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c University of Hohenheim, Garbenstraße 17, 70599, Stuttgart, Germany
d Faculty of Agriculture and Life Sciences, University of Maribor, Pivola 10, SI-2311, Hoče, Slovenia
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A B S T R A C T

This study examined the effects of immunocastration and surgical castration on the histomorphometric and
transcriptome traits of the porcine skeletal muscle. We hypothesized that the differences in duration of androgen
deprivation resulting from different castration methods influence skeletal muscle biology in a muscle-specific
manner. This was tested by analyzing samples of m. longissimus dorsi (LD) and m. semispinalis capitis (SSC)
from immunocastrated (IC; n = 12), entire male (EM; n = 12), and surgically castrated (SC; n = 12) pigs using
enzyme/immunohistochemical classification and histomorphometric analysis of myofibers, quantitative PCR,
and RNA sequencing. The results confirmed the distinctive histomorphometric profiles of LD and SSC and the
castration method related muscle-specific effects at the histomorphometric and transcriptome levels. Long-term
androgen deficiency (surgical castration) significantly reduced the proportion of fast-twitch type IIa myofibers in
LD (P < 0.05), whereas short-term androgen deprivation (immunocastration) reduced the cross-sectional area of
oxidative type I myofibers in SSC (P < 0.05). At the transcriptional level, glycolytic LD adapted to long- and
short-term androgen deprivation by upregulating genes controlling myoblast proliferation and differentiation to
maintain fiber size. In contrast, increased protein degradation through the ubiquitin ligase-mediated atrophy
pathway (significantly increased TRIM63 and FBXO32 expression; P < 0.05) could underly reduced cross-
sectional area of type I myofibers in the oxidative SSC in IC. Potential candidate genes (HK2, ARID5B, SER-
PINE1, and SCD) linked to specific metabolic profiles and meat quality traits were also identified in IC, providing
a foundation for studying the effects of immunocastration on skeletal muscle fiber and carcass/meat quality
traits.

Abbreviations: ACC, acetyl CoA carboxylase; ACTB, actin beta; AMPK, 5′-adenosine monophosphate-activated protein kinase; ANKRD1, ankyrin repeat domain 11;
AR, androgen receptor; ARID5B, AT-rich interaction domain 5B; ATF3, activating transcription factor 3; BTG2, BTG anti-proliferation factor 2; CEBPB, CCAAT/
enhancer-binding protein-β; CRYAB, crystallin alpha B; CSA, cross-sectional area; Ct, threshold cycle; DEGs, differentially expressed genes; ECM, extracellular matrix;
EGR1, early growth response 1; EM, entire male; ER, estrogen receptor; FAS, fatty acid synthase; FBX32, F-box protein 32; FOXO1, forkhead box protein O1; GnRH,
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trated; IGF-1, insulin-like growth factor-1; IMF, intramuscular fat; JUNB, JunB proto-oncogene; KEGG, Kyoto encyclopedia of genes and genomes; LD, m. longissimus
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1. Introduction

Immunocastration/vaccination against boar taint is emerging as a
viable alternative to conventional surgical castration, with potential
socioeconomic, environmental, and animal welfare benefits. However,
concerns regarding food safety (residues), attitudes towards hormones
and vaccines, and low acceptance among farmers and processors still
remain (Aluwé et al., 2020; Morgan et al., 2019; Steybe, Kress,
Schmucker & Stefanski, 2021). The recommended two-dose vaccination
scheme against gonadotropin-releasing hormone (GnRH) triggers the
production of anti-GnRH antibodies, testis regression, and reduced ste-
roid production, thereby delaying puberty and reducing male aggres-
siveness and boar taint occurrence (Batorek, Čandek-Potokar, Bonneau
& Van Milgen, 2012). Studies comparing growth performance, carcass
value, and overall pork/meat product quality have shown that immu-
nocastrated (IC) males tend to exhibit i) feed efficiency and carcass
quality between those of surgical castrates (SC) and entire males (EM);
ii) meat quality similar to that of SC; and iii) rapid fat accumulation due
to the metabolism switch between the typical EM lean phenotype and
fattier one characteristic of SC (Batorek et al., 2012; Bonneau &Weiler,
2019; Pauly, Luginbühl, Ampuero & Bee, 2012; Škrlep et al., 2020). In
contrast, the effects of immunocastration on skeletal muscle myofibers,
particularly regarding gene expression related to their contractile and
metabolic properties, have been less studied.

The myofiber type composition determines the physiological, func-
tional, and morphological properties of muscles, significantly affecting
growth performance and carcass/meat quality traits (Matarneh, Silva &
Gerrard, 2021; Men, Deng, Xu, Tao & Qi, 2013). The contractile prop-
erties of myofiber types (slow-twitch type I and fast-twitch types IIa, IIx,
and IIb) are primarily determined by myosin heavy chain (MyHC) iso-
forms (I, IIa, IIx, and IIb) expressed in large porcine muscles (Lefau-
cheur, Milan, Ecolan & Le Callennec, 2004; Pellegrino et al., 2003).
Conversely, their metabolic properties correspond to their energy re-
quirements during contraction; types I and IIa have greater oxidative
capacity, IIb is glycolytic, and IIx is metabolically intermediate (oxida-
tive–glycolytic) (Lefaucheur, Ecolan, Plantard & Gueguen, 2002).
Morphologically, oxidative myofibers tend to have a smaller
cross-sectional area (CSA); however, myofiber diameter can vary
depending on the muscle and its architecture (e.g. parallel, pennate)
(Listrat et al., 2016; Park et al., 2022). A higher proportion of oxidative
myofibers may contribute to meat quality traits including higher pH,
redness, tenderness, and water-holding capacity (Men et al., 2013; Park
et al., 2022). Similarly, the expression of genes involved in lipid meta-
bolism is correlated with the proportion of intramuscular fat (IMF)
(Zhang et al., 2015). Key genes include peroxisome
proliferator-activated receptor gamma (PPARγ), PPARγ coactivator 1
alpha (PGC-1α), and lipoprotein lipase (LPL) (Erkens et al., 2006; Lin
et al., 2002, 2014). Recently, G-protein α-subunit 13 (Gα13) has also
been highlighted for its specific silencing, which leads to an oxidative
phenotype in skeletal muscle and increase in fatty acid metabolism (Koo
et al., 2017).

The contractile and metabolic phenotypes of myofibers are altered
by various factors such as selective breeding, rearing conditions, diet,
physical activity, and sex (reviewed in Listrat et al. (2016)). In partic-
ular, skeletal muscle is sensitive to sex steroids, so its myofiber-type
composition and contractile function can be altered by the pre-
sence/absence (deficiency) of hormones (Haizlip, Harrison& Leinwand,
2015). Skeletal muscles predominantly express receptors for androgens
(AR) and estrogens (ER) in satellite cells (Sinha-Hikim, Taylor,
Gonzalez-Cadavid, Zheng & Bhasin, 2004). While these are abundant in
myofibers with high oxidative potential (van Wessel, de Haan, van der
Laarse & Jaspers, 2010), the expression of ER subtypes in the skeletal
muscle of pigs is extremely low (Kalbe, Mau, Wollenhaupt & Rehfeldt,
2007). Androgen action in the skeletal muscle exerts genomic and
non-genomic effects on proliferation, differentiation, and metabolism
(Dubois et al., 2014; Kraemer et al., 2020; Seo et al., 2019). The anabolic

effect of androgens—that is, increased skeletal muscle mass (measured
as lean meat content) and myofiber size (increased CSA) is at least partly
regulated by phosphatidylinositol-3-kinase/Akt signaling (Dubois, Lau-
rent, Boonen, Vanderschueren & Claessens, 2012), but their effect on
contractile function is minimal. Administration of anabolic steroids in-
creases muscle size mostly through myofiber hypertrophy and, to a
lesser extent, via new myofiber formation through the activation of
satellite cells (Eriksson, Kadi, Malm & Thornell, 2005). Conversely,
hypogonadism accompanied by low serum testosterone levels reduces
the skeletal muscle oxidative capacity (Rossetti & Gordon, 2017).
Porcine satellite cells are direct targets of androgen action, as demon-
strated by the testosterone-induced upregulation of AR and satellite cell
proliferation in vitro (Doumit, Cook&Merkel, 1996) and in SC neonatal
pigs (Mulvaney, Marple &Merkel, 1988). Notably, increased androgens
at puberty initiate their transition from a proliferative to a quiescent
state (Seo et al., 2019).

Compared with SC pigs castrated in the first week after birth, the
duration of androgen deprivation in IC pigs is relatively short (4–6
weeks), only occurring after the second vaccination (Kress et al., 2020).
This suggests the existence of distinct and muscle type-specific effects of
immunocastration on skeletal muscle. To test these assumptions, this
study analyzed the histomorphometric and transcriptome profiles of two
skeletal muscles with distinct architecture and contractile/metabolic
characteristics, m. longissimus dorsi (LD) and m. semispinalis capitis
(SSC), in EM, SC and IC pigs.

2. Materials and methods

2.1. Animals, sampling, and meat quality assessment

Muscle samples for the trial were derived from one processing batch
(n = 36) of a previously described experiment (Kress et al., 2020)
(approval ID HOH 47/17TH; Ethical committee for animal experiments
of the regional authority of Tübingen, Germany). Commercial cross-
breeds (Landrace × Pietrain crosses) were assigned to three sex cate-
gories: EM (n = 12), SC (n = 12), and IC (n = 12). Piglets from the SC
group were surgically castrated within the first week of life. IC pigs were
vaccinated against GnRH using the IMPROVAC vaccine (Zoetis
Deutschland GmbH, Berlin, Germany) twice, at 12 and 21.5 weeks. The
vaccination success in IC was 100% and was previously confirmed; the
testicular function in IC was efficiently suppressed and boar taint was
prevented (Batorek-Lukač et al., 2022; Fazarinc et al., 2023; Kress et al.,
2020). During rearing, all animals were fed ad libitum with the same
commercial diet. Animals were processed in one batch at the age of 27.5
weeks according to routine abattoir procedures (CO2 stunning, scalding,
evisceration). At the end of the processing line (45 min postmortem), ~1
cm3 muscle samples were collected from the central part of the LD at the
level of the last rib and from the SSC (the central part of the m. biventer
cervicis) at the level of the fourth cervical vertebra. Muscles were
sampled from the right side of the carcass, snap-frozen in liquid nitro-
gen, and stored at − 80 ◦C until subsequent analysis. Information on the
live weights and carcass traits of the animals included in the study is
summarized in Table S1.

2.2. Enzyme-/immunohistochemistry and histomorphometric analysis

The myofiber types in LD and SSC were classified as previously
described (Fazarinc et al., 2017, 2020). Transverse serial cryosections
(10 μm) of LD and SSC were used for enzyme-/immunohistochemistry.
The mitochondrial SDH activity was used to assess the oxidative po-
tential of the myofibers (Nachlas, Tsou, de Souza, Cheng & Seligman,
1957). For immunohistochemistry, two different monoclonal antibodies
(MAb) specific for adult MyHC isoforms were used: NLC-MHCs (slow;
Novocastra laboratories, Newcastle in Tyne, UK) specific for slow-twitch
MyHC I, and SC 71 specific for MyHC IIa (Schiaffino et al., 1989)
(Fig. 1A). The immunohistochemistry protocol was as previously
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described (Fazarinc et al., 2017, 2020). A Nikon Eclipse Ni-UM micro-
scope equipped with a DS-Fi1 camera and the Imaging Software
NIS-Elements BR 4.60 (Nikon Instruments Europe B.V., Badhoevedorp,
The Netherlands) were used for myofiber classification and histo-
morphometric analysis, performed as described in a previous study
(Fazarinc et al., 2020), as well as for quantitative assessment of SDH
staining intensity. The classification of individual myofiber types (I, IIa,
IIx, and IIb) based on the SDH staining intensity and immunohisto-
chemical results is summarized in Fig. 1B. The intensity of SDH staining
was quantitatively assessed by measuring the mean brightness of the
SDH-stained myofiber types. Mean brightness values are inversely pro-
portional to SDH staining activity, and are the lowest for type 1 and
highest for IIb/IIx myofibers. The CSA (µm2) of individual myofiber
types was also measured and the myofiber relative area was calculated
using the following equation.

Myofiber relative area (%) =
myofiber CSA x proportion of myofiber type

average CSA of all myofiber types
(1)

2.3. RNA isolation

RNA isolation, cDNA synthesis, and qPCR were performed as previ-
ously described (Vrecl, Cotman, Uršič, Čandek-Potokar, & Fazarinc,
2018). Total RNA from ~25 mg snap-frozen muscle samples was
extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Stockach,
Germany). The extraction protocol included an on-column DNase
digestion step with RNase-Free DNase Set; (Qiagen). Absorbance ratios
(260/280 and 260/230) were determined using an ultraviolet–visible
(UV–VIS) Lambda 25 spectrophotometer (Perkin Elmer, Waltham, MA,
USA) to check for potential contamination. The integrity and quality of
the RNA samples was controlled by Qubit RNA IQ assay using Invi-
trogen™ Qubit™ 4 Fluorometer. The RNA integrity number of all RNA
samples was higher than 6.3. Isolated RNA samples were used for qPCR
and RNA-seq.

2.4. cDNA synthesis and quantitative polymerase chain reaction (qPCR)

RT2 First Strand Kit (Qiagen) was used for cDNA synthesis from one
microgram of each RNA sample. Primers and fluorescent 6-FAM dye-
labeled minor groove binder probes/predesigned assays were from
Applied Biosystems (Thermo Scientific GmbH, Vienna, Austria). The
primers/probes used to detectMyHC isoforms I, IIa, IIx, and IIb, were as
reported previously (Vrecl et al., 2018). The Custom TaqMan® Assay
Design Tool was used to design primers/probes for the pig Gα13 gene
using predicted Sus scrofa G protein subunit alpha 13 mRNA as an input
sequence (NCBI Reference Sequence: XM_003357998.4). The sequences
of primer pairs and probes to detect Gα13 were: 5-GCAGACAGTGGCA-
TACAGAATG (forward); 5-CTCCAAGTTTATCCAAGTTATCCAGGAAA
(reverse); and 5- TCACCCAACTGAAATTC (probe). The assays used in
this study are listed in Table S2. Eukaryotic ribosomal (r) 18S RNA (18S
rRNA) and actin beta (ACTB) were used as endogenous controls; their
suitability for the qPCR data normalization of LD samples in pigs was
previously reported (Erkens et al., 2006; Wimmers et al., 2008). qPCR
utilized a 10 μL reaction volume consisting of 4.5 µL of the 10-fold
diluted cDNA and 5.5 µL of the TaqMan universal PCR Master Mix
using the QuantStudio™ 5 Real-Time PCR System (ThermoFisher Sci-
entific, Applied Biosystems, Foster City, CA, USA) under the following
conditions: one cycle of 50 ◦C for 2 min and one cycle of 95 ◦C for 10
min, followed by 45 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C. Each
reaction was performed in triplicate. The results were calculated from
the threshold cycle (Ct) that was fixed at 0.10. A Ct value > 35 was
regarded as the cutoff. The comparative Ct method (ΔCt = Ct geometric
mean of controls – Ct target transcript) was used for relative quantifi-
cation of target transcripts normalized against the geometric mean of
18S rRNA and ACTB. The relative changes in the expression of the
studied target transcripts (fold changes in the expression) were
compared between LD and SSC and between sex categories within LD
and SSC using the 2ΔΔCt method. The PCR (>90%) efficiency of the
studied genes was derived from standard curves composed of four
10-fold dilutions of cDNAs. Data analysis was performed with Applied

Fig. 1. Enzyme-/immunohistochemistry-based myofiber classification in the m. longissimus dorsi (LD) and m. semispinalis capitis (SSC). (A) Transverse
sections of LD (upper panels) and SSC (lower panels) were analyzed for succinate dehydrogenase (SDH) activity, demonstrating the oxidative profile of myofibers,
and stained with the monoclonal antibodies SC 71 and NLC-MHCs (slow) specific for myofiber types IIa/IIx and I, respectively. Scale bar: 200 µM. (B) Summary of
myofiber types I, IIa, IIx, and IIb classification based on the succinate dehydrogenase (SDH) activity and specificity of utilized primary antibodies.
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Biosystems™ Analysis Software (Relative Quantification Analysis
Module, version 3.9).

2.5. cDNA library preparation and RNA-sequencing (RNA-seq)

RNA-Seq was performed to compare the effects of sex on transcript
expression (differential gene expression) in LD and SSC, as previously
described for adipose tissue (Poklukar et al., 2021). Briefly, equal
amounts of extracted RNA from six randomly selected animals of each
sex category and muscle were pooled and used for library preparation
and sequencing. The decision to utilize one pooled RNA sample per
muscle and sex category was made to optimize the cost of the experi-
ment without a significant loss of power in differentially expressed gene
(DEG) analysis (Ko & Van Raamsdonk, 2023). A total of 3 μg of pooled
RNA was used for generating sequencing libraries using the NEBNext
Ultra RNA Library Preparation Kit for Illumina (NEB, Ipswich, MA,
USA). Library concentrations were quantified using the Agilent Bio-
analyzer 2100 System (Agilent, Santa Clara, CA, USA). After clustering
index-coded samples on a cBot Cluster Generation System (Illumina, San
Diego, CA, USA), cDNA libraries were sequenced on an Illumina HiSeq
2500 generating 150 bp paired-end reads (Novogene Bioinformatics
Technology Co., Ltd., Beijing, China). The RNA-Seq experiment was
submitted to the NCBI Gene Expression Omnibus (GEO; Bethesda, MD,
USA) and assigned the GEO accession number GSE183240.

2.6. RNA-Seq data - quality control, mapping, and assembly

Raw sequencing data were obtained from Novogene Bioinformatics
Technology Co., Ltd. Quality control analysis data for each sequenced
library is shown in Table S3. Using in-house Perl scripts, reads with
adaptor contamination, more than 10% uncertain nucleotides, and reads
with poor-quality nucleotides (base quality less than 20) were discarded.
The error rate (%), quality scores (Q20 and Q30), and guanine-cytosine
(GC) content (%) of the resulting high-quality clean reads were evalu-
ated. Clean reads were then aligned to the reference genome Sscrofa10.2
(Genbank assembly GCA_000003025.6) using TopHat2 v2.0.12 and
Bowtie v2.2.3, with default parameters allowing up to two base

mismatches. The read counts were adjusted using the edgeR program
package with a scaling normalization factor. DEG analysis was per-
formed by comparing the two groups in each muscle (EM vs. IC, IC vs.
SC, and EM vs. SC) using the DEGSeq R package (version 1.20.0). The
resulting P-values were adjusted using the Benjamini–Hochberg
method. The threshold for significant differential expression was set to a
corrected Q value of 0.005 and |log2 (fold change)| of 1. The selected set
of DEGs was verified using qPCR, as described above. A volcano plot was
constructed using the Enhanced Volcano R package v. 1.8.0.

2.7. Functional enrichment analysis

Gene Ontology (GO) over-representation analysis of DEGs was per-
formed using the R package GOSeq (Young, Wakefield, Smyth & Osh-
lack, 2010) and included a correction for gene lengths. GO terms with
corrected P-values < 0.05 were considered to be significantly enriched.
In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
Orthology-Based Annotation System (KOBAS 2.0) was used to annotate
and identify enriched pathways in the KEGG and to test the
over-representation of DEGs in the KEGG pathways using Fisher’s exact
tests. The test results were subjected to multiple test P- value corrections
using the Benjamini–Hochberg correction. The R package GOplot
(Walter, Sánchez-Cabo & Ricote, 2015) was used to visually combine
and integrate expression data with the results of the functional analysis.

2.8. Statistical analysis

A general linear model procedure in the SAS statistical program (SAS
Institute Inc., Cary, NC, USA) was used. The model included the sex
category as a fixed effect. When the differences between the least square
means were significant (P < 0.05), the groups were compared using
Tukey’s adjustment. The evaluated parameter means of LD and SSC
were compared using the Student’s t-test.

Table 1
Distinctive characteristics of m. longissimus dorsi (LD) and m. semispinalis capitis (SSC).

Muscle type

LD SSC P-value

Chemical composition
IMF (%) 1.65 ± 0.61 7.07 ± 1.56 <0.001
Moisture (%) 73.65 ± 0.79 72.01 ± 1.62 <0.001
Proteins (%) 24.62 ± 0.63 20.49 ± 0.91 <0.001
Myofiber type (%)
Type I 8.69 ± 2.17 38.65 ± 6.34 <0.001
Type IIa 10.63 ± 3.05 34.14 ± 4.37 <0.001
Type IIx 16.65 ± 5.35 27.21± 3.86 <0.001
Type IIb 64.03 ± 8.02 – –
SDH ++ 19.32 ± 4.03 72.84 ± 3.96 <0.001
CSA (µm2)
Type I 3777 ± 889 7216 ± 1214 <0.001
Type IIa 2998 ± 591 6046 ± 1600 <0.001
Type IIx 5797 ± 1192 7370 ± 2032 <0.001
Type IIb 7609 ± 1486 – –
All fibers 6464 ± 1133 6868 ± 1157 ns
Myofiber relative area (%)
Type I 5.16 ± 1.77 40.80 ± 7.73 <0.001
Type IIa 5.04 ± 1.76 30.01 ± 5.66 <0.001
Type IIx 15.04 ± 5.44 29.18 ± 5.70 <0.001
Type IIb 74.76 ± 7.41 – –

Data are represented as mean ± SD; n = 36 per muscle. LD: m. longissimus dorsi; SSC: m. semispinalis capitis; IMF: intramuscular fat
content; CSA: cross-sectional area; SDH ++: succinate dehydrogenase positive myofibers; –: not detected; ns: not significant (Student’s t-
test; P > 0.05).

K. Poklukar et al.
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3. Results

3.1. Characteristics of LD and SSC

Initially it was shown that studied muscles i.e., predominantly
glycolytic LD and oxidative SSC display distinctive characteristics
related to chemical compositions, contractile, metabolic and morpho-
metric characteristics (Tables 1 and 2). Differences in the relative
expression of genes related to the contractile (MyHC-I, -IIa, IIx, and IIb)
and metabolic phenotype (PGC-1α, PPARγ, LPL, HK2, and Gα13) in LD
and SSC summarized in Table 2 are largely in agreement with those of
the enzyme-/immunohistochemical classification of myofiber types.
Pure type IIb myofibers were not identified by immunohistochemical or
SDH activity-based approaches in SSC, which corroborates the very low

MyHC-IIbmRNA levels detected by qPCR (cf. Tables 1 and 2). Additional
quantitative assessment revealed that fiber type-specific SDH activity
was not altered in IC or SC when compared to EM, with the exception of
type I myofibers from EM compared to SC in SSC (Table S4). Expression
levels of AR and ERα were comparable in both muscles (Table 2),
whereas the expression of ERβ was below the detection limit (data not
shown).

3.2. Effect of sex category on chemical composition, myofiber type profile,
and histomorphometric characteristics of LD and SSC

The effect of the male sex on the studied characteristics is shown in
Table 3. Significant differences were observed between the EM and SC
groups. Water and protein contents in LD significantly varied between
EM and SC (P< 0.05). In SSC, the IMF content was significantly lower in
EM than in SC (P = 0.030), whereas the water content in SSC was
substantially higher than in SC or IC (P = 0.001). Histomorphometric
assessments also revealed sex category- and muscle-related effects on
individual parameters. The effect on the myofiber type profile was only
in LD because the percentage of type IIa myofibers significantly differed
between EM and SC (P= 0.018) but neither category differed from IC. In
SSC, IC had significantly decreased the CSA of type I myofibers
compared with EM or SC (P = 0.003). Concomitantly, significant dif-
ferences were observed in the relative areas of types I and IIa myofibers.
The relative area occupied by type I myofibers was significantly lower
and that of type IIa myofibers was higher in SSC in IC than in EM (P ≤

0.05).

3.3. Effect of the male sex category on the relative expression of selected
genes related to the contractile and metabolic phenotype of LD and SSC

We observed no significant effect of the male sex on the relative
expression of preselected genes related to the contractile and metabolic
phenotypes of LD and SSC (P ≥ 0.05), except for HK2 (Fig. 2). Upon
short-term androgen deprivation by immunocastration, the mRNA
expression of the glycolytic enzymeHK2was around 2-fold higher in the
SSC of IC than in the SSC of SC (P < 0.05). The PGC-1α expression in the
SSC was increased in EM and IC compared with in SC, but the differences

Table 2
Expression of genes related to contractile and metabolic phenotypes and the
receptors for androgens (AR) and estrogens (ER) of m. longissimus dorsi (LD)
and m. semispinalis capitis (SSC).

LD vs. SSC

Target transcript Fold change P-value

MyHC-I − 7.26 (− 10.44 to − 5.04) <0.0001
MyHC-IIa − 5.32 (− 6.84 to − 4.13) <0.0001
MyHC-IIx 1.45 (1.12–1.86) 0.034
MyHC-IIb 1072 (758–1514) <0.0001
PPARγ − 2.50 (− 3.27 to − 1.91) 0.013
PGC-1α − 9.51 (− 12.72 to − 7.11) <0.0001
Gα13 − 1.39 (− 1.67 to − 1.15) ns
HK2 − 4.48 (− 5.95 to − 3.37) <0.0001
LPL − 3.79 (− 4.69 to − 3.07) <0.0001
AR 1.44 (1.16–1.78) ns
ERα − 1.25 (1.57–1.00) ns

Gene expression mean fold changes with upper and lower limits for LD versus
SSC. Fold-change values < 1 were substituted with a negative inverse of the
original fold-change values. MyHC: myosin heavy chain; PPARγ: peroxisome
proliferator-activated receptor gamma; PGC-1α: PPARγ coactivator 1 alpha;
Gα13: G-protein α-subunit; HK2: hexokinase 2; LPL: lipoprotein-lipase. AR:
androgen receptor; ERα: estrogen receptor 1 (ER-alfa). The upper and lower
limits were calculated for each fold-change value using the standard error of the
mean. ns: not significant (Student’s t-test; P > 0.05).

Table 3
Characteristics of the m. longissimus dorsi (LD) and m. semispinalis capitis (SSC) muscles according to the male sex category.

LD SSC

EM IC SC RMSE P-value EM IC SC RMSE P-value

Chemical composition
IMF (%) 1.4 1.7 1.8 0.61 0.286 6.1a 7.4ab 7.7b 1.44 0.030
Moisture (%) 74.2b 73.6ab 73.2a 0.68 0.004 73.3b 71.6a 71.1a 1.35 0.001
Proteins (%) 24.2a 24.8ab 24.8b 0.57 0.021 20.4 20.7 20.3 0.92 0.564
Myofiber type (%)
Type I 9.3 8.0 8.8 2.16 0.319 41.0 37.9 37.2 6.42 0.323
Type IIa 12.1b 11.0ab 8.8a 2.78 0.018 32.6 34.8 35.0 4.32 0.342
Type IIx 17.3 17.9 14.8 5.32 0.320 26.40 27.3 27.8 4.03 0.693
Type IIb 61.3 63.1 67.7 7.77 0.130 – – – – –
SDH ++ 21.4 19.0 17.5 3.80 0.052 73.6 72.7 72.2 4.03 0.693
CSA (µm2)
Type I 4185 3393 3754 851.6 0.089 7584b 6291a 7773b 1044.1 0.003
Type IIa 3047 3085 2864 600.6 0.632 5706 5997 6436 1387.4 0.440
Type IIx 6194 5545 5653 1192.0 0.372 7699 7225 7187 1629.9 0.695
Type IIb 8083 7403 7342 1489.9 0.410 – – – – –
All myofibers 6721 6258 6413 1150.0 0.609 7024 6418 7162 1143.6 0.252
Myofiber relative area (%)
Type I 6.0 4.3 5.1 1.67 0.065 44.7b 37.1a 40.6ab 7.28 0.050
Type IIa 5.5 5.5 4.1 1.68 0.080 26.4a 32.3b 31.4ab 5.15 0.017
Type IIx 15.9 15.8 13.4 5.48 0.469 29.0 30.6 28.0 5.76 0.533
Type IIb 72.6 74.4 77.3 7.36 0.296 – – – – –

Values are presented as least square means; RMSE: root-mean-square error; n = 12 per muscle in the sex category; total n = 72; EM: entire male; IC: immunocastrated;
SC: surgically castrated; LD: longissimus dorsi muscle; SSC: semispinalis capitis muscle; IMF: intramuscular fat content; CSA: cross-sectional area; SDH ++: succinate
dehydrogenase activity; –: not detected. Significant differences (P < 0.05) among the male sex categories within a muscle (LD or SSC) are indicated by different
superscript letters (a and b).
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were not significant (P < 0.10). A similar trend was observed for the
enzyme involved in lipid metabolism (LPL) in EM compared with SC.

3.4. RNA-Seq data analysis of the effect of the male sex category on
transcript expression in LD and SSC

We employed RNA-Seq to identify additional genes and pathways
underlying histomorphometric and muscle-dependent differences be-
tween the male sex categories. Sequencing yielded 77–117 million high-
quality reads for the EM, IC, and SC pools of LD and SSC (Table S5).
Approximately 73%–78% of the clean reads were mapped to the anno-
tated Sscrofa 10.2 genome. Among all mapped clean reads, more than
68.9% had unique matches and 3.9%–4.3% showed multiple-position
matches (Table S5). Volcano plots (Fig. 3) showed DEGs between EM
and IC, EM and SC, and IC and SC in LD and SSC. In total, 71 and 36
DEGs were detected in LD and SSC, respectively [|log2(fold-change) >
1| and -log10(q-value) < 0.005]. In LD, 36 DEGs (eight upregulated and
28 downregulated) were detected between EM and IC. Twenty-nine
DEGs (10 upregulated and 19 downregulated) were detected between
EM and SC. Only six DEGs (five upregulated and one downregulated)
were detected when comparing IC and SC. In SSC, the number of DEGs
was lower compared with that in LD. Only eight DEGs were detected
when the EM and IC or EM and SC groups were compared. Interestingly,
the number of DEGs between IC and SCwas higher in SSC than that in LD
(20 vs. 6). The complete lists of all identified DEGs and their respective
fold changes and q-values for the comparison of LD and SSC categories
are shown in Tables S6 and S7, respectively. Significant differences in
the expressions of AR and ERα were neither detected with RNA-Seq
(Tables S6 and S7) nor with qPCR (Table S8).

3.5. Expression validation of selected DEGs by qPCR

To validate the RNA-Seq results, we examined the relative expression
of the selected DEGs using qPCR. Consistent with the qPCR data of

initially preselected genes (Fig. 2), RNA-Seq of pooled samples revealed
the upregulation of HK2 in IC compared with SC in SSC. In addition,
muscle-independent upregulation of PGC-1αwas identified in EM and IC
compared with SC, whereas qPCR on individual animals showed a
similar trend in SSC but this was not significant due to the large dif-
ferences between individual animals within the group.

The validation of the expression of additional DEGs by qPCR is
shown in Fig. 4. Pairwise comparisons between sex categories were
largely consistent with the RNA-Seq data. The results of qPCR also
confirmed a higher expression of serpin peptidase inhibitor (SERPINE1) in
LD in IC than in EM and SC (P < 0.05). The qPCR data also showed an
increased expression of tripartite motif containing 63 (TRIM63) in the EM
compared with that in both the IC and SC (P < 0.05); the latter was not
detected by RNA-Seq. The qPCR and RNA-Seq data for the selected DEGs
were consistent in SSC. We validated the higher expressions of TRIM63
and F-box protein 32 (FBXO32) in EM and IC than in SC and the lower
expression of stearoyl-CoA desaturase (SCD) in EM than in SC (P < 0.05).

3.6. Gene ontology and KEGG pathway over-representation analysis

For the functional annotation of DEGs, GO classification and KEGG
pathway over-representation analyses were performed. The results are
presented in Fig. 5 and Table 4. Most of the identified enriched GO terms
belong to the biological process category. The relationship between the
DEGs and significantly enriched GO terms is presented in Fig. 5. The
complete lists of all identified GO terms and their corresponding DEGs
for comparing LD and SSC are provided in Tables S9 and S10, respec-
tively. In LD, downregulated genes predominate in EM compared with
IC and SC and are mainly related to skeletal muscle tissue development
and skeletal cell differentiation (EM vs. SC) and the negative regulation
of biological/cellular processes (EM vs. IC; adj. P < 0.05). In the com-
parison between IC and SC, predominantly upregulated genes were
observed, and the enriched GO terms were related to various biological
processes including the regulation of fibrinolysis, apoptosis, energy

Fig. 2. Comparison of gene expression related to the contractile (left panels) and metabolic phenotype (right panels) in the m. longissimus dorsi (LD) and m.
semispinalis capitis (SSC) between male sex categories. The mean fold changes are presented with upper and lower limits in the expression for EM in comparison to IC
(EM:IC) and SC (EM:SC) and for IC in comparison to SC (IC:SC). A fold-change value < 1 was replaced by the negative inverse of the original fold-change value.
MyHC: myosin heavy chain; PPARγ: peroxisome proliferator-activated receptor gamma; PGC-1α: PPARγ coactivator 1 alpha; Gα13: G-protein α-subunit; HK2: hexokinase 2;
LPL: lipoprotein-lipase; EM: entire male; IC: immunocastrated; SC: surgically castrated. Upper and lower limits were calculated for each fold-change value using the
standard error of the mean. *, significantly different between compared male sex categories (P < 0.05; Tukey’s test).
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homeostasis, fatty acid oxidation, and behavior (adj. P < 0.05). In SSC,
significantly enriched GO terms were only identified for predominantly
upregulated genes in IC compared with SC and were associated with the
regulation of energy homeostasis and fatty acid oxidation, response to
hormones/stimuli, and the regulation of cellular ketone metabolic pro-
cesses (see Fig. 5 and Table S10).

Significantly enriched pathways of DEGs obtained by KEGG analysis
are listed in Table 4. Complete lists of all identified enriched KEGG

pathways for the comparison of LD and SSC can be found in Tables S11
and S12, respectively. No significantly enriched pathways were identi-
fied in LD DEGs when EM was compared with IC or SC, whereas the IC:
SC comparison showed that DEGs were enriched in p53 signaling
(thrombospondin 1 (THBS1), SERPINE1 and in the extracellular matrix
(ECM)-receptor interaction pathway (THBS1, secreted phosphoprotein 1
(SPP1)) (adj. P < 0.05; see Tables 5 and S9). In SSC, DEGs in EM vs. IC,
EM vs. SC, and IC vs. SC were significantly enriched in the

Fig. 3. Volcano plots of differentially expressed genes (DEGs) of the m. longissimus dorsi (LD) and m. semispinalis capitis (SSC) between male sex categories.
Horizontal lines show the significance threshold of DEGs at -log10(q-value) < 0.005. Vertical lines represent the threshold of |log2 (fold change) >1|. Red dots
represent up- and downregulated DEGs at |log2 (fold change) >1| and -log10(q-value) < 0.005. Names of selected DEGs are also displayed. Blue and green dots
represent the remaining DEGs that did not meet the specified criteria. EM: entire male; IC: immunocastrated; SC: surgically castrated.

Fig. 4. Validation of selected DEGs identified by RNA-Seq in the m. longissimus dorsi (LD) and m. semispinalis capitis (SSC) between male sex categories using qPCR.
The mean fold changes are presented with upper and lower limits in the expression for EM compared with IC (EM:IC) and SC (EM:SC) and for IC compared with SC
(IC:SC). A fold-change value < 1 was replaced by the negative inverse of the original fold-change value. TRIM63: tripartite motif containing 63; FBX32: F-box protein 32;
SERPINE1: serpin peptidase inhibitor; SCD: stearoyl-CoA desaturase; EM: entire male; IC: immunocastrated; SC: surgically castrated. Upper and lower limits were
calculated for each fold-change value using the standard error of the mean. *, significantly different between compared male sex categories (P < 0.05; Tukey’s test).
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transcriptional misregulation in cancer (nuclear receptor subfamily 4
group A member 3 (NR4A3), CCAAT/enhancer-binding protein-β (CEBPB)),
5′-adenosine monophosphate-activated protein kinase (AMPK) signaling
pathway (PGC-1α, SCD), and insulin signaling pathway (PGC-1α, HK2,
protein kinase AMP-activated gamma 2 non-catalytic subunit (PRKAG2),
forkhead box protein O1 (FOXO1)), respectively (adj. P < 0.05; see Ta-
bles 4 and S12).

4. Discussion

In view of the societal pressure to end piglet castration without pain
relief (animal welfare issue), research into alternatives has intensified
over the last decade and immunocastration has shown particular
promise. However, a recent scenario analysis has shown that due to the
diversity of European pork production systems, which differ in terms of
animal welfare, quality, costs, product types and trade relationships (e.

g. uncertainty about the acceptance of the different castration alterna-
tives in Asian markets), all alternatives, i.e. production of entire males,
immunocastration and surgical castration with pain relief, are likely to
coexist in the EU (Lin-Schilstra & Ingenbleek, 2022). Regarding meat
quality characteristics, it has been suggested that the differences in
myofiber composition and meat quality are due to the different roles of
the muscles in different positions rather than their architecture and that
the meat industry should have quality control based on the physico-
chemical and histological characteristics of each muscle, regardless of its
architecture (Park et al., 2022). Pigs subjected to immunocastration
have been extensively studied, particularly with regard to carcass and
meat quality traits (Batorek et al., 2012; Bonneau&Weiler, 2019; Škrlep
et al., 2020; Werner et al., 2021), the suitability of meat products (Škrlep
et al., 2020), animal welfare (Bonneau & Weiler, 2019), and consumer
and stakeholder attitudes (Aluwé et al., 2020; Borell et al., 2020).
However, there is a notable lack of information concerning changes in

Fig. 5. GOChord plot of Gene Ontology (GO) terms enriched in the biological processes category in the m. longissimus dorsi (LD) and m. semispinalis capitis (SSC)
between male sex categories. Genes are linked to their associated GO terms via colored ribbons. Genes are ordered by observed log2 fold change (logFC). The results
of the functional analysis are only shown for significantly enriched GO terms. EM: entire male; IC: immunocastrated; SC: surgically castrated.

Table 4
KEGG-enriched pathways of DEGs in the m. longissimus dorsi (LD) and m. semispinalis capitis (SSC) between male sex categories.

Muscle/male sex category Term adj. P-value Counts Genes

LD/IC:SC p53 signaling pathway 0.0498 2 THBS1, SERPINE1
LD/IC:SC ECM-receptor interaction 0.0498 2 THBS1, SPP1
SSC/EM:IC Transcriptional misregulation in cancer 0.0089 2 NR4A3, CEBPB
SSC/EM:SC AMPK signaling pathway 0.0242 2 PGC-1α, SCD
SSC/IC:SC Insulin signaling pathway 0.03451 4 PGC-1α, HK2, PRKAG2, FOXO1

THBS1: thrombospondin 1; SERPINE1: serpin peptidase inhibitor; SPP1: secreted phosphoprotein 1; NR4A3: nuclear receptor subfamily 4 group A member 3; CEBPB:
CCAAT/enhancer-binding protein-β; PGC-1α: PPARγ coactivator 1 alpha; SCD: stearoyl-CoA desaturase; HK2: Hexokinase 2; PRKAG2: Protein kinase AMP-activated
gamma 2 non-catalytic subunit; FOXO1: forkhead box protein O1; EM: entire male; IC: immunocastrated; SC: surgically castrated.
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the histomorphometric characteristics and transcriptome profiles of
skeletal muscles in relation to the hormonal status among different sex
categories, specifically comprehensive comparisons of EM, IC, and SC.
Given that a skeletal muscle is a sex steroid-sensitive tissue, this study
assessed the effect of the androgen deprivation length resulting from
different castration methods (immunocastration vs. surgical castration
in the neonatal period) on the histomorphometric characteristics and
transcriptome profiles of pig muscles with distinct architecture and
contractile/metabolic profiles: unipennate glycolytic LD and multi-
pennate oxidative SSC.

We initially confirmed unique features of the studied muscles,
including differences in i) chemical composition, ii) histomorphometric
myofiber profiles, and iii) expression patterns of preselected genes
related to muscle contractile and metabolic phenotype, except for Gα13.

The IMF content in LD was below 2% in all tested groups, i.e. below
the level required to improve the sensory properties of pork meat
including palatability, juiciness and tenderness. A significantly lower
protein and moisture content in SSC compared to LD corresponds to the
higher IMF content (around 7% in all tested groups) in SSC (Daszkie-
wicz, Bąk & Denaburski, 2005). Observed differences in the proportion
of individual myofiber types in LD and SSC were expected and corrob-
orated with the results of a previous study that reported an almost
five-fold higher proportion of type I myofibers in SSC than in LD
(Lefaucheur et al., 1991). The proportion of fast-twitch glycolytic
myofibers aligned with the histochemical enzyme classification of
myofibers in LD of Pietrain × Landrace crossbred pigs (Fiedler et al.,
1999), which were also used in the present study. Furthermore, the two-
to threefold higher CSA of types I and IIa oxidative myofibers in SSC
compared with similar myofibers in LD confirms that the size (CSA) is
not solely myofiber type-dependent (Fernandez, Lefaucheur, & Čandek,
1995), and is consistent with the study showing that multipennate
muscles, here exemplified by SSC, have significantly larger myofibers
than muscles in the unipennate group such as LD (Park et al., 2022). We
observed no effect of immunocastration on carcass characteristics or
muscle chemical composition because most of these parameters differed
significantly between EM and SC. These findings are consistent with the
results of our previous study (Škrlep et al., 2020) and corroborate the
systematic meta-analysis (Batorek et al., 2012; Pauly et al., 2012).

Differences in the hormonal (androgen) status among the studied
male sex categories led to muscle-specific effects at the histomorpho-
metric level. Compared with EM, long-term androgen deficiency
resulting from surgical castration decreases the proportion of oxidative,
fast-twitched type IIa myofibers in LD. This corroborates the notion that
androgens support the fast-twitch phenotype in male muscles (Rana,
Lee, Zajac & MacLean, 2014) and recent data obtained with fast-twitch
muscle-specific AR knockouts, highlighting that AR is the main regulator
of the myofiber-type composition in fast-twitch rather than slow-twitch
muscles (Hosoi et al., 2023). The enzyme-/immunohistochemical clas-
sification of myofibers was largely consistent with the expression of
MyHC isoforms at the mRNA level. However, qPCR analysis showed no
differences in the MyHC IIa expression between EM and SC. In pigs, Mab
SC 71 binds to both isoforms of MyHC, IIa and IIx, but with different
affinities (Lefaucheur et al., 2002). This could explain the difficulty in
classifying the subset of myofibers expressing both MyHC isoforms, IIa
and IIx, in different proportions and may also hinder detecting differ-
ences in MyHC IIa expression by qPCR when using homogenized muscle
samples. Additionally, when EM was compared to SC, SSC type I myo-
fibers from SC displayed reduced SDH activity, which might be consis-
tent with DEGs that are enriched in the AMPK pathway (Kjøbsted et al.,
2018). Although we carefully controlled the incubation time and
thickness of the cryosections, which can influence the quantitative
evaluation of SDH activity, caution in interpretation is still necessary.

In contrast, the effect of the short-term deprivation of testicular
hormones through immunocastration was primarily observed in SSC,
and was manifested by a substantial decrease of up to 20% in the CSA of
slow-twitch type I oxidative myofibers compared with that in both EM

and SC. A similar trend was observed in LD; however, it was not sta-
tistically significant. Previous study on the effects of immunocastration
on porcine histomorphometric myofiber traits reported a lower pro-
portion of IIb myofibers in LD of IC than in SC and a tendency towards a
greater relative area occupied by IIa myofibers (Li et al., 2015). Our
results for LD showed a comparable pattern, although the difference was
not statistically significant. Note that the study by Li et al. (2015) did not
include data on oxidative muscles or EMs. The effect of immunocas-
tration on the histomorphometric traits of slow-twitch type I oxidative
myofibers, but not on the contractile phenotype (proportion of myo-
fibers) or MyHC expression aligns with data on AR-knockout male mice
(MacLean et al., 2008) and the sensitivities of types I and II myofibers to
testosterone treatment in healthy men (Sinha-Hikim et al., 2002). The
population of satellite cells is greater in myofibers with a high oxidative
potential than in those with a lower oxidative capacity (van Wessel
et al., 2010), thus supporting the observed decrease in the CSA of type I
myofibers in SSC in IC compared with in EM, but not in SC. Interestingly,
neither qPCR nor RNA-Seq revealed significant changes in the AR and
ERα expression among the studied muscles and sex categories. Compa-
rable expression levels of AR have also been reported in mixed, fast- and
slow-twitch hindlimb muscles of male mice (Rana et al., 2014). There-
fore, the histomorphological observations raised uncertainties over
which mechanisms sustain myofiber size under conditions of long-term
androgen withdrawal (SC) and which mechanisms underlie
muscle-specific histomorphometric traits. Research findings obtained
with AR knockout male mice revealed that the key mechanisms through
which androgens exert anabolic actions are the regulation of genes
governing myoblast proliferation and differentiation (MacLean et al.,
2008), and the suppression of myogenin/ubiquitin ligase-mediated at-
rophy pathways in adult muscles (Rana et al., 2014). qPCR and
RNA-Seq, together with subsequent GO enrichment and KEGG pathway
analysis of the DEGs, provided possible explanations for muscle-specific
responses linked to the male sex category. Key genes associated with
skeletal muscle tissue development and cell differentiation, such as
ankyrin repeat domain 11 (ANKRD1), kelch-like family member 40, early
growth response 1 (EGR1), and activating transcription factor 3 (ATF3),
were downregulated in LD in EM but not in SC. Interestingly, compar-
ison of the EM LD transcriptome with that in IC also revealed the
downregulation of genes related to skeletal muscle development and
differentiation, including ANKRD1, EGR1, ATF3, JunB Proto-Oncogene
(JUNB), BTG anti-proliferation factor 2 (BTG2), and crystallin alpha B
(CRYAB). These genes were previously identified as functional candi-
dates for skeletal muscle development in domestic animals (reviewed in
Mohammadabadi, Bordbar, Jensen, Du and Guo (2021)). This suggests
that LD adapts to short- and long-term androgen deficiency by upregu-
lating genes governing myoblast proliferation and differentiation,
thereby maintaining the myofiber size. In the SC, the transition of sat-
ellite cells from a proliferative to a quiescent state may not have been
initiated because of the lack of androgens from the neonatal period
onwards (Seo et al., 2019). Notably, the IC group we previously showed
testosterone concentrations comparable to those in the EM group up to
22 weeks of age (Kress et al., 2020). A sharp decline in testosterone
levels in puberty, confirmed experimentally two weeks after the second
vaccination at 24 weeks of age (Kress et al., 2020), could indicate a
potential hindrance to the successful transition of satellite cells from a
proliferative to a quiescent state or alternatively, a transition from
quiescent to proliferative states. The upregulated expression of myoclin
(MYOC) in LD in SC and IC compared with that in EM could also
contribute to the maintenance of the muscle size in the absence of a
positive effect of androgens because its role in the regulation of the
muscle size is supported by the muscle hypertrophy phenotype observed
in transgenic mice overexpressing MYOC (reviewed in Schiaffino,
Reggiani, Akimoto and Blaauw (2021)). In addition, a gene associated
with adipogenesis, AT-rich interaction domain 5B (ARID5B), was down-
regulated in LD in EM compared with in IC. Muscle-specific deletion of
ARID5B in mice affects fuel utilization in skeletal muscles, favoring fatty
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acids for energy generation (Murray, Ehsani, Najjar, Zhang & Itakura,
2022) and increased ARID5B expression could contribute to the reported
metabolic changes in the IC (Batorek-Lukač, Dubois, Noblet,
Čandek-Potokar & Labussière, 2016; Poklukar et al., 2021). Therefore,
further investigations are required to reveal its potential involvement in
metabolic changes in the IC. In addition, in LD in IC, DEGs were enriched
in p53 signaling (THBS1, SERPINE1) and ECM-receptor interaction
pathways (THBS1, SPP1) compared with in SC. The increased expression
of SERPINE1, confirmed also by qPCR can be induced by hormones like
insulin-like growth factor-1 (IGF-1), which aligns with substantially
higher serum IGF-1 levels reported in IC compared with SC (Fernán-
dez-Fígares et al., 2023). The increased expression of both SERPINE1
and the profibrotic gene THBS1 can also underlie the increase in the
collagen content, as previously reported in LD in IC compared with in SC
(Škrlep et al., 2020). The role of SPP1 (also known as osteopontin), a
p53-target gene, in determining skeletal muscle size remains unclear
(Pagel, Wasgewatte Wijesinghe, Taghavi Esfandouni & Mackie, 2014).

Interestingly, the oxidative SSC responded differently to short-term
androgen deprivation induced by immunocastration and displayed
distinctive transcriptome profiles. The reduced CSA of type I myofibers
in SSC in IC, compared with EM and SC, most likely results from
increasedmuscle protein degradation. This is supported by the increased
expression of the ubiquitin ligases TRIM63 and FBXO32 in SSC in IC
compared with in SC, whereas the levels of both atrophy marker genes
(TRIM63 and FBXO32) in IC and EM were comparable. The suppression
of the ubiquitin ligase-mediated atrophy pathways in SC aligns with the
preservation of muscle mass after AR ablation (Hosoi et al., 2023). In
contrast, in SSC in IC, short-term androgen deprivation caused an
imbalance in protein homeostasis, increasing protein degradation via
the ubiquitin-proteasome signaling pathway without counterbalancing
the effect of androgens on the de novo protein synthesis seen in EM.
Supporting the latter, surgical castration in adult mice suppresses
myofibrillar protein synthesis (White et al., 2013). Further, DEGs
involved in transcriptional misregulation in cancer were enriched in
SSC, with CEBPB and NR4A3 identified as candidate genes. Promoters of
TRIM63 and FBX032 exhibit putative binding for different transcription
factors including CEBPB, which activate either TRIM63 or FBX032
individually or in combination with other transcription factors (Bodine
& Baehr, 2014), whereas differences in NR4A3 expression can be linked
to the regulation of genes and pathways related to adiposity, skeletal
muscle metabolic and oxidative capacity, and glucose utilization and
storage (Pearen et al., 2013). Comparing EM to SC revealed DEGs
enriched in the AMPK signaling pathway, implicating two candidate
genes (PGC-1α and SCD) in modulating energy expenditure and lean
muscle phenotype.

The AMPK pathway modulates anabolic and catabolic pathways and
regulates mitochondrial biogenesis through PGC-1α (Kjøbsted et al.,
2018). RNA-Seq data for PGC-1α were consistent with previously re-
ported testosterone-promoted increases in PGC-1α expression in the
skeletal muscle (Usui et al., 2014). Unfortunately, due to large differ-
ences between individual animals within experimental groups, the
PGC-1α RNASeq data were not confirmed by qPCR. High individual
variations in PGC-1α expression were also observed in our previous
studies (Fazarinc et al., 2020; Vrecl et al., 2018). SCD-deficient mice
(Dobrzyń&Dobrzyń, 2006) displayed increased energy expenditure and
reduced body adiposity due to the upregulation of fatty acid oxidation
genes. Therefore, lower expression of SCD in the skeletal muscles in EM
may contribute to their leaner phenotype. SCD expression levels also
correlate with the IMF content and meat quality in pigs (reviewed in
Yan, Guo and Yin, 2023). Finally, DEGs (PGC-1α, HK2, PRKAG2, and
FOXO1) were enriched in the insulin signaling pathway when
comparing SSC in IC with that in SC. Transgenic mice overexpressing
FOXO1 in the skeletal muscle show a negative regulation of muscle mass
through increased protein degradation and reduced expression of genes
related to slow-twitch type I myofibers (Kamei et al., 2004). Our
RNA-Seq and qPCR data also provide evidence of increased protein

degradation via upregulated ubiquitin ligases (TRIM63 and FOX32) in
the IC. The observed decrease in the CSA of type I myofibers in SSC in IC
might align with the negative effect of FOXO1 expression on the level of
structural proteins specific to slow-twitch type I myofibers (Kamei et al.,
2004). All identified genes (PGC-1α, HK2, and PRKAG2) play roles in
cellular energy homeostasis; therefore, their regulation may contribute
to the reported metabolic changes in IC (Batorek-Lukač et al., 2016;
Poklukar et al., 2021). Increased expression of the glycolytic enzyme
HK2 in SSC of IC compared with SC may align with the findings of the
upregulation of enzymes involved in carbohydrate metabolism in aging
slow-twitch type I myofibers of male humans (Murgia et al., 2017) or
alternatively, increased HK2 expression may act as a compensatory
mechanism to preserve amino acids for protein synthesis; however, this
was suggested to be an AR-related change (Sakakibara et al., 2021).

5. Conclusions

This study demonstrated that different hormonal statuses associated
with the method of castration exert muscle-specific effects on histo-
morphometric traits and transcriptome profiles. Long-term androgen
deficiency (related to surgical castration) affects the proportion of fast-
twitch type IIa myofibers in LD, aligning with the role of androgens in
supporting the fast-twitch phenotype. Conversely, short-term androgen
deprivation (i.e., immunocastration) primarily affects the histo-
morphometric properties of oxidative type I myofibers in SSC. The
transcriptome profiles obtained here supported the observed muscle-
specific histomorphometric traits. RNA-Seq data suggested that glyco-
lytic LD adapts to androgen deprivation by upregulating genes that
control myoblast proliferation and differentiation, such as ANKRD1,
EGR1, and ATF3, thereby preserving myofiber size. In contrast, the
reduction in the CSA of SSC oxidative type I myofibers in IC pigs suggests
an increase in muscle protein degradation through the ubiquitin ligase-
mediated atrophy pathway (increased expression of TRIM63 and
FBXO32). Simultaneously, the observed myofiber type-specific effect
might be attributed to upregulated FOXO1. Because our analysis was
mainly focused on gene expression at the transcriptomic level, possible
post-translational effects of sex hormones could not be detected; thus,
further observations at the protein level need to be conducted. Finally,
the potential candidate genes (HK2, ARID5B, SERPINE1, and SCD)
identified in IC may be linked to specific metabolic and meat quality
traits. This provides a basis for further studies on the effects of immu-
nocastration on porcine skeletal myofibers and carcass/meat quality
traits, with potential implications for agricultural practices.
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