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a b s t r a c t
Immunocastrated pigs (IC) exhibit intensive fat deposition after immunisation, but the underlying mechanisms
of intensiﬁed fat metabolism and deposition are not yet fully understood. Moreover, there is also a lack of comparative studies performed on IC, entire males (EM) and surgical castrates (SC). The main objective of our
research was, therefore, to characterise the adipose tissue from the quantitative, histo-morphological and
biochemical perspectives in IC 5 weeks after their immunisation in comparison to EM and SC.
Immunocastrated pigs had an intermediate position in carcass fatness traits between EM (the leanest)
and SC (the fattest). The histo-morphological traits of the subcutaneous adipose tissue of IC were similar
to those of SC and differed from those of EM; i.e., they exhibited larger adipocytes in the outer backfat
and a larger lobulus surface area in both backfat layers than EM. Intensive fat tissue development in IC
was corroborated with higher activities of lipogenic enzymes (i.e., fatty acid synthase, malic enzyme, glucose 6-phosphate dehydrogenase, citrate cleavage enzyme), which was especially pronounced in the subcutaneous adipose tissue of IC (1.5- to 2.7-fold higher activity than in EM or SC). The fatty acid composition
of the backfat in IC was similar to that in EM pigs. Both IC and EM exhibited less saturated and more polyunsaturated fatty acids than SC. In contrast, the fatty acid composition of the intramuscular fat of
longissimus dorsi muscle in IC pigs was more similar to SC than to EM (higher monounsaturated and
lower polyunsaturated fatty acid content in IC and SC than EM). In this study, it was demonstrated that
immunocastration notably inﬂuenced lipid metabolism. This was shown by increased quantity of lipid depots and with changes in adipose tissue cellularity compared to EM, with changes in the fatty acid composition of the intramuscular fat and enhanced lipogenic activity compared to both EM and SC. These results
provide new insights into the speciﬁcity of adipose tissue development and deposition in IC compared to
EM and SC.
© 2020 The Authors. Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications
Male sex category has a strong effect on pig carcass fatness. As surgical castration of male piglets without pain relief is being gradually
abolished in Europe, new alternatives are introduced, such as
immunocastration. The effect of immunocastration on fat metabolism
remains relatively poorly studied, especially from histo-morphological
and biochemical perspective. This study is providing a new insight
into underlying mechanisms responsible for intensive fat deposition in
immunocastrated pigs in comparison to entire males and surgical
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castrates and will help with the introduction of the new alternatives
to surgical castration.
Introduction
Castration of male piglets has been traditionally practised worldwide, aiming to prevent boar taint and male-speciﬁc (aggressive) behaviour. Surgical castration, especially when practised without
pain relief, is attracting increasing negative public response
(Prunier et al., 2006). Therefore, several alternatives, such as
immunocastration or raising entire males (EM), are being gradually implemented in many pig-breeding countries (Bonneau and
Weiler, 2019). Immunocastration is based on active immunisation
against gonadotropin-releasing hormone, which suppresses
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of backfat thicknesses were taken at the level of the withers
(i.e., between the ﬁrst thoracic and last cervical vertebra), at the
last rib and over the gluteus medius muscle (i.e., at the thinnest
backfat location), as previously detailed by Batorek et al. (2012b).
The leaf fat was excised and weighed. Backfat at the level of the withers (BFT W) (inner layer), longissimus dorsi (LD) and semispinalis
capitis muscles were sampled from the right side of the carcass.
The samples were frozen in liquid nitrogen and stored at − 80 °C
for less than 2 months until the determination of lipogenic enzyme
activities. Afterwards, samples (approximately 2 cm3) of backfat together with the dermis on the withers were dissected and ﬁxed in
10% buffered formalin until being further processed for histomorphological assessment. After cooling for 24 h, the left side of
the carcass was cut perpendicularly to the spine at the level of the
last rib to measure belly fatness and loin eye fat area (a detailed description is given in Batorek et al., 2012b). Tissue samples, including
backfat (at the withers and the level of the last rib) and LD muscle,
were sampled for determination of fatty acid composition. The intramuscular fat (IMF), protein and moisture content of the LD and
semispinalis capitis were assessed by near-infrared spectroscopy
(NIR System 6500, Foss NIS System, Silver Spring, MD, USA) using internal calibrations developed by the Agricultural Institute of
Slovenia with the prediction accuracy based on R2 of 0.97, 0.81,
0.82 and Sy.x of 0.30, 0.73, 0.65% for IMF, protein and moisture
content, respectively.

testicular development and steroid production by disrupting the
hypothalamic–pituitary–gonadal axis, causing hormonal (Brunius
et al., 2011), behavioural and metabolic changes in pigs. To
achieve the physiological effect of immunocastration, at least
two vaccinations against gonadotropin-releasing hormone must
be administered no less than 4 weeks apart. The ﬁrst vaccine application does not affect the physiological status of the pigs, which
retain similar to EM (Batorek et al., 2012a). After the second
immunisation, immunocastrated pigs (IC) switch their metabolism from an EM-like to a castrate-like and start to rapidly deposit
fat (Batorek-Lukač et al., 2016) due to altered glucose metabolism
(Le Floc'h et al., 2019), while the protein deposition levels remain
similar (Batorek-Lukač et al., 2016). Although enhanced fat deposition has been well characterised, the underlying physiological
and biochemical processes related to the lipid metabolism after
immunocastration are still not well understood.
There are several studies (Pauly et al., 2009; Mackay et al., 2013)
showing differences in the fatty acid composition between EM, IC
and surgical castrates (SC), generally indicating that the adipose tissue of EM contains higher proportions of polyunsaturated fatty acid
(PUFA) and lower proportions of saturated fatty acids (SFA) than SC.
However, reports on the fatty acid composition of IC are relatively
inconsistent, which can be ascribed to differences in experimental
conditions, particularly the delay between effective vaccination
and slaughter (i.e., the vaccination protocol) (Tavárez et al., 2014;
Harris et al., 2018). To the best of our knowledge, there are no available studies about the effects of immunocastration on lipogenic enzyme activities and histomorphology/cellularity of the adipose
tissue that could clarify the underlying mechanisms for fat deposition. Moreover, such studies are also scarce in EM and SC pigs. Besides, metabolic processes involved in production and deposition
of lipids are also important for the quality of pig meat (Wood et al.,
2008). In order to help with the introduction of the new alternatives
to surgical castration, it is important to better understand the biological processes involved in the determinism of lipid metabolism.
Therefore, the main objective of the present study was to determine
the effect of immunocastration as assessed by comparison to the
other two male sex categories (EM and SC pigs) on adipose tissue deposition and composition from a histo-morphological and biochemical perspective.

Histo-morphological traits
After ﬁxation, the backfat samples were dehydrated and embedded in parafﬁn. Subsequently, serial 5 μm histological sections were
cut in a vertical plane, stained with haematoxylin and eosin and
used for histo-morphometric analysis. Digital images of the histological sections were acquired with a Nikon Ni/U light microscope
equipped with a DS-Fi1 camera and analysed using NIS-Elements
Basic Research imaging software (Nikon Instruments Europe B.V.,
Badhoevedorp, The Netherlands). On each sample, dermis thickness
and histo-morphological parameters of the outer and inner backfat
layers were determined (Fig. 1). Composed images (Fig. 1A, Fig.
1B) were acquired by manually grabbing adjacent image frames
(at 4× objective magniﬁcation) and ﬁt them together to one large
image. Above and below the connective tissue layer separating the
outer and inner backfat layer, 6 regions of interest (three in the
outer and three in the inner backfat layer) were selected. Within
each region of interest, lobulus surface areas of all fully visible lobuli
were measured and subsequently the mean lobulus surface area for
each group was calculated. Afterwards, ﬁve lobuli were randomly
chosen from each region of interest (15 in the outer and 15 in
the inner backfat layer per sample) and the number of adipocytes
per lobulus was counted. The obtained number of adipocytes per
lobulus was divided with lobulus surface area to determine the number of adipocytes per unit of surface area (i.e., per mm2). Adipocyte
surface areas were measured from one lobulus from each region of
interest (3 in the outer and 3 in the inner backfat layer per sample). The mean number of adipocytes per unit of surface area and
the mean surface area of adipocytes inside randomly chosen lobulus
were calculated for each group.

Material and methods
Animals, carcass sampling and composition
The animals used in this study originated from a trial conducted by
the University of Hohenheim as part of the project SuSI (ERA-NET
SusAn). The trial was approved by the ethical committee of the regional
authority of Tübingen, Germany (ID HOH 47/17TH). A detailed description of the experimental design is presented in Kress et al. (2020). In the
present study, we used pigs from one slaughter batch, comprising 36
animals of commercial Landrace × Pietrain crosses. Animals were divided into three male sex categories: 12 EM, 12 IC and 12 SC. The pigs
from the SC group were surgically castrated within the ﬁrst week of
life, and the IC pigs were castrated with vaccination against
gonadotropin-releasing hormone (Improvac® vaccine, Zoetis) at
the ages of 12 and 21 weeks. During the entire fattening period,
pigs of all sexes received the same diet (Supplementary Table S1)
fed ad libitum. Average daily gain and daily feed intake of pigs were
recorded on the pen basis; average daily gain, average daily feed intake and ﬁnal BW are given in Supplementary Table S2. At the age of
26 weeks and average BW of 121.7 ± 1.6 kg (mean ± SEM), the animals were slaughtered according to the standard abattoir procedure. No differences in live BWs were detected between the
studied groups (Supplementary Table S2). After evisceration, the
carcasses were longitudinally split in two halves, and measurements

Lipogenic enzyme activities
Malic enzyme (ME), glucose 6-phosphate dehydrogenase
(G6PDH), citrate cleavage enzyme and fatty acid synthase activities
were determined in the backfat, ME, G6PDH and citrate cleavage
enzyme in semispinalis capitis muscle, and ME and G6PDH in the LD
muscle as it was previously described in Bazin and Ferré (2001).
Fatty acid synthase is the main enzyme responsible for the biosynthesis of palmitic acid, and ME and G6PDH are involved in providing
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Fig. 1. Representative photomicrographs of pig's backfat together with dermis, sampled at withers. (A) Micrograph of the longitudinal section composed of 30 adjacent image frames
shows the dermis and underlying hypodermis, which are separated by the connective tissue layer (CT) into the outer and inner backfat layer. (B) Enlarged micrograph of the outer
and inner backfat layer with one representative region of interest (ROI). (C, D) Higher magniﬁcation micrographs of an individual region of interest used for morphological assessment
of lobuli (C) and an individual lobulus used for adipocytes number/morphology assessment (D). Haematoxylin and eosin staining; scale bar 2000 μm (A), 1000 μm (B), 500 μm (C) and
200 μm (D).

trans-methylated, and fatty acid methyl esters were extracted with hexane. The samples were analysed using a Hewlett Packard 6890 Gas
Chromatograph (Agilent, Santa Clara, CA, USA) equipped with a
Supelco® SP-2560 Capillary GC Column (100 m × 0.25 mm i.d. × 0.20
μm; Supelco, Bellefonte, PA, USA) with a nitrogen as a carrier gas and
a ﬂame ionisation detector. More detailed method description is presented in Supplementary Material S1. Intra-assay CV of fatty acid analyses was 2.2%, while the inter-assay CVs were 10.5, 5.1, 2.9, 2.5 and 2.3%
for fatty acids with weight percentages of < 1, 1–5, 6–10, 11–20 and
>20%, respectively.

energy (i.e., NADPH) for reductive biosynthesis, while citrate
cleavage enzyme supplies acetyl-CoA, which is the main intermediate for fatty acid biosynthesis. All measurements were performed
in duplicate. Detailed description of the lipogenic enzyme activity
measurement is presented in Supplementary Material S1. The
lipogenic activities were expressed as nmol of reduced NADP per
minute per gram of tissue or as nmol of oxidised NADH/NADPH per
minute per gram of tissue. Intra-assay CVs of the lipogenic enzyme
activity measurements were 1.0, 3.7, 0.9 and 1.7%, while the interassay CVs were 3.8, 9.3, 2.0 and 4.9% for ME, G6PDH, citrate
cleavage enzyme and fatty acid synthase, respectively.

Statistical analysis
Fatty acid composition
One-way ANOVA with a sex category as a ﬁxed effect was performed
to test the statistical signiﬁcance of the obtained data using the R statistical software (version 3.6.1). In the case of signiﬁcant effect (P < 0.05),
Tukey's multiple pairwise-comparison test was used to compare the
means. The magnitude of differences in carcass fatness traits were

Approximately 100 mg of backfat or 500 mg of LD muscle (previously pulverised in liquid nitrogen) were weighed. Fatty acid composition analysis was performed as it was previously described in Škrlep
et al. (2020). Brieﬂy, the backfat and muscle samples were weighed,
3
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assessed between treatment groups using Cohen's d effect size method
according to the formula of Cohen (1988). Pearson correlation coefﬁcient was calculated between the selected traits (i.e., different fat depots, lipogenic enzyme activities and fatty acid composition) using the
R package hmisc.

Table 2
Histo-morphological traits of backfat at withers of EM, IC, and SC pigs.

Results
Growth performance
There was no difference in average daily gain between EM, IC and SC
(P > 0.10) (Supplementary Table S2). Prior to the second vaccination
(V2), average daily feed intake was similar in IC and EM, and in both
lower than in SC (P < 0.01), while after V2, average daily feed intake
of IC tended to be higher than in EM (P < 0.10) and similar to SC.
Fat deposition
Immunocastration signiﬁcantly affected fat deposition, but with different magnitudes at different anatomical positions (Table 1). In the
case of backfat thickness at the level of the last rib and leaf fat weight,
the IC pigs were intermediate between EM (the leanest) and SC (the fattest) (P < 0.001). In the case of backfat thickness above the gluteus
medius, loin eye fat area and belly fatness, IC were similar to EM, with
both groups being leaner than SC pigs (P < 0.001). No differences
in BFT W or LD IMF content were observed between the IC, EM and SC
(P > 0.10). However, the LD muscle of IC pigs exhibited higher protein
content than that of EM (P < 0.05). In the semispinalis capitis muscle,
the difference between the IC and EM for IMF was also not statistically
signiﬁcant; however, a large effect size was observed between the
groups (Cohen's d > 0.8) (Supplementary Figure S1).

Histo-morhological
traits

Male sex category
EM
(n = 12)

IC
(n = 12)

SC
(n = 12)

RMSE

P-value

Dermis thickness
(μm)
Outer backfat layer
Number of
adipocytes1
Adipocyte surface
area (μm2)
Lobulus surface
area (mm2)
Inner backfat layer
Number of
adipocytes1
Adipocyte surface
area (μm2)
Lobulus surface
area (mm2)

2601.0b

2128.0ab

1899.0a

496.28

0.005

247

221

194

53.3

0.064

3362.0a

4038.0b

4122.0b

634.35

0.012

0.48a

0.67b

0.67b

0.176

0.014

229

202

182

53.7

0.118

3499.0

3971.0

4621.0

1087.89 0.054

0.59a

0.93b

0.88b

0.246

0.006

EM = entire males; IC = immunocastrates; SC = surgical castrates; n = number of
animals.
a,b
Values within a row with different superscripts differ signiﬁcantly at P < 0.05.
1
Results are expressed as the number of adipocytes per mm2.

results of the statistical analysis showing intermediate position of IC in
the case of inner layer and similarity of IC with SC in the outer layer.
Considering the lobulus surface area in the inner backfat layer, IC exhibited values higher than EM and similar to SC (P < 0.01). The number of
adipocytes per unit of surface area in the outer and inner backfat layer
did not differ between the sex categories (P > 0.05). Immunocastrated
pigs exhibited intermediate dermis thickness compared to EM (the
thickest) and SC (the thinnest) (P < 0.01) (Supplementary Figure S2).

Histomorphological traits
Lipogenic enzyme activities and fatty acid composition

Immunocastration had an effect on the backfat tissue cellularity
(Table 2). For instance, in the outer backfat layer, the adipocyte surface
area and lobulus surface area of the IC were larger than those of the EM
(P < 0.05) and similar to those of the SC. However, in the inner backfat
layer, the adipocyte surface area of IC was intermediate (not different)
between those of EM and SC (P = 0.054). The presented distribution
of adipocyte surface area (Fig. 2) further elucidates and supports the

In the backfat tissue (BFT W), IC exhibited higher lipogenic enzyme
activities than EM and SC (Fig. 3A). Namely, in IC, the activity of ME was
1.8- and 2.0-fold higher (P < 0.001), the G6PDH activity was 1.5- and
1.5-fold higher (P < 0.001), the citrate cleavage enzyme activity was
2.7- and 1.9-fold higher (P < 0.001) and the fatty acid synthase activity
was 2.5- and 1.8-fold higher (P < 0.01) than the corresponding activities
in EM and SC, respectively. In the semispinalis capitis muscle (Fig. 3B), IC
had 1.4-fold higher ME activity than EM and similar ME activity to SC (P
< 0.001). Moreover, IC tended to have increased citrate cleavage
enzyme activity (2.1-fold; P < 0.100) compared to EM, while the
G6PDH activity did not differ between IC, EM and SC (P > 0.10). In the
case of LD muscle (Fig. 3C), IC had 1.3-fold higher ME activity than EM
(P < 0.05), which was similar to SC, while no differences were detected
among the sex categories for G6PDH activity (P > 0.10). Signiﬁcant correlations between semispinalis capitis IMF and ME (r = 0.51, P = 0.002),
as well as between semispinalis capitis IMF and G6PDH activities (r =
0.50, P = 0.002), were observed in the semispinalis capitis muscle (Supplementary Figure S3).
The content of SFA in the BFT W of IC was similar to that of EM and
lower than that of SC (P < 0.001) (Table 3). These differences were
mainly due to the lower concentrations of palmitic (C16:0) and stearic
(C18:0) fatty acids in IC and EM (Supplementary Table S3).
Immunocastrates tended to have increased monounsaturated fatty
acid (MUFA) content compared to EM (P < 0.10), but not to SC. In contrast, the C18:1n-9/C18:0 desaturation index in IC was similar to that in
EM and higher than that in SC (P < 0.01). The level of PUFA was higher
in IC and EM than in SC (P < 0.001).
Similarly, the backfat at the level of the last rib in IC and EM
contained a lower proportion of SFA compared to that in SC pigs (P <
0.001), while the proportion of MUFA in IC was intermediate (highest

Table 1
Carcass traits associated with the fat depots of EM, IC and SC pigs.
Carcass traits

Male sex category
EM
(n = 12)

Backfat thickness (mm)
BFT LR
17.0a
BFT above GM
8.9a
BFT W
31.2
Belly fatness (%)
27.2a
Leaf fat (g)
638.3a
Loin eye fat area (cm2)
10.5a
Longissimus dorsi muscle
IMF (%)
1.4
Protein content (%)
24.2a
Moisture (%)
74.2b
Semispinalis capitis muscle
IMF (%)
6.1a
Protein content (%)
20.4
Moisture (%)
73.3b

RMSE

P-value

26.8c
18.5b
33.9
41.2b
1425.8c
18.9b

3.88
3.35
5.16
5.40
245.16
3.84

<0.001
<0.001
0.424
<0.001
<0.001
<0.001

1.7
24.8b
73.6ab

1.8
24.8ab
73.2a

0.61
0.58
0.69

0.234
0.023
0.005

7.4ab
20.7
71.6a

7.7b
20.3
71.1a

1.44
0.92
1.35

0.030
0.564
<0.001

IC
(n = 12)

SC
(n = 12)

21.0b
12.2a
32.1
29.2a
914.1b
13.9a

EM = entire males; IC = immunocastrates, SC = surgical castrates; n = number of animals; BFT LR = backfat thickness at the level of the last rib; BFT above GM = backfat thickness above gluteus medius muscle; BFT W = backfat thickness at the level of the withers;
IMF = intramuscular fat content.
a,b
Values within a row with different superscripts differ signiﬁcantly at P < 0.05.
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Fig. 2. Density plot of the adipocyte surface areas in EM, IC and SC pigs in the (A) outer and (B) inner backfat layer sampled at the level of the withers. Dashed lines represent the mean
adipocyte surface area values. EM = entire male; IC = immunocastrated pigs; SC = surgical castrates.

(Carabus et al., 2017). With increased time elapsed between V2 and
slaughter, differences in the backfat thickness between IC and SC pigs
diminish (Poulsen Nautrup et al., 2018). Moreover, the interval between
V2 and slaughter was demonstrated to be linearly proportional to the
backfat thickness in IC pigs (Lealiifano et al., 2011). The present study
showed that the immunocastration differentially affected fat deposition,
depending on the tissue or anatomical location of the examined fat
depot. For instance, IC pigs were intermediate between EM and SC in
backfat thickness at the level of the last rib and the quantity of leaf fat,
while differences in backfat thickness at the withers and IMF content
in the LD were not evident among the sex categories. Differences in
the development of fat depots in IC could be explained by the differential response of separate fat depots to the stimuli for lipid deposition
(Berryman et al., 2011); alternatively, they might be inﬂuenced by the
maturity of the fat depots (e.g., IMF is a late-developing adipose depot
compared to leaf fat or backfat) (Henry, 1977). Indeed, different fat depots show different level of association (Supplementary Figure S4). The
present study thus suggests that leaf fat and backfat (at last rib) have
higher accretion intensity after immunocastration than the other fat
depots.
Rapid fat deposition after the effective immunocastration can be associated with diminished testosterone production (Brunius et al., 2011),

in SC and lowest in EM; P < 0.05). The SFA content in IC and EM compared to SC indicated the lower proportion of palmitic and stearic
acid, while the differences in MUFA reﬂected mainly oleic acid
(C18:1n-9) content (Supplementary Table S4). Immunocastrates were
also intermediate in terms of the proportion of PUFA, as EM and SC exhibited higher and lower values, respectively (P < 0.001).
In the LD, the proportion of SFA in IC was intermediate between the
proportions in SC and EM, which were the most and the least saturated,
respectively (P < 0.05). Considering MUFA, IC were more similar to SC,
with both groups having higher MUFA levels than EM (P < 0.001); this
was also reﬂected in their higher C18:1n-9/C18:0 desaturation index
(P < 0.001). The proportion of PUFA in LD of IC was also more similar
to that in SC, with both groups having lower values than EM (P <
0.001) mainly due to the lower content of linoleic (C18:2n-6) and arachidonic (C20:4n-6) fatty acids in IC and SC (Supplementary Table S5).
Discussion
In the present study, fat deposition increased from EM to SC, with IC
pigs being intermediate, which is in agreement with the meta-analytical
studies of Batorek et al. (2012a) and Trefan et al. (2013). After V2, the
rate of fat deposition has been reported to be similar in IC and SC pigs
5
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Fig. 3. Lipogenic enzyme activities in EM, IC and SC pigs. Activities of malic enzyme, glucose 6-phosphate dehydrogenase, citrate cleavage enzyme and fatty acid synthase in (A) backfat at
withers, (B) semispinalis capitis muscle and in (C) the longissimus dorsi muscle. Results are expressed as nmol of oxidised/reduced NADPH/NADP and NADH/NAD per gram of tissue. Error
bars represent SE of means. EM = entire males; IC = immunocastrated pigs; SC = surgical castrates; ME = malic enzyme; G6PDH = glucose 6-phosphate dehydrogenase; CCE = citrate
cleavage enzyme; FAS = fatty acid synthase; BFT W = backfat tissue at withers; SSC = semispinalis capitis muscle; LD = longissimus dorsi muscle. Different letters indicate signiﬁcant
differences at P < 0.05.
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EM), although the numerical values were lower, probably due to
lower lipid content in the muscle tissue. More precisely, IC and SC
exhibited higher ME activity in semispinalis capitis and LD muscles.
Nevertheless, ME has been reported to have a close relationship
with IMF deposition (Mourot and Kouba, 1998), which is in the present study supported by the signiﬁcant positive correlation between
ME and G6PDH activity with semispinalis capitis muscle (r = 0.5;
P < 0.05; Supplementary Figure S3).
The fatty acid composition is strongly inﬂuenced by castration. The
meta-analytical study of Pauly et al. (2012) demonstrated that the adipose tissue of IC had a similar fatty acid composition as that of SC, and
different from that of EM (i.e., a higher SFA content and lower PUFA content in IC and SC than in EM). In the present study, fatty acid composition of IC in the BFT W was similar to that of the EM pigs, appearing to
be also less responsive to a quantitative change in the fat depot. This
may also be a result of the relatively short time interval between V2
and slaughter. Although this interval is a standard interval recommended by the vaccine producer for pigs to eliminate boar taint, the signiﬁcant change in fatty acid composition is still not evident. With
increased time between V2 and slaughter, the backfat tissue would
probably become more similar to that of SC (i.e., more SFA and less
PUFA). The relationship between fatty acid composition and the time
between V2 and slaughter has been reported previously (Tavárez
et al., 2014; Harris et al., 2018). For instance, an increase in the time interval from 5 weeks to 7 and 9 weeks resulted in increased palmitic acid
and decreased PUFA content (i.e., linoleic and α-linolenic acids) (Harris
et al., 2018). Similarly, the proportion of PUFA was reduced when the interval between V2 and slaughter was prolonged from 2 to 8 weeks
(Tavárez et al., 2014). As already discussed, the present study revealed
increased lipogenic activity in the BFT W of IC compared to EM and
SC. Although no correlations were observed between the lipogenic enzyme activities and fatty acid compositions, notable correlations were
observed with the histo-morphological traits, conﬁrming a certain
level of association between lipid synthesis and fatty acid proﬁle. A
moderate positive correlation was thus found between adipocyte surface area with SFA and MUFA content in the inner BFT W (r =
0.46–0.49, P < 0.05) and a large negative correlation for PUFA content
(r = −0.65, P < 0.05) (Supplementary Figure S5).
The fatty acid composition of the backfat at the level of the last rib in
IC pigs was already intermediate between those of EM and SC in terms
of MUFA and PUFA proportions. As previously demonstrated in IC
(Asmus et al., 2014), fatty acid proﬁles change at different rates in the
different anatomical locations, being slower in the subcutaneous fat of
the jowl and clear plate (i.e., at the withers) than in backfat at the
level of the last rib or belly. In accordance with different rates of fatty
acid proﬁle changes, the LD fatty acid composition of IC was already
closer to that of SC. Differences in the SFA content seen in the present
study were mostly due to the increased proportion of palmitic acid,
which is the main fatty acid produced from de novo fatty acid synthesis.
The larger de novo lipogenic activity dilutes PUFAs, which are derived
entirely from the diet and cannot be synthesised de novo (Wood et al.,
2008). With a constant level of phospholipids in the IMF (Kouba et al.,
2003), increased lipogenic synthesis (i.e., increased ME activity in LD
in IC and SC compared to EM) probably resulted in higher SFA and consequently a lower PUFA proportion. The obtained results are in agreement with the study of Caldara et al. (2018), where the fatty acid
composition in the LD of IC was similar to that of SC. On the other
hand, a higher PUFA content in IC than SC was reported by Seiquer
et al. (2019) in the LD (5 weeks after V2).
Immunocastration also affected the proportion of MUFA, which is
determined either by dietary supply or elongation and desaturation of
de novo synthesised SFA (Mauvoisin and Mounier, 2011).
Immunocastrates and SC showed increased MUFA content in the BFT
W and in the LD compared to EM, while in the backfat at the last rib,
IC were intermediate between EM and SC. This is in contrast with the
previous papers reporting that there is no signiﬁcant difference in

Table 3
Fatty acid composition of fat depots of EM, IC, and SC pigs.
Fatty acid composition Male sex category1

RMSE P-value

EM (n = 12) IC (n = 12) SC (n = 12)
Backfat at withers
SFA
39.43a
MUFA
40.43
PUFA
20.14b
DI C18
2.74ab
Backfat at the level of the last rib
SFA
38.86a
MUFA
42.29a
PUFA
18.84c
DI C18
2.99
Longissimus dorsi muscle
SFA
38.22a
MUFA
34.82a
PUFA
26.96b
DI C18
2.35a

39.39a
41.85
18.76b
2.86b

42.77b
41.67
15.56a
2.55a

1.375
1.618
2.037
2.219

<0.001
0.079
<0.001
0.005

39.58a
43.86ab
16.55b
3.04

41.67b
44.44b
13.89a
2.92

1.169
1.685
1.876
0.190

<0.001
0.013
<0.001
0.293

39.40ab
40.21b
20.38a
2.76b

39.88b
42.97b
17.15a
2.99b

1.436
4.157
4.985
0.339

0.028
<0.001
<0.001
<0.001

EM = entire males; IC = immunocastrates; SC = surgical castrates; n = number of animals; SFA = saturated fatty acid content; MUFA = monounsaturated fatty acid content;
PUFA = polyunsaturated fatty acid content; DI C18 = C18:1n-9/C18:0 desaturation index.
a,b
Values within a row with different superscripts differ signiﬁcantly at P < 0.05.
1
Results are in g per 100 g of fatty acids.

allowing faster adipocyte proliferation and differentiation and fat mass
distribution (O'Reilly et al., 2014). The changes in gonadal steroid metabolism (i.e., immunocastration and surgical castration) caused increased lobulus surface area in both backfat layers and increased
adipocyte surface area in the outer backfat layer. To the best of our
knowledge, there is no available literature on how immunocastration
affects adipose tissue cellularity. However, a greater adipocyte volume
was reported for pigs surgically castrated at birth or at two months
than EM or SC castrated at the age of 4 months (Mersmann, 1984). It
is also worth noting that changes in the dermis thickness are probably
indicating reduced synthesis of extracellular matrix in IC compared to
EM in the period after V2, in agreement with previously reported reduced synthesis and degradation of collagen (Claus et al., 2007).
Adipose tissue is the major site of lipogenesis (O'Hea and Leveille,
1969), and de novo fatty acid synthesis represents more than 80% of
the deposited non-essential fatty acids in pigs (Kloareg et al., 2007).
Therefore, lipogenic enzymes could play a major role in different fat deposition capacity in male sex groups. In our study, the activities of the
four main lipogenic enzymes (i.e., ME, G6PDH, fatty acid synthase,
citrate cleavage enzyme) were determined. Higher lipogenic enzyme activities were observed in the examined inner layer of BFT
W of IC compared to EM, as well as SC. This partly agrees with the reports of Mackay et al. (2013), but in their case, both IC and SC exhibited higher fatty acid synthase protein expression than EM in the
belly subcutaneous fat. Inconsistencies among the studies could be
attributed to the use of different fat depots or to measuring fatty
acid synthase protein expression quantity and not fatty acid
synthase activity. This notable change in lipid metabolism was only
partly reﬂected at the histo-morphological level, where differences
in adipocyte surface area in the inner backfat layer were still not evident between IC and EM, while the lobulus area of IC was already
closer to that of SC. To the best of our knowledge, there are no reports on lipogenic enzyme activities in the adipose tissue on IC or
comparisons of all three sex categories (i.e., IC, EM and SC pigs).
The study of Yao et al. (2011) compared the expression of lipogenic
genes in adipose tissues of EM and SC at different ages (147 and
210 days) and demonstrated upregulated expression of fatty acid
synthase and acetyl-CoA carboxylase genes in the adipose tissue of
SC relative to EM pigs at 210 days along with increased triglycerides
and leptin levels in serum (Yao et al., 2011). In the analysed muscles,
the activities of lipogenic enzymes in IC compared to EM had a similar trend as in the backfat tissue (i.e., higher activity in IC than in
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MUFA content among IC (slaughtered 5 weeks after V2), EM and SC
(Pauly et al., 2009), or that there is no signiﬁcant increase in the mean
concentrations of MUFA in IC pigs (slaughtered 4–6 weeks after V2)
compared to EM, while the MUFA content was increased in SC
(Mackay et al., 2013). In the same study, the increased MUFA concentration in SC was not accompanied by increased stearoyl-CoA desaturase
protein expression. Stearoyl-CoA desaturase is responsible for
desaturation of SFA to MUFA (Mauvoisin and Mounier, 2011). In our
study, stearoyl-CoA desaturase activity was not determined. However,
the ratio between oleic and stearic fatty acids (i.e., C18:1n-9/C18:0
desaturation index), which is commonly used as an indirect indicator
of stearoyl-CoA desaturase expression/activity (Pauly et al., 2009), was
higher in IC than in SC in the BFT W and higher in both IC and SC than
in EM in the LD. Stearoyl-CoA desaturase expression is under the inﬂuence of hormonal regulation or nutrient intake. For example, insulin,
growth hormone and SFA are activators of stearoyl-CoA desaturase expression, while leptin and oestrogen are inhibitors of the stearoyl-CoA
desaturase expression (Mauvoisin and Mounier, 2011). Therefore, hormonal status of IC could also affect desaturation and consequently the
MUFA content.
In conclusion, the immunocastration caused intensive fat deposition,
which was most notably evident in increased lipogenic enzyme activity
and in histo-morphological traits (i.e., the process of hypertrophy in IC
compared to EM). As for the shift in fatty acid composition, the response
varied according to the fat depot and anatomical position, changing the
fatty acid proﬁle more slowly at the withers than at the last rib, while
the most pronounced fatty acid proﬁle change was observed in the LD
(closer to SC than to EM). However, these results were obtained in commercial hybrid pigs, selected for lean meat deposition. Further research
on different metabolic types of animals is needed, for instance fatty autochthonous breeds, to further elucidate what is the effect of
immunocastration on adipose tissue in pigs.
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