the HPG axis. GnRH,
a decapeptide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) produced by the hy-
pothalamus, stimulates the secretion of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH), which regulate testicular steroidogenesis and spermatogenesis (Figure 2).
Interestingly, due to their reversible contraception effects, GnRH vaccines have also been
investigated for human applications as a therapeutic vaccine against prostate cancer [34,35].

Due to the small size and low immunogenicity of GnRH as a self-peptide, effective
vaccines require conjugation to an immunogenic carrier protein and formulation with an
adjuvant to elicit a robust immune response. Following vaccination, anti-GnRH antibodies
bind endogenous GnRH, reducing its bioavailability below the threshold required to
sustain activation of the HPG axis (Figure 2). Consequently, LH and FSH secretion is
suppressed, leading to inhibition of Leydig cell function, reduced testosterone production,
and disruption of spermatogenesis. This endocrine suppression becomes pronounced after
the booster vaccination, when antibody titres peak, resulting in a functional shutdown of
the HPG axis and testicular activity. As a result, production of testicular steroids declines
rapidly. Because androstenone is synthesized in Leydig cells and accumulates in adipose
tissue, its concentrations typically fall below sensory or even analytical detection thresholds
within weeks of effective immunization.
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Immunocastration also indirectly reduces skatole accumulation. Although skatole
is produced in the hindgut via microbial degradation of tryptophan, its systemic levels
are regulated by hepatic metabolism. Testicular steroids normally inhibit cytochrome
P450 enzymes responsible for skatole clearance; thus, suppression of androgen production
enhances hepatic metabolism and reduces skatole deposition in fat. Consequently, skatole
levels in immunocastrated animals often decline to those comparable with surgically
castrated pigs.

Figure 2. Schematic illustration of immunocastration in post-pubertal male pigs. Vaccination induces
antibodies against endogenous gonadotropin-releasing hormone (GnRH), disrupting hypothalamic–
pituitary–gonadal regulation signalling and suppressing luteinising hormone (LH) and follicle-
stimulating hormone (FSH) release. This inhibition reduces testicular function and downstream
androstenone production, as well as indirectly lowering skatole accumulation, thereby preventing
boar taint in pork.

In addition to biochemical changes, immunocastration induces behavioural and
production-related effects consistent with reduced androgen activity. Following the second
vaccination, aggression, mounting, and sexual behaviours decrease, improving animal
welfare and reducing injury incidence. Growth performance also shifts from animals that
initially retain the efficiency and lean growth of entire males to following endocrine sup-
pression, and metabolism transitions toward that of castrated pigs, with increased feed
intake and altered fat deposition.

Several GnRH immunocastration vaccines exist across species, including Improvac®/
Improvest®, Bopriva®, Equity®, and GonaCon® (Table 2) [36]. These vaccines have been
extensively tested for dosage, immunization intervals, and potential reversibility in a large
number of domestic animal species, such as male pigs, mares and stallions, male goats, feral
female cattle, male cats or male dogs, as well as exotic companion and wildlife animals (e.g.,
elephants, elk, lions, giraffes) [37–39]. However, in Europe only Improvac® is approved for
pigs. Despite this, its adoption in the EU is low (about 2.8% of male pigs), largely due to
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uncertainty and limited experience among stakeholders [36,40–43]. In contrast, the vaccine
usage is more prevalent in Belgium (~15%), while in Brazil and Australia it exceeds 50%.

Table 2. Comparative summary of GnRH immunocastration vaccines [19,44–50].

Feature Improvac® GonaCon® Equity® Bopriva®

Manufacturer

Zoetis, Inc. (formerly
Pfizer Animal

Health, Parkville,
Victoria, Australia)

U.S. Department of
Agriculture’s

Wildlife Services
National Wildlife
Research Center

Zoetis

Zoetis (formerly Pfizer
Animal Health,

Parkville, Victoria,
Australia)

Antigen GnRF *-diphtheria
toxoid

GnRH-keyhole
limpet hemocyanin

(KLH)

GnRF *-diphtheria
toxoid

GnRF *-protein
conjugate

Dose Regimen Two-dose Single-dose Two-dose Two-dose

Adjuvant Diethylaminomethyl
(DEAE) dextran

AdjuVac™
(Mycobacterium avium

water-in-oil
emulsion)

Synthetic adjuvant
(not disclosed)

AdvaSure® (double oil
emulsion containing

DEAE-dextran and an
immune-stimulating

complex)

Target Species Domestic pigs

Wild horses and deer,
ground squirrels,
prairie dogs, wild

pigs, elk, kangaroo,
feral cattle

Horses Cattle

Duration of Effect ~22 weeks 1–2 years
(species-dependent)

3–6 months (mares);
6–12 months

(stallions)
3–4 months

Regulatory
Approval

Australia, New
Zealand, Europe,

Japan, Brazil, Mexico,
South Africa

United States
(wildlife only)

Australia and New
Zealand **

Australia, New Zealand,
Latin America

(including Mexico,
Brazil, Argentina, and

Peru)
* GnRF: Gonadotropin-releasing factor (historical term for GnRH). ** No longer manufactured or commer-
cially available.

3.1. Improvac

The first anti-GnRH product approved for widespread use in the swine industry was
Improvac®. Improvac is marketed by Zoetis, Inc. and is known to have been commercially
available in over 60 countries [51]. First approved in Australia in 1988 and later in Europe
in 2009, it is marketed globally under various trade names (e.g., Improvest®, Innosure®,
Vivax®). Notably, Improvac® is the sole product licensed for swine immunocastration in
Europe to reduce the boar taint in pork [52].

Improvac® consists of a synthetic GnRH analogue conjugated to diphtheria toxoid
(DT) as a carrier protein and formulated with diethylaminoethyl (DEAE)-dextran adju-
vant to enhance immune activation. Improvac® follows a two-dose regimen, with the
first dose priming the immune system and the second dose, administered approximately
4–6 weeks later, inducing high-titre anti-GnRH antibodies. This results in rapid suppres-
sion of LH/FSH secretion, reduced testosterone production, and consequent inhibition
of androstenone synthesis and indirect reduction of skatole accumulation. Consequently,
effective suppression of testosterone and testicular function within 1–2 weeks post the
second immunization, androstenone concentrations fall rapidly, typically reaching below
sensory detection thresholds prior to slaughter, and the effect is reversible, with reproduc-
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tive function gradually returning after antibody titres decline [53–55]. The duration of
effective suppression is limited (typically ~18–22 weeks), reflecting the waning of antibody
titres, necessitating precise timing of the second vaccination relative to slaughter [54,56,57].
Studies evaluating vaccination timing show that administering the second dose ~3–6 weeks
before slaughter optimizes boar taint suppression while maintaining favourable carcass
traits [58]. Importantly, research demonstrates that delayed second vaccination prolongs
the entire male growth phase, improving feed efficiency, and earlier second vaccination
increases fat deposition but ensures maximal taint control [58–60]. This tuneable response
is a major advantage of immunocastration compared with surgical castration, allowing
producers to strategically balance growth performance and meat quality.

A key limitation of Improvac® is the transient nature of the immune response, necessi-
tating booster vaccination to achieve effective and sustained endocrine suppression. Early
studies demonstrated that a single immunization produces insufficient antibody titres,
whereas a booster dose reliably induces castration-like physiological changes, including
reduced testosterone secretion and regression of reproductive tissues [55]. These findings
underpin the standard two-dose vaccination protocol, consisting of an initial priming
injection followed by a second activating dose administered 4–6 weeks prior to slaughter.
Further, Improvac® vaccination effectiveness varies between farms and individual animals,
with up to 3% of boars showing little or no response [52]. Factors such as stress, poor
welfare, illness, or vaccination errors can weaken the immune response. Animals that
do not show reduced scrotal size may be non-responders, and a third vaccine dose may
be considered.

3.2. GonaCon®

GonaCon® was developed by the U.S. Department of Agriculture’s Wildlife Services
National Wildlife Research Center and is primarily used for fertility control in wildlife
populations (Table 2) [61]. It consists of a GnRH analogue conjugated to keyhole limpet
hemocyanin (KLH) and formulated with AdjuVac™, a highly potent water-in-oil emul-
sion containing inactivated Mycobacterium avium [62,63]. The strong immunostimulatory
properties of AdjuVac™ enable single-dose vaccination, producing long-lasting immune
responses and, in many species, multi-year suppression of reproductive function. This
makes GonaCon® particularly suitable for free-ranging species where repeated handling
is impractical [64]. However, despite its efficacy, GonaCon® has limited applicability
in commercial livestock production due to high incidence of injection-site reactions and
granuloma formation and presence of mycobacterial components that may interfere with
tuberculosis diagnostics. Consequently, while GonaCon® demonstrates the feasibility of
long-lasting single-dose immunocastration, its use remains largely restricted to wildlife
management systems, whereas Improvac® remains the dominant vaccine in pig production
(Table 2).

3.3. Equity®

Equity (Zoetis) Equity® is a protein-based anti-GnRH vaccine for horses, mainly
used in Australia to suppress reproductive hormones, preventing oestrus in mares and
reducing stallion behaviour (Table 2) [37,65]. Administered in two doses four weeks apart,
it effectively reduces hormone levels and oestrus-related behaviour for at least three months.
Common side effects include injection-site reactions such as swelling and pain. Although
widely used in Australia and New Zealand for oestrus control in wild horses, it was not
licensed in the United States and has not been commercially available since 2010 [66,67].
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3.4. Bopriva®

Bopriva® (Zoetis), similar to Improvac® but designed for use in cattle, was introduced in
2007 in Australia and New Zealand [68,69], and is currently the only such product available
for bulls [64]. Bopriva, like Improvac®, is composed of a synthetic GnRH analog coupled
with the DT to act as an immunogenic carrier protein. Bopriva also makes use of the adjuvant
DEAE dextran, but unlike Improvac, Bopriva® couples DEAE dextran with another adjuvant
system, AdvaSure®. Bopriva® requires two doses: the first primes the immune system,
while the second triggers a strong antibody response within 7–14 days. Tested side-by-side
in boars, Improvac® and Bopriva® both increased GnRH antibody levels after the second
dose, leading to a sharp drop in testosterone and reduced sperm production [64]. However,
Bopriva® had a stronger and longer-lasting effect where testosterone remained suppressed for
a period of 10 weeks and sperm production and testicular development were more severely
impaired. In contrast, Improvac®-treated boars began to recover by around 8 weeks. Overall,
while both vaccines reduced testicular function, Bopriva® produced a more prolonged and
complete immunocastration profile. The contrasting profiles of Improvac® and GonaCon®

highlight a fundamental trade-off in GnRH vaccine design (Table 2), where achieving high
immunogenicity and long duration of action must be balanced against safety, tissue reactivity,
and regulatory acceptability. Current commercial success favours Improvac®, which provides
reliable efficacy with minimal carcass defects, despite the requirement for booster dosing.
In contrast, GonaCon® demonstrates superior durability but is constrained by safety and
regulatory limitations in food-producing animals.

Despite strong efficacy, implementation of immunocastration in commercial systems
presents practical challenges, including the requirement for two injections, increasing labour
and handling, the need for precise timing relative to slaughter, and variability in immune
response between animals. These factors directly influence consistency and adoption at
scale, particularly in large production systems where logistical simplicity is critical.

3.5. Influence of Immunocastration Timing

Over recent years, the average weight of pigs at slaughter in Australia has increased
(Pig Stats, 1998), driven by the efficiencies associated with the slaughter of heavier pigs [56].
The timing of the second Improvac® vaccination is a critical determinant of both boar taint
suppression and carcass composition. Normal vaccination procedure involves two injec-
tions at least 4 weeks apart; the first injection is given after 8 weeks of age and the second
injection 4–6 weeks before slaughter, although boar taint control is still effective as much
as 10 weeks after the second injection according to the manufacturer [70]. Administering
the second dose 2–4 weeks before slaughter ensures maximal suppression of androstenone
and skatole. Earlier administration leads to increased feed intake, greater fat deposition,
and reduced lean efficiency, whereas later administration preserves lean growth but risks
incomplete taint suppression if antibody titres have not fully developed [71,72].

Werner et al. found that early immunization of pigs (at weeks 3 and 7) with Improvac®

was feasible and easily integrated into standard management practices without negatively
affecting growth performance, behaviour, or welfare [71]. At the end of the two-dose study,
all animals were effectively rendered infertile; however, compared to the standard vaccination
schedule, early immunized pigs had higher and more variable testosterone, androstenone,
and skatole levels at slaughter, indicating less consistent control of boar taint. Meat quality
and fatty acid composition were not significantly affected by the immunization timing.

Further, Brunius et al. compared early (10 and 14 weeks) and standard (16/20 weeks)
Improvac® vaccination schedules, with all pigs slaughtered at 25 weeks, alongside surgi-
cally castrated and entire males [70]. In both vaccination groups, antibody titres increased
rapidly after the second dose, leading to marked reductions in testosterone and skatole
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to levels similar to surgically castrated pigs. At slaughter, vaccinated pigs had low an-
drostenone, skatole, and oestradiol levels, while entire male pigs presented elevated levels
of these compounds. Reproductive organs were reduced in size in vaccinated pigs, particu-
larly in the early vaccination group. Overall, early vaccination (10/14 weeks; prime/boost)
was as effective as the standard schedule (16/20 weeks; prime/boost) in suppressing boar
taint and testicular function.

Dunshea et al. evaluated the effectiveness of Improvac® in controlling boar taint in
pigs slaughtered at 23 or 26 weeks [56]. Vaccination, given 8 and 4 weeks before slaughter,
successfully induced strong anti-GnRH antibody responses, leading to reduced testicular size,
low testosterone levels, and suppression of reproductive function. Improvac® completely
eliminated boar taint, with all treated pigs showing androstenone and skatole levels below
detection or threshold limits, comparable to surgically castrated pigs, while many untreated
boars showed high levels. In addition, immunocastrated pigs grew faster after the second
vaccination, likely due to reduced aggressive and sexual behaviour, and showed better feed
efficiency and leaner carcasses than barrows (pigs castrated before reaching breeding age). The
vaccine was well tolerated, with no observed injection-site issues. A comparative summary of
the principal findings from these studies is presented in Table 3 below.

Table 3. Comparative summary of representative studies evaluating Improvac® vaccination schedules
in male pigs.

Study Design and Animals
Vaccination

Schedule and
Slaughter

Anti-GnRH
Antibody Response

Testosterone
Suppression

Androstenone and Skatole
Level Outcomes Reference

Commercial 2 × 3 factorial
study (n = 300 Large White
× Landrace cross- bred

males; n = 200 boars,
n = 100 barrows) Groups:

surgically castrated,
placebo-treated and
Improvac-treated.

Improvac at 15 and
19 weeks (slaughter

at 23 weeks)
Improvac at 18 and
22 weeks (slaughter

at 26 weeks).

Anti-GnRH
anti-bodies detected
in all vaccinated pigs
after the second dose;

absent in controls
except one transient

non-specific
response.

92% (46/50) of
vaccinated boars had

serum
testosterone < 2 ng/mL
four weeks after the
second vaccination.

Testis and
bulbourethral gland

weights decreased by
~50%.

All vaccinated pigs
remained below sensory

thresholds for
androstenone (1.0 µg/g fat)
and skatole (0.20 µg/g fat),
indicating effective control

of boar taint.

[56]

Comparative study of
n = 192 crossbred male pigs
(Swedish Yorkshire dams ×

Swedish Landrace or
Swedish York-shire sires)

allocated to surgically
castrated, early-vaccinated,

standard- vaccinated or
entire male groups.

Early vaccination: 10
and 14 weeks of age

(11 weeks be-fore
slaughter).

Antibody titres
increased rapidly
after the second

vaccination, although
titres were slightly

lower than the
standard schedule (at
2 and 4 weeks after

the second
vaccination).

Plasma testosterone
de-creased rapidly

after the second
vaccination and

remained low until
slaughter.

Mean fat androstenone:
169 ng/g (90–318 ng/g);

mean fat skatole: 25 ng/g
(20–32 ng/g). No

vaccinated pigs exceeded
sensory thresholds (1 µg/g

androsterone; 0.20 µg/g
skatole).

[70,71]

Comparative study of
n = 192 crossbred male pigs

(Swedish Yorkshire
dams × Swedish Landrace

or Swedish York- shire
sires) allocated to surgically
castrated, early-vaccinated,

standard-vaccinated or
entire male groups.

Manufacturer-
recommended

vaccination: 16 and
20 weeks of age (~5

weeks before
slaughter).

Rapid increase in
antibody titres after

the second
vaccination; titres

slightly higher than
the early-vaccination

schedule (detailed
above).

Plasma testosterone
declined rapidly after

the second
vaccination and

remained low until
slaughter.

Mean fat androstenone:
169 ng/g (90–317 ng/g);

mean fat skatole: 26 ng/g
(21–33 ng/g). No

vaccinated pigs exceeded
sensory thresholds (1 µg/g

androstenone; 0.20 µg/g
skatole).

[70,71]

Longitudinal study of
n = 55 male pigs from

Belgian Piétrain, French
Piétrain, and Cana dian

Duroc sire lines.

First vaccination at
~50 kg (8 weeks

be-fore slaughter);
second vaccination at

~80 kg (≥27 days
before slaughter).

Not directly assessed.

Serum testosterone
de-creased

significantly after the
second vaccination
across all sire lines.

One carcass (1.9%)
exceeded the androstenone

cut-off (2000 µg/kg) and
two carcasses (3.7%)

exceeded the skatole cut-off
(250 µg/kg); no carcasses

were classified as boar
tainted by sensory

assessment.

[73]
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Collectively, the studies summarised in Table 3 demonstrate that Improvac® effectively
induces immunocastration, resulting in rapid suppression of testosterone concentrations
and successful control of boar taint following the second vaccination. Despite differences in
study design, genetic background, and vaccination schedules, all studies reported reduced
reproductive function and androstenone and skatole concentrations that remained below
sensory thresholds in almost all vaccinated pigs. Both early and standard vaccination
schedules elicited strong anti-GnRH antibody responses and maintained low testosterone
concentrations until slaughter, although the early schedule showed slightly lower antibody
titres and greater variability in endocrine and boar taint outcomes. In contrast, the standard
manufacturer-recommended schedule generally produced more consistent testosterone
suppression and less variation in androstenone and skatole concentrations at slaughter.
Evaluation across three genetically distinct sire lines further confirmed the efficacy of
Improvac®, although a small proportion of carcasses exceeded established androstenone
or skatole cut-off values. Nevertheless, no carcasses were identified as boar tainted by
sensory assessment in that study. Overall, these findings highlight vaccination timing as
an important factor influencing the consistency of treatment outcomes while supporting
Improvac® as an effective strategy for controlling reproductive function and boar taint
under commercial production conditions [56,70,71,73].

4. Global Adoption, Regulation, and Consumer Perception of
Immunocastration
4.1. Adoption of Entire (Uncastrated) Pigs

Raising entire male pigs eliminates the welfare concerns associated with surgical cas-
tration, as it avoids the pain and stress of the procedure [1,13,14,74]. It also offers economic
and sustainability advantages, including reduced labour and processing costs, improved
feed efficiency, lower carbon footprint, and increased lean meat deposition due to hormonal
effects during puberty. These factors generally enhance production efficiency and can
improve carcass value. However, this approach presents several challenges. Entire males
exhibit increased aggressive and sexual behaviours, leading to injuries, higher stress levels,
and more demanding management conditions. Meat quality can also be compromised, with
lower intramuscular fat, reduced water-holding capacity, greater toughness, and poorer
suitability for processed products, particularly dry-cured items [14]. Additionally, their
fat is more unsaturated and softer, which negatively affects handling and product quality.
Notably, a key limitation remains the risk of boar taint, which varies depending on genetics,
management, and slaughter conditions. While behavioural traits are not reliable predictors
of taint compounds, targeted management strategies can help reduce their occurrence.
The adoption of entire male production varies widely across Europe. It is common in
countries such as the United Kingdom, Ireland, Spain, Portugal, and Greece, where pigs
are often slaughtered before puberty at lighter weights. In contrast, uptake is more limited
in countries like France, Germany, and Belgium, reflecting ongoing market and production
challenges [14,74].

4.2. Global Adoption of Immunocastration

Immunocastration has been developed as a welfare-friendly alternative to surgical
castration, but its adoption varies considerably across regions (Table 4) [42]. Although
the technology has been commercially available for over a decade and demonstrates clear
benefits in terms of feed efficiency, growth performance, meat quality, and effective control
of boar taint [75], its global uptake remains uneven. High levels of adoption are observed
in countries such as Brazil, Canada, and Australia, where production systems and market
structures have supported its implementation. In contrast, adoption within Europe has
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been relatively limited, despite strong policy support, including the European Declaration
promoting alternatives to surgical castration. Variability in stakeholder acceptance, market
requirements, and supply-chain coordination has constrained wider implementation, and
immunocastration is unlikely to become a universal solution across the EU. Similarly, in the
United States, although approved products are available (e.g., Improvest®, Table 4), uptake
remains low due to ongoing concerns regarding market acceptance and processing logistics.

These patterns indicate that the limited adoption of immunocastration is not due
to technical or biological shortcomings, but rather to socio-economic and supply-chain
factors. Farmers often express caution due to the need for additional training, management
adjustments, and clearer economic data on costs and returns. At the same time, consumer
awareness of immunocastration remains relatively low and differs across regions. Ac-
ceptance is primarily shaped by perceptions of animal welfare, meat quality, and food
safety, with some consumers perceiving trade-offs between these attributes that influence
willingness to pay. Notably, in some instances, administering immunocastration vaccines is
much easier than the procedure of physical castration, and obviously avoids the associated
risk of injury and treatment cost [76]. Consequently, effective communication plays a
critical role in adoption. Transparent, targeted information strategies, addressing both
industry stakeholders and consumers, are essential to improve understanding, reduce
misconceptions, and support informed decision-making. Together, these factors highlight
that the broader uptake of immunocastration will depend on coordinated efforts across the
supply chain rather than further technological development.

Table 4. International regulatory status and commercial adoption of Improvac®, and national
variations in pain-mitigation obligations for surgical piglet castration [77–84].

Country Regulatory Status National-Scale Adoption
of Improvac®

Legal Obligations * for
Surgical Piglet Castration;

Mandatory Age

Australia Licensed High for large producers;
Variable for smaller producers Anesthesia; >21 days

Canada Licensed
Used in integrated supply
chains; Variable for smaller

producers

Anesthesia and analgesia;
>10 days

China Registered Limited No legal mandates

Europe (EU) Authorized Increasing in some countries Anesthesia and analgesia;
>7 days

Japan Registered Moderate Not explicit statement
for use

New Zealand Licensed Increasing for large producers;
Variable for smaller producers Analgesia; all ages

Republic of Korea Registered Limited Not specified

United States FDA-approved
(Improvest® **) Limited Not specified

FDA: Food and Drug Administration (United States). * Legislative requirements for pain mitigation during
surgical piglet castration, including anaesthesia and/or analgesia where applicable. ** United States trade name
for Improvac®.

4.3. Regulatory Framework

Regulation of immunocastration is generally well established, particularly in regions
with strong veterinary oversight. In the European Union, Improvac®, the most widely
used immunocastration vaccine, was authorised by the European Medicines Agency in
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2009 for use in male pigs [36,85–87]. The vaccine is regulated as a veterinary medicinal
product and requires prescription-based administration, ensuring controlled and safe use.
Importantly, immunocastration is recognised as an immunological intervention rather than
a hormonal treatment, meaning it does not pose risks of hormonal residues in meat products.
This distinction is critical for regulatory acceptance and consumer safety assurance. In
addition, international regulatory bodies and veterinary organisations increasingly support
immunocastration as consistent with animal welfare objectives, particularly in comparison
to surgical castration performed without anaesthesia. Despite regulatory approval, policy
implementation varies. The EU has promoted a transition away from surgical castration,
but differences in national policies, supply-chain requirements, and retailer standards
have resulted in heterogeneous adoption patterns across member states. Outside Europe,
regulatory approval is also widespread, with immunocastration products licensed in more
than 60 countries, highlighting global recognition of the technology’s safety and efficacy.

4.4. Animal Welfare and Ethical Considerations

Animal welfare has been a major driver behind the development and promotion of
immunocastration. Surgical castration, often performed without anaesthesia, is widely
recognised as a significant welfare concern due to pain, stress, and risk of complications [86].
Immunocastration eliminates the need for invasive procedures, thereby reducing acute
pain and improving overall welfare outcomes. Immunocastration, as a viable welfare-
improving alternative, suppresses sexual and aggressive behaviours while avoiding the
negative impacts associated with surgery. However, some welfare considerations still exist,
particularly during the period before the second vaccination when animals may exhibit
behaviours typical of entire males (e.g., aggression and mounting). From an ethical per-
spective, immunocastration aligns with broader societal trends favouring non-invasive and
reversible interventions in animal production systems. It is often regarded as a compromise
between maintaining production efficiency and improving animal welfare, especially in
systems where raising entire males may present management challenges.

Interestingly, Baumgartner et al. compared behaviour in male pigs that were either
surgically castrated or immunocastrated with a GnRH vaccine under commercial condi-
tions [88]. Immunocastrated pigs were generally more active during the fattening period
but showed reduced activity (more lying and sitting) after the second vaccination. Over-
all levels of aggressive behaviour were similar between treatments; however, aggression
decreased significantly after the second vaccination in immunocastrated pigs, unlike in
surgical castrates. Mounting behaviour was slightly higher in immunocastrated pigs but
remained low, and no differences were found in play or social interactions. The results
indicate that immunocastration does not increase behavioural problems and provides
comparable or improved welfare outcomes compared to surgical castration.

4.5. Consumer Perception and Market Acceptance

Consumer perception remains a key constraint to the widespread adoption of im-
munocastration, despite its demonstrated welfare and production benefits. Concerns
primarily relate to food safety, perceived “hormone-like” effects, and distrust of unfamiliar
technologies, all of which can negatively influence purchasing decisions and willingness
to pay. These perceptions vary among consumer groups and are shaped by both prior
knowledge and communication. While providing information that immunocastration is a
vaccine-based method without residue risk can improve acceptance, misconceptions, such
as confusion with hormonal treatments, still occur [89].

Consumer awareness of pig production practices is generally limited, which further
influences attitudes. For example, only around 40% of consumers are aware of piglet
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castration practices, yet approximately 60% express a preference for immunocastration
over surgical castration [89]. Similarly, a large cross-country European study reported
that nearly 70% of consumers preferred vaccination and considered it equally effective for
controlling boar taint [89,90]. These findings suggest that stakeholder concerns regarding
low consumer acceptance may be overstated. However, consumer responses are not
uniform. Perceived health risks play an important role in shaping attitudes and purchasing
behaviour. In Italian consumers, immunocastration is generally viewed positively, but
varying levels of perceived risk influence willingness to pay, with higher acceptance among
younger, rural consumers and those more concerned with animal welfare [91]. Key factors
driving consumer decisions include animal welfare, meat quality, and food safety, with
some individuals perceiving trade-offs between these attributes.

Sensory studies further highlight the importance of meat quality in consumer ac-
ceptance. Across multiple European countries, pork from immunocastrated pigs shows
significantly higher acceptance than meat from entire males, which is often rejected due
to boar taint. In many cases, sensory attributes such as odour, flavour, and overall liking
are comparable to those of surgically castrated pigs [92], supporting immunocastration
as an effective strategy to maintain product quality. However, sensitivity to boar taint
compounds, particularly skatole, remains a key determinant of consumer rejection.

The influence of expectations and information framing is also evident. Font-i-Furnols
et al. identified distinct consumer segments, ranging from supportive to opposed, and
demonstrated that acceptance can depend on how information about production methods
is communicated [93]. Notably, providing more detailed or complex information does not
always significantly alter attitudes, suggesting that consumer perceptions may be relatively
stable rather than easily shifted through education alone [94].

Finally, supply-chain actors, particularly retailers, play a critical role in shaping market
adoption. Even where consumer acceptance is moderate to high, perceived risks of negative
consumer reactions can limit industry uptake. As a result, successful implementation
depends not only on actual consumer attitudes but also on stakeholder confidence. Clear,
transparent communication regarding food safety, pricing, and eating quality will therefore
be essential to reduce misconceptions and support broader adoption of immunocastration.

5. Immunocastration Outlook and Innovation
Despite the proven efficacy of commercial immunocastration vaccines against boar

taint, several scientific and technological advancements are being explored to address key
limitations [1,5,95,96]. One of these objectives is the design of single-dose, long-acting
formulations capable of inducing sustained reproductive suppression without the need for
booster injections [97]. Achieving this goal depends on improving both antigen (namely a
GnRH-carrier protein conjugate) persistence and immune programming (namely efficacy
of a vaccine adjuvant).

Recent advances in vaccinology highlight that durable immunity is driven by coor-
dinated control of antigen kinetics, lymphatic trafficking, and germinal centre responses,
rather than antigen dose alone. This has reinforced interest in controlled-release platforms,
where antigen availability is extended over time to mimic natural infection dynamics
and promote long-lived plasma cell formation. In this context, depot-forming systems,
water-in-oil emulsions (e.g., AdjuVac™) and biodegradable polymer carriers (e.g., EPV-
608) are particularly valuable because they maintain antigen presentation while continu-
ously stimulating innate immune pathways. Along the same lines, vaccine efficacy was
boosted through modification of GnRH carrier system. Namely, GnRH conjugated to pig
T helper epitope was derived from the swine flu virus, and polymethylacrylate, upon
self-assembling into nanoparticles, generated high anti-GnRH IgG titres after both single
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subcutaneous or oral immunization of pigs [98]. The physicochemical properties of these
formulations, including oil and polymer composition and stability, play a critical role in
determining both immunogenicity and duration of effect. Collectively, these strategies
aim to extend the duration of GnRH suppression while reducing reliance on the current
two-dose protocols used in vaccines such as Improvac®. However, it is important to note
that most of these technologies remain at the experimental stage, where validation in
pigs is limited, and few studies have demonstrated consistent, long-term reproductive
suppression under commercial conditions.

Modern vaccine delivery technologies further support this strategy. Needle-free injec-
tion systems, particularly electromagnetic jet injectors, have gained increasing attention in
veterinary medicine [99–101]. These devices deliver vaccines intradermally by propelling
a high-velocity liquid stream through the skin, enabling precise deposition of antigen
within dermal immune cell networks. In addition to improving operator safety by elim-
inating needlestick injuries, these systems reduce carcass defects associated with needle
punctures and remove the risk of broken needles in meat products. Studies in swine have
shown that needle-free delivery of vaccines against pathogens such as classical swine
fever virus (CSFV), porcine reproductive and respiratory syndrome virus (PRRSV), and
porcine circovirus type 2 (PCV2) result in enhanced antibody responses, faster serocon-
version, and stronger cell-mediated immunity compared to conventional intramuscular
injection [73,102–104]. These findings suggest that such technologies may also enhance the
performance of immunocastration vaccines by improving antigen targeting to cutaneous
antigen-presenting cells.

Alternative non-invasive delivery strategies, including oral and intranasal vaccination,
offer practical advantages for large-scale livestock systems by enabling mass administration
and reducing animal handling [105]. However, these approaches present significant techni-
cal challenges. Intranasal delivery primarily stimulates mucosal IgA responses, which are
insufficient for effective immunocastration, as suppression of the HPG axis requires strong
systemic IgG responses. Oral vaccines face additional barriers, including degradation by
gastric acid, digestive enzymes, and the intestinal microbiota, as well as limited absorp-
tion of antigen into systemic circulation. Overcoming these challenges requires advanced
formulation strategies, such as encapsulation within liposomes, nanoparticles, or polymer
matrices, combined with effective mucosal adjuvants [98]. Despite their theoretical advan-
tages, these technologies remain under development and require further optimisation for
application to small, unstable peptide antigens such as GnRH.

Nucleic acid-based vaccines represent another promising frontier. DNA and mRNA
platforms offer rapid design, scalability, and the potential to induce strong humoral and
cellular immune responses [106–109]. While DNA vaccines have been explored in wildlife
fertility control, and mRNA technologies have demonstrated global feasibility in human
vaccination, their application to GnRH immunocastration is more complex. The small size
and low intrinsic immunogenicity of GnRH mean that constructs encoding the peptide
alone typically fail to induce adequate antibody responses. To overcome this limitation,
several strategies are being investigated, including antigen multimerization, incorporation
into self-assembling nanoparticle systems, fusion to carrier proteins containing T-helper
epitopes, and inclusion of molecular adjuvants or immunostimulatory sequences [109].
Although these approaches show promise, their practical application in livestock sys-
tems remains constrained by high production costs, cold-chain requirements, formulation
stability challenges, and regulatory considerations.

Precision adjuvant design focuses on using defined particulate systems, saponin-
based formulations, polymer carriers, and pattern-recognition receptor agonists to achieve
targeted activation of the immune system [110,111]. These systems aim to enhance antigen
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delivery and promote controlled activation of innate and adaptive immune responses
while minimising local tissue reactivity. The goal is to generate strong, durable antibody
responses with improved safety profiles, particularly compared to traditional mineral-oil or
mycobacterial adjuvants, which are often associated with injection-site reactions. Further,
for a balanced immune response, Th2-associated pathways are essential for generating
high-titre antibody responses necessary for GnRH neutralisation, while a controlled Th1-
associated component enhances antigen presentation and immune priming [110–112].
Importantly, excessive pro-inflammatory responses must be avoided to minimise tissue
damage and improve carcass quality. Recent veterinary studies suggest that precision
adjuvants can achieve more predictable immune activation and reduce adverse effects
compared with conventional formulations, highlighting their potential to improve both
vaccine efficacy and safety.

Advances in vaccine formulation, delivery systems, and adjuvant design provide a
strong foundation for the development of next-generation immunocastration technologies.
Addressing current limitations, particularly the need for multi-dose regimens, variability
in immune response, and risk of injection-site reactions, will be essential for improving
consistency and scalability in commercial production. Ultimately, the successful evolution
of immunocastration vaccines will depend on achieving a balance between efficacy, safety,
cost-effectiveness, and practical implementation. Continued innovation in these areas will
be critical to enhancing animal welfare, improving production efficiency, and strengthening
consumer confidence, positioning immunocastration as a key component of sustainable
pig production systems.

6. Conclusions
Boar taint remains a multifactorial challenge in modern pork production, influenced

by endocrine, microbial, genetic, nutritional, and management-related factors. Among the
available mitigation strategies, immunocastration represents one of the most comprehensive
approaches, as suppression of the hypothalamic–pituitary–gonadal axis simultaneously
reduces androstenone production and enhances hepatic clearance of skatole while avoid-
ing the animal welfare concerns associated with surgical castration. Commercial GnRH
vaccines, such as Im-provac®, have demonstrated effective control of boar taint while
maintaining favourable production performance and improving animal welfare. However,
broader implementation continues to be influenced by practical considerations, including
vaccination logistics, variability in individual immune responses, regulatory requirements,
economic factors, and consumer acceptance. These challenges highlight that successful
adoption depends not only on biological efficacy, but also on coordinated engagement
among producers, processors, regulators, retailers, and consumers.

Despite the substantial welfare and production benefits of immunocastration, several
practical limitations remain. Treatment success depends on correct vaccine administration
and appropriate timing of the second vaccination, while a small proportion of animals may
remain non-responders despite vaccination. Although injection-site reactions are generally
uncommon with Improvac®, local reactions have been reported for some immunocastration
vaccines and should continue to be monitored. Commercial implementation also requires
additional labour for booster administration, and optimisation of vaccination timing must
balance carcass composition with reliable boar taint control. While earlier immunocas-
tration may provide greater management flexibility and maintain favourable production
performance under some production systems, it is generally associated with greater vari-
ability in endocrine suppression and boar taint control than the standard two-dose regimen.
Furthermore, broader adoption continues to be influenced by retailer acceptance, consumer
misconceptions regarding vaccine safety, and the need for practical monitoring strategies
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to identify treatment failures before slaughter. Future research should focus on optimising
vaccination schedules and advancing adjuvant technologies to improve treatment consis-
tency, facilitate effective single-dose immunocastration, and minimise the greater variability
currently associated with earlier vaccination strategies.

Continued advances in vaccine design are expected to further strengthen the role of
immunocastration in swine production. Improvements in antigen design, adjuvant systems,
controlled-release formulations, and alternative delivery platforms may enhance vaccine
safety, efficacy, and the magnitude and duration of immune responses while reducing
reliance on conventional two-dose vaccination schedules. As these technologies mature
and stakeholder confidence grows, immunocastration is well positioned to become an
increasingly practical and sustainable strategy for balancing animal welfare, meat quality,
and production efficiency. Accordingly, immunocastration is likely to play an important
role in continued future pork production systems, supporting the transition toward more
welfare-conscious and sustainable approaches to boar taint management.
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82. Čandek-Potokar, M.; Batorek Lukač, N. Alternatives to surgical castration in pigs. Bulg. J. Anim. Husb. 2015, 52, 41–51.
83. Needham, T.; Lambrechts, H.; Hoffman, L.C. Castration of male livestock and the potential of immunocastration to improve

animal welfare and production traits: Invited Review. S. Afr. J. Anim. Sci. 2017, 47, 731–742. [CrossRef]
84. Atallah, E.; Pesenti Rossi, G.; Soares Filipe, J.F.; Dalla Costa, E.; Mazzola, S.M.; Minero, M.; Pecile, A.; Motta, A.; Barbieri, S.

Assessing salivary cortisol and testosterone as non-invasive biomarkers for GnRH-immunocastration efficiency in heavy pigs.
BMC Vet. Res. 2025, 21, 253. [CrossRef] [PubMed]

85. Kress, K.; Millet, S.; Labussière, É.; Weiler, U.; Stefanski, V. Sustainability of pork production with immunocastration in europe.
Sustainability 2019, 11, 3335. [CrossRef]

86. Staff. Zoetis Receives European Commission Marketing Authorization for IMPROVAC® in Female Pigs. Available
online: https://www.3tres3.com/en/company_news/zoetis-receives-ec-marketing-authorization-for-improvac%C2%AE-in-
females_18930/ (accessed on 11 June 2026).

87. Baumgartner, J.; Laister, S.; Koller, M.; Pfützner, A.; Grodzycki, M.; Andrews, S.; Schmoll, F. The behaviour of male fattening pigs
following either surgical castration or vaccination with a GnRF vaccine. Appl. Anim. Behav. Sci. 2010, 124, 28–34. [CrossRef]

88. Vanhonacker, F.; Verbeke, W.; Tuyttens, F.A.M. Belgian consumers’ attitude towards surgical castration and immunocastration of
piglets. Anim. Welf. 2009, 18, 371–380. [CrossRef]

89. Vanhonacker, F.; Verbeke, W. Consumer response to the possible use of a vaccine method to control boar taint v. physical piglet
castration with anaesthesia: A quantitative study in four European countries. Animal 2011, 5, 1107–1118. [CrossRef] [PubMed]

90. Di Pasquale, J.; Vecchio, Y.; Martelli, G.; Sardi, L.; Adinolfi, F.; Nannoni, E. Health risk perception, consumption intention, and
willingness to pay for pig products obtained by immunocastration. Animal 2020, 10, 1548. [CrossRef] [PubMed]
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