=] agriculture

Article

Long-Term Physical Activity Modulates Lipid Metabolism and
Gene Expression in Muscle and Fat Tissues of Alentejano Pigs

José Manuel Martins 1*(, André Albuquerque 207, David Silva 3, José A. Neves !, Rui Charneca !

Amadeu Freitas 1

check for
updates

Academic Editor: Ligang Wang

Received: 20 August 2025
Revised: 18 September 2025
Accepted: 26 September 2025
Published: 29 September 2025

Citation: Martins, ].M.; Albuquerque,
A.;Silva, D.; Neves, J.A.; Charneca, R.;
Freitas, A. Long-Term Physical
Activity Modulates Lipid Metabolism
and Gene Expression in Muscle and
Fat Tissues of Alentejano Pigs.
Agriculture 2025, 15,2047. https://
doi.org/10.3390/agriculture15192047

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and

1 MED—Mediterranean Institute for Agriculture, Environment and Development & CHANGE—Global
Change and Sustainability Institute, Departamento de Zootecnia, ECT—Escola de Ciéncias e Tecnologia,
Universidade de Evora, Pélo da Mitra, Ap. 94, 7006-554 Evora, Portugal; jneves@uevora.pt (J.LA.N.);
rmcc@uevora.pt (R.C.); aagbf@uevora.pt (A.F)

2 MED & CHANGE, Universidade de Evora, Pélo da Mitra, Ap. 94, 7006-554 Evora, Portugal;

andrealb@uevora.pt

Independent Researcher, 7000-609 Evora, Portugal; davidandredasilva@gmail.com

*  Correspondence: jmartins@uevora.pt

Abstract

This study examined the effect of long-term physical activity during the finishing period on
meat and fat quality, and metabolic gene expression in obese Alentejano (AL) pigs. From
87.3 to 161.6 kg BW and for 130 days, eighteen pigs were assigned to either individual pens
without an exercise area (NE, n = 9) or an outdoor park with an exercise area (WE, n = 9).
Both groups received identical commercial diets at 85% ad libitum intake. Loin (Longissimus
lumborum—LL), tenderloin (Psoas major—PM), and dorsal subcutaneous fat samples
were obtained at slaughter, and analyzed for fatty acid composition and gene expression.
Physical activity modulated the fatty acid profile and key metabolic genes in muscle
and fat tissues. WE pigs showed higher palmitoleic (p = 0.031) and linolenic (p = 0.022)
acids in LL, while Fatty acid synthase and Leptin in LL were downregulated (p = 0.071 and
p = 0.018, respectively); Fatty acid binding protein 4 was downregulated (p = 0.003) and
Stearoyl-CoA desaturase upregulated (p = 0.020) in the PM of WE pigs, indicating changes in
lipid metabolism. Also, Myosin heavy chain 7 was upregulated (p = 0.016) in LL, suggesting
oxidative muscle remodeling. These findings suggest that moderate, long-term physical
activity during finishing induces modest but favorable metabolic adaptations in muscle and
fat tissues without compromising meat quality in AL pigs, supporting its use in traditional
rearing systems aimed at balancing animal welfare and product quality in local breeds.

Keywords: Alentejano pig; local pigs; physical activity; meat quality; fat quality; mRNA

1. Introduction

Animal development is influenced, besides other factors, by environmental conditions
during rearing. Enriched or complex environments can mitigate stress responses, reduce
pain perception and anxiety, and decrease aggressive behaviors, ultimately improving
animal welfare [1,2]. The Alentejano (AL) pig, a traditional Portuguese breed with genetic
and phenotypic similarities to the Iberian pig [3], is well-adapted to extensive and semi-
extensive production systems. Characterized by slow growth and a high and precocious
propensity for fat deposition, AL pigs are highly valued for their meat and meat products’
quality, and unique sensory attributes, which are strongly influenced by both genotype
and rearing conditions [4,5]. Traditionally, AL pigs have been finished outdoors, where
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moderate to high physical activity [6], acorn-based diets, and late slaughter ages contribute
to enhanced intramuscular fat (IMF) content and desirable meat quality traits [7]. However,
growing demand for fresh pork and year-round production has led to increased use of con-
fined, indoor systems, which restrict movement and may alter metabolic development [6].
This transition raises concerns regarding the impact of physical activity limitation on meat
and fat quality in this obese breed.

Exercise is a key modulator of lipid metabolism, muscle plasticity, and carcass traits.
Previous research has shown that the rearing system and physical activity can influence
carcass composition and meat quality in pigs [8,9], likely due to differences in movement
patterns and associated metabolic adaptations [6,10,11]. Despite these findings, in tradi-
tional breeds such as the obese AL pig, the molecular mechanisms linking physical activity
to phenotypic outcomes remain poorly understood, particularly regarding gene expression
related to lipid metabolism, muscle growth, and energy homeostasis.

Recent studies have highlighted the metabolic plasticity of the AL pig. For example, di-
etary interventions such as betaine supplementation have been shown to upregulate genes
involved in lipogenesis, lipolysis, and cholesterol metabolism [12]. Likewise, crossbreeding
studies revealed genotype-specific effects on meat and fat traits, further emphasizing the
interplay between genetics and environment [5]. However, the specific contribution of
long-term physical activity in regulating these pathways remains largely unexplored in
AL pigs, despite its potential to synergize with genetic and nutritional factors to optimize
product quality.

Given the increasing shift from traditional outdoor to indoor confined rearing systems
for the AL pig, a breed valued for its distinctive fat deposition and meat quality, the
impact of reduced physical activity on product traits and metabolic regulation remains
not completely understood. Coupled with rising consumer demand for high-quality and
ethically produced pork [13], this study aims to isolate the effects of long-term physical
activity during the finishing phase on meat and fat quality, as well as on the expression of
key metabolic genes in AL pigs. By integrating phenotypic analyses of the Longissimus
lumborum, Psoas major, and dorsal subcutaneous fat with molecular data, this research
seeks to elucidate tissue-specific adaptations to exercise in this breed. With these findings,
we aim to contribute to developing sustainable production strategies that balance animal
welfare, breed conservation, and evolving market expectations.

2. Materials and Methods

All experimental procedures were conducted in strict accordance with the ethical
guidelines and regulations set by the Portuguese Animal Nutrition and Welfare Commis-
sion (DGAV—Directorate-General for Food and Veterinary, Lisbon, Portugal), and followed
the 2010/63/EU Directive. The data used in this work were obtained by the MITTIC
Project—Modernizacién e Innovacién Tecnolégica com base TIC em sectores estratégi-
cos y tradicionales (QREN, Cooperacién Transfronteriza Portugal-Espafia and European
Regional Development Fund—FEDER), which ended in 2016.

2.1. Chemicals and Solvents

High-purity chemicals and solvents were purchased from VWR (Radnor, PA, USA)
and MilliporeSigma (St. Louis, MO, USA). Molecular biology reagents and kits were
obtained from Thermo Fisher Scientific (Waltham, MA, USA).
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2.2. Animal Husbandry and Experimental Design

This study was conducted in collaboration with the Alentejano Breeders Association
(ANCPA) to closely mimic commercial rearing and feeding practices for AL pigs. The
experimental design is detailed in a companion publication [6].

Briefly, eighteen purebred AL pigs (females and males surgically castrated within the
first week of life) were used in a 130-day trial, between an initial average body weight
(BW) of 87.3 kg and a final weight of 161.6 kg. The pigs were randomly assigned to two
groups, similar in age, gender, and body weight distribution: nine pigs were allocated to
3 m? open-air individual pens with feeding trough and drinking nipples, zinc sheds, and
concrete floor (no-exercise group, NE), and nine to an outdoor park of 400 m? (with-exercise
group, WE). The individual pens confined the pigs’ physical activity mainly to standing
up, remaining on their feet, and taking a few walking steps. The common area of the
outdoor park had a battery of individual feeding stalls and was connected by a corridor
to an area with an automatic waterer, forcing pigs to a minimum daily walking distance
of 800 m between the feeding and drinking areas. The park also provided 50 m? of shade
space from a zinc shed, along with natural tree cover. Pigs were fed two commercial diets,
one during growth (up to 100 kg BW), replaced by another during the finishing period
(100-160 kg BW) (for composition, see Table S1). Diets were offered at 85% estimated ad
libitum intake, and water was available ad libitum. Daily feed intake, refusals, and spillage
were recorded. Access to pasture was not allowed (for further details, see [6]).

At 161.6 kg BW, pigs were slaughtered following CO, stunning and exsanguination
at a commercial slaughterhouse (Maporal, Reguengos de Monsaraz, Portugal). The left
side of each carcass was processed into major commercial cuts [14], with individual cut
weights recorded. Samples from loin (Longissimus lumborum, LL) between the last thoracic
and the 5th lumbar vertebrae, the whole tenderloin (Psoas major, PM), as well as dorsal
subcutaneous fat (DSF) obtained at the last rib level were collected, vacuum-sealed, and
stored at —30 °C for further analysis.

2.3. Muscle and Dorsal Subcutaneous Fat Composition

Moisture (in LL, PM, and DSF), total protein and lipid content (muscles and DSF), pH,
water loss, myoglobin content, total collagen (muscles), and surface color (muscles and
DSF) were previously determined, as reported by Martins et al. (2021) [6].

The FA composition of muscle and fat tissues was determined from lipid extracts [15].
Methylated FA samples [16] were analyzed using a 6890 Hewlett Packard gas chromato-
graph equipped with a 75 m x 0.18 mm x 0.14 pm capillary column (SP-2560, Supelco,
Bellefonte, PA, USA). A temperature program of 200 °C was used, with the split-splitless
injector and the FID detector maintained at 250 and 270 °C, respectively. Hydrogen was the
carrier gas, used at a flow rate of 1.2 mL/min. FA methyl esters (FAMEs) were identified
based on retention times of reference standards (Supelco cat. n. 47801 [17] and 47885-U [18],
Bellefonte, PA, USA), and the tissue FA composition was expressed as g/100 g of the
total FAME identified (C12:0, C14:0, C16:0, C16:1 n-7, C17:0, C17:1 n-8, C18:0, C18:1 n-7,
transC18:1 n-9, C18:1 n-9, C18:2 n-6, C18:3 n-3, C20:0, C20:1 n-9, C20:4 n-6, and C22:1 n-9).
Based on the FA profile, saturation (SAT) [19], atherogenic (ATH), thrombogenic (THR) [20],
and unsaturation indices (UNSAT) [21], the hypocholesterolemic/hypercholesterolemic
fatty acid (FA) ratio (h/H FA ratio) [22], the A9-desaturase index activity for C16 and
C18 [23], the total desaturation index (TDI) [24], the nutritive value index (NVI) [25], the
health-promoting index (HPI) [26], the nutritional ratio [27], the iodine value [28], and the
peroxidizability index (PI) [29] were calculated.
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2.4. Total RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

Tissue samples from LL, PM, and DSF were snap-frozen in liquid nitrogen at the
slaughterhouse and stored at —80 °C until analysis. Total RNA was extracted using the
TRIzol® Plus RNA Purification Kit (Invitrogen, Waltham, MA, USA) from muscle and fat
tissue (1 mL of TRIzol reagent per ~150 mg of tissue sample) following the manufacturer’s
instructions, and stored at —80 °C. RNA integrity (NanoDrop® 2000 UV —Vis Spectropho-
tometer, Thermo Scientific, Waltham, MA, USA) was assessed by the OD260/0D280 nm
absorption ratio calculation and was greater than 1.9, indicating highly pure RNA. For
reverse transcription, 1 pug of total RNA was used in a 20 L reaction following Maxima®
First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific, Waltham, MA, USA) per
the manufacturer’s instructions.

Expression of genes involved in FA transport and lipogenesis (FABP4, Fatty acid binding
protein 4; ACLY, ATP-citrate lyase; MEE1, Malic enzyme 1, ACACA, Acetyl-CoA carboxylase;
FASN, Fatty acid synthase; SCD, Stearoyl-CoA desaturase; ELOV6, Elongation of long-chain
fatty acids family member 6; LEP, Leptin), lipolysis/FA oxidation (LPL, Lipoprotein lipase;
LIPE/HSL, Hormone-sensitive lipase; CPT1B, Muscle-type carnitine palmitoyltransferase 1B;
ADIPOQ, Adiponectin; IL6, Interleukin-6), muscle growth and differentiation (MYF5, Myo-
genic factor 5; MYOD1, Myogenic differentiation 1, MYF6, Myogenic factor 6; MYOG, Myogenin;
IGF1, Insulin-like growth factor 1, IGF2, Insulin-like growth factor 2; PAX7, Paired Box 7),
muscle mass regulation (MSTN, Myostatin; MTOR, Mechanistic target of rapamycin kinase;
MAP3K14, Mitogen-activated protein kinase kinase kinase 14, MAFBX/FBXO32, Atrogin-1;
MURF-1/TRIM63, Muscle-specific RING finger-1), muscle contraction and structure (TNNT1,
Troponin T1; MYH3, Myosin heavy chain 3; MYH?7, Myosin heavy chain 7), as well as reg-
ulation of lipid and metabolism (PPARG, Peroxisome proliferator-activated receptor gamma;
PPARA, Peroxisome proliferator-activated receptor alpha; EGF, Epidermal growth factor) and three
housekeeping genes, heat shock protein 90 alpha family class B member 1 (HSP90AB1/HSPCB),
hypoxanthine phosphoribosyltransferase 1 (HPRT1) and B-actin (ACTB) (Table S2), were inves-
tigated by real-time PCR. Amplification mixtures containing 12.5 uL of 2 x SYBR Green
PCR Master Mix, 0.3 uM of each primer, and 12.5 ng of cDNA per sample were prepared in
96-well plates and run using a 7500 Real-Time PCR System (Applied Biosystems, Carlsbad,
CA, USA) for 40 amplification cycles comprising a 15 s denaturation at 95 °C, followed by
a 50 s at 60 °C step. A no-template control was run with every assay, and samples were
performed in triplicate as technical replicates. Cycle threshold (CT) values were determined
using the fit-point method and the Applied Biosystems 7500 software with a fluorescence
threshold and baseline automatically set. Melt curve analysis was conducted at the end of
the PCR to validate the specificity of the primers.

PCR efficiency was estimated based on five-point standard curves of a two-fold
dilution series (1:84-1:128) from pooled cDNA of each tissue. Overall, primer efficiency for
each tissue fluctuated between acceptable values of 90 and 105%.

2.5. Calculations and Data Analyses

Results are presented as means =+ standard error of the mean (SEM). Data normality
was verified using the Shapiro-Wilk test. Statistical comparisons were performed using
Student’s t-test (IBM SPSS Statistics for Windows, Version 24.0. IBM Corp.: Armonk, NY,
USA). Target relative expression data were obtained using normalization factors based
on the expression of endogenous control genes (HSP90AB1, HPRT1, and ACTB) with
the geNorm application [30]. For multiple group comparisons, a multiple test correction
(Benjamini and Hochberg False Discovery Rate) [31] was used. Differences were considered
significant when p < 0.05 and trends considered at probability values between 0.05 and 0.10.
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3. Results

All pigs remained in good health throughout the experimental period. In this period,
average daily temperatures and relative humidity were recorded as follows: 21.1 °C (mean),
29.5 °C (max), 14.1 °C (min), and 51.4%, respectively.

3.1. Animal Performance, Carcass, and Cuts

Animal performance, carcass, and cut data were previously reported [6]. Briefly,
at the end of the trial and with a similar daily feed intake, WE pigs presented a higher
final weight (p = 0.027) and average daily gain (ADG) (p = 0.005), leading to a lower feed
conversion ratio (p = 0.006) compared to NE ones (Figure 1). DSF thickness and its increase
from 90 to 160 kg were also higher in WE pigs (p = 0.081 and p = 0.019, respectively).
While LL thickness followed a similar trend, differences were not statistically significant.
Additionally, hot carcass weight and carcass yield were higher in WE pigs (p = 0.029 and
p = 0.104, respectively; see Figure 1), as was PM weight (+12.7%; p = 0.063).

Initial weight (kg) Final weight (kg) Average daily gain (g)
p=0.005
180 180 ,D=0.027 600 .
160 160 = 550 =
500
140 140 150
120 120 400
100 100 350
- 300
80 80 250
60 60 200
40 10 150
100
20 20 50
0 0 0
ONE = WE ONE = WE ONE = WE
Feed conversion ratio Hot carcass (kg) Carcassyield (%)
_ p=0.104
6 p=0.006 140 p=0.029 80 =
£ - P
70
5 120
100 60
4
50
80
3 40
60
30
2
40 20
1
20 10
0 0 0
ONE = WE ONE = WE ONE = WE

Figure 1. Growth performance, carcass characteristics, and major cut weights of Alentejano pigs
raised in individual pens without exercise (NE, n = 9) or outdoors with exercise (WE, n = 9) from
87.3 to 161.6 kg LW.

3.2. Tissue Composition

Tissue composition data are detailed elsewhere [6]. Briefly, chemical composition
of both muscles was significantly different among treatments only in their total protein
content, which was higher in LL (p = 0.044) and PM (p = 0.0002) for the WE pigs. Finally,
the DSF physical-chemical composition was not affected by experimental treatments.

3.3. FA Profile in Muscles and Subcutaneous Fat Tissues

Oleic acid (C18:1 n-9) was the predominant FA in LL and PM from AL pigs. For
LL, oleic acid proportions varied between 52.0 and 51.1 g/100 g (Table 1), and for PM,
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between 38.4 and 39.2 g/100 g (Table 3) (for NE and WE pigs, respectively), of the total
FAMEs analyzed.

Table 1. Major fatty acid profile (g/100 g) of total intramuscular lipids of Longissimus lumborum
muscle in Alentejano pigs kept in individual pens without exercise (NE, n = 9) or outdoors with
exercise (WE, n = 9) from 87.3 to 161.6 kg LW.

NE WE
p-Value
Mean SEM Mean SEM
Cl4 1.45 0.08 1.33 0.05 0.226
Cl16 23.2 0.3 23.2 0.2 0.904
C16:1 n-7 4.32 0.14 4.72 0.09 0.031
C18 10.6 0.2 10.3 0.1 0.243
C18:1 n-7 0.36 0.02 0.35 0.02 0.707
transC18:1 n-9 0.13 0.04 0.11 0.05 0.766
C18:1 n-9 52.0 0.3 51.1 0.5 0.140
C18:2 n-6 5.1 0.3 5.9 0.4 0.141
C18:3 n-3 0.33 0.02 0.39 0.02 0.022
C20 0.18 0.01 0.18 0.01 0.882
C20:1 n-9 0.76 0.03 0.68 0.02 0.045
C20:4 n-6 1.01 0.14 1.21 0.17 0.372
C22:1 n-9 0.09 0.01 0.10 0.01 0.308
2. SFA 35.6 0.5 35.1 0.3 0.387
2. MUFA 57.8 0.4 57.1 0.4 0.276
2~ PUFA 6.4 0.5 7.5 0.6 0.164
> MUFA /SFA 1.62 0.04 1.63 0.02 0.804
3. UFA/SFA 1.80 0.04 1.84 0.02 0.407
¥ PUFA /SFA 0.19 0.02 0.22 0.02 0.170
Y n-3 0.33 0.02 0.39 0.02 0.022
Y n-6 6.2 0.5 7.2 0.6 0.182
Y. n-6/n-3 18.7 14 18.2 1.3 0.789
Y n-9 53.0 0.3 51.9 0.5 0.089

Composition of the major FAs from LL and PM was slightly affected by the experimen-
tal treatments. In LL, WE pigs exhibited ~9% higher palmitoleic (C16:1 n-7; p = 0.031) and
~18% higher polyunsaturated linolenic (C18:3 #n-3; p = 0.022) acids than NE pigs (Table 1).
On the other hand, palmitic (C16:0), stearic (C18:0), and oleic acid contents were not affected
by the experimental treatments. Overall, LL proportions of saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) were
not significantly affected by experimental treatments, as well as the sum of n-6 and n-9
FAs, but the sum of 1n-3 FAs was 18% higher (p = 0.022). These FA profiles for NE and WE
pigs led to identical LL lipid and lipid quality indices and ratios (Table 2). Only the h/H
FA ratio, C16:1/C16, A9-desaturase index activity for C16, and nutritional ratio tended
to be significantly different, respectively, at ~3% lower (p = 0.089), and ~5 (p = 0.053), 7
(p = 0.053), and 5% higher (p = 0.091) in WE pigs when compared to NE pigs. In PM,
WE pigs showed a ~9% decrease in the stearic acid (p = 0.085) and a ~24% increase in
the linolenic acid (p = 0.058) proportion, with the latter contributing to the increase in the
sum of n-3 FAs (Table 3). Nevertheless, these changes were not sufficient to significantly
affect the sum of SFAs, MUFAs, and PUFAs, as well as the indices and ratios between both
experimental groups (Table 4). Finally, and as observed in LL, PM palmitic, stearic, and
oleic acid contents were not affected by the experimental treatments (see Table 3).



Agriculture 2025, 15, 2047 7 of 25

Table 2. Lipid and lipid quality indices and ratios of Longissimus lumborum muscle in Alentejano
pigs kept in individual pens without exercise (NE, n = 9) or outdoors with exercise (WE, n = 9) from

87.3 to 161.6 kg LW.
NE WE
p-Value
Mean SEM Mean SEM
SAT index ! 0.55 0.01 0.54 0.01 0.372
UNSAT index 2 0.73 0.01 0.74 0.01 0.556
ATH index 3 0.45 0.01 0.44 0.01 0.108
THR index * 1.07 0.02 1.04 0.01 0.296
h/H FAs ratio ° 2.33 0.04 2.24 0.02 0.089
Desaturation indices:
C16:1/C16 0.19 0.01 0.20 0.01 0.053
A%-desaturase index activity for C16 6 15.6 0.4 16.8 0.3 0.053
C18:1/C18 4.93 0.13 4.99 0.06 0.590
A%-desaturase index activity for C18 7 83.0 0.4 83.2 0.2 0.513
Total desaturation index 8 1.58 0.03 1.55 0.02 0.323
Nutritive value index ? 2.70 0.04 2.66 0.02 0.339
Nutritional ratio 1 0.44 0.01 0.46 0.01 0.091
Todine value 1! 61.9 1.0 62.7 0.8 0.262
Peroxidizability index 12 9.2 0.7 10.0 0.7 0.348
Notes: ! Saturation index = (C14 + C16 + C18)/(XMUFA + ZPUFA); 2 Unsaturation index = [(% monoenoic) + 2 x
(% dienoic) + 3 x (% trienoic) + 4 x (% tetraenoic) + 5 x (% pentaenoic) + 6 X (% hexaenoic)]/% total fatty acids;
3 Atherogenic index = [C12 + (4 x C14) + C16]/(XMUFA + Zn6 + Xn3); 4 Thrombogenic index = (C14 + C16 +
C18)/[(0.5 x EIMUFA) + (0.5 x Zn6) + (3 x Ln3) + (En3/Ln6)]; ° Hypocholesterolemic/hypercholesterolemic
fatty acid ratio = (C18:1 n-9 + C18:1 n-7 + C18:2 n-6 + C18:3 n-6 + C18:3 n-3 + C20:3 n-6 + C20:4 n-6 + C20:5 n-3
+ C22:4 n-6 + C22:5 n-3 + C22:6 n-3)/(C14 + C16); © A%-desaturase index activity for C16 = 100 x [C16:1/(C16:1
+ C16)]; 7 A%-desaturase index activity for C18 = 100 x [C18:1 n-9/(C18:1 n-9 + C18)]; 8 Total desaturation
index = (C16:1 n-7 + C18:1 n-7 + C18:1 n-9)/(C14 + C16 + C18); ? Nutritive value index = (C18 + C18:1 n-9)/C16;
10 Nutritional ratio = (C12 + C14 + C16)/(C18:1 n-9 + C18:2 n-6); 11 Iodine value = 85.703 + (C14 x 2.74) — (C16
x 1.085) — (C:18 x 0.71) + (C18:2 n-6 x 0.986); 12 Peroxidizability index = (% dienoic) + (% trienoic x 2) + (%
tetraenoic x 3) + (% pentaenoic x 4) + (% hexaenoic x 5).
Table 3. Major fatty acid profile (g/100 g) of total intramuscular lipids of Psoas major muscle in
Alentejano pigs kept in individual pens without exercise (NE, n = 9) or outdoors with exercise (WE,
n =9) from 87.3 to 161.6 kg LW.
NE WE
p-Value
Mean SEM Mean SEM
Cl4 2.45 0.19 2.31 0.38 0.740
C16 21.2 0.4 21.1 0.3 0.953
C16:1 n-7 3.49 0.28 3.66 0.24 0.656
C18 12.2 0.4 11.3 0.3 0.085
C18:1 n-7 0.33 0.03 0.30 0.06 0.761
transC18:1 n-9 043 0.05 0.73 0.34 0.405
C18:11n-9 38.4 1.1 39.2 1.6 0.635
C18:2 n-6 15.5 1.2 15.7 1.0 0.905
C18:3 n-3 0.75 0.04 0.94 0.08 0.058
C20 0.16 0.04 0.12 0.03 0.167
C20:1 n-9 0.68 0.02 0.72 0.06 0.502
C20:4 n-6 3.24 0.35 2.73 0.34 0.295
C22:1 n-9 0.44 0.05 0.47 0.11 0.777
2. SFA 36.4 0.8 35.1 0.6 0.251
> MUFA 44.1 14 455 1.6 0.523
> PUFA 19.5 1.5 194 1.3 0.941
. MUFA/SFA 1.25 0.06 1.30 0.05 0.728
3. UFA/SFA 1.76 0.06 1.85 0.05 0.240
%, PUFA/SFA 0.54 0.05 0.55 0.04 0.868
Y n-3 0.76 0.04 0.93 0.08 0.058
Yy n-6 18.8 1.5 18.6 1.3 0.871
2. n-6/n-3 25.0 2.0 20.7 2.2 0.165

Yy n-9 39.9 1.1 41.2 1.3 0.466
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Table 4. Lipid and lipid quality indices and ratios of Psoas major muscle in Alentejano pigs kept
in individual pens without exercise (NE, n = 9) or outdoors with exercise (WE, n = 9) from 87.3 to
161.6 kg LW.

NE WE
p-Value
Mean SEM Mean SEM

SAT index ! 0.57 0.02 0.54 0.02 0.288
UNSAT index 2 0.79 0.02 0.81 0.01 0.494
ATH index 3 0.49 0.02 0.47 0.03 0.604
THR index * 1.07 0.04 1.00 0.03 0.221
h/H FAs ratio © 2.02 0.06 1.99 0.08 0.758
Desaturation indices:

Cl6:1/C16 0.17 0.01 0.18 0.01 0.856

A%-desaturase index activity for C16 6 14.8 0.9 14.6 0.7 0.879

C18:1/C18 3.33 0.18 3.53 0.19 0.442

A%-desaturase index activity for C18 7 76.5 1.0 77.6 1.2 0.529

Total desaturation index 8 1.10 0.05 1.09 0.07 0.945
Nutritive value index ? 243 0.04 2.40 0.05 0.736
Nutritional ratio 10 0.51 0.02 0.53 0.03 0.631
Iodine value ! 75.3 1.6 76.5 1.8 0.568
Peroxidizability index 2 17.7 1.1 19.0 1.1 0.407

Notes: See footnote of Table 2.

The most abundant FA present on the total lipids of DSF from AL pigs was also
oleic acid (Table 5). This FA presented a ~3% decrease in WE when compared to NE pigs,
although not attaining statistical significance (p = 0.111). This trend contributed to the
decrease in n-9 proportions (p = 0.095), which was ~3% lower in the DSF of WE pigs.
Conversely, linoleic acid (C18:2 n-6) increased ~4% in WE pigs (p = 0.072). Finally, as
observed in both muscles, DSF palmitic acid, stearic, SFA, MUFA, and PUFA contents
were not affected by the experimental treatments (Table 5), leading to identical lipid and
lipid quality indices and ratios (Table 6). Only the ATH index, nutritive value index, and
nutritional ratio tended to be significantly different, respectively, being ~4% lower (p = 0.088
and p = 0.098), and ~4% higher (p = 0.095) in WE pigs when compared to NE pigs.

Table 5. Major fatty acid profile (g/100 g) of total lipids of dorsal subcutaneous fat in Alentejano pigs
kept in individual pens without exercise (NE, n = 9) or outdoors with exercise (WE, n = 9) from 87.3
to 161.6 kg LW.

NE WE
p-Value
Mean SEM Mean SEM
Cl4 1.26 0.04 1.36 0.05 0.136
Cl16 239 0.1 24 .4 0.3 0.169
C16:1 n-7 2.18 0.07 2.25 0.07 0.455
C18 13.4 0.3 13.5 0.4 0.850
C18:1 n-7 0.15 0.03 0.18 0.02 0.247
C18:1 n-9 47.7 0.3 46.5 0.6 0.111
C18:2 n-6 8.0 0.2 8.4 0.1 0.072
C18:3 n-3 0.76 0.08 0.78 0.05 0.796
C20 0.20 0.01 0.21 0.01 0.722
C20:1 n-9 1.31 0.05 1.23 0.06 0.364
C20:4 n-6 0.22 0.03 0.20 0.02 0.567
C22:1 n-9 0.14 0.01 0.15 0.01 0.437
2 SFA 39.1 0.2 39.8 0.6 0.331
2~ MUFA 51.7 0.3 50.7 0.6 0.130
2~ PUFA 9.0 0.3 9.4 0.1 0.193

> MUFA/SFA 1.35 0.03 1.28 0.04 0.154
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Table 5. Cont.
NE WE
p-Value
Mean SEM Mean SEM
Y. UFA /SFA 1.55 0.01 1.51 0.04 0.407
Y. PUFA /SFA 0.23 0.01 0.24 0.01 0.487
Y n-3 0.76 0.08 0.78 0.05 0.796
) n-6 8.4 0.2 8.7 0.1 0.113
Y. n-6/n-3 114 0.8 114 0.6 0.859
Y n-9 49.2 0.3 48.0 0.6 0.095

Table 6. Lipid and lipid quality indices of dorsal subcutaneous fat in Alentejano pigs kept in

individual pens without exercise (NE, n = 9) or outdoors with exercise (WE, n = 9) from 87.3 to

161.6 kg LW.
NE WE
p-Value
Mean SEM Mean SEM

SAT index ! 064 001 066  0.02 0.271
UNSAT index 2 0.72 0.01 0.71 0.01 0.503
ATH index 3 0.48 0.01 0.50 0.01 0.088
THR index * 1.20 0.01 1.23 0.03 0.342
h/H FAs ratio ° 2.27 0.02 2.18 0.05 0.141
Desaturation indices:

Cl6:1/C16 0.09 0.01 0.09 0.01 0.728

A-desaturase index activity for C16° 8.3 0.2 8.5 0.3 0.730

C18:1/C18 3.76 0.20 3.49 0.14 0.298

A%-desaturase index activity for C18 7 787 0.8 77.6 0.6 0.266

Total desaturation index 8 1.31 0.03 1.25 0.04 0.165
Nutritive value index ? 2.56 0.02 2.47 0.05 0.098
Nutritional ratio 1° 045 001 047  0.01 0.095
Iodine value ! 61.8 0.4 61.6 0.6 0.760
Peroxidizability index 12 10.7 0.4 11.2 0.2 0.286

Notes: See footnote of Table 2.

3.4. Gene Expression

FA synthesis and transport-related genes in both muscles showed few significant

differences between groups (Figure 2). However, FASN and LEP expression decreased in
the LL of WE pigs (~47 and 53%; p = 0.071 and p = 0.018, respectively) when compared to NE
pigs. In PM, FABP4 was ~33% lower (p = 0.003), while SCD increased by ~147% (p = 0.020)
in WE pigs when compared to NE pigs. Expression of lipolysis/FA oxidation-related genes

showed a similar pattern (Figure 3). In LL, only one of the target genes showed statistical
differences, ADIPOQ (p = 0.041), which was associated with a 48% decrease in WE pigs
when compared to NE pigs. Furthermore, CPT1B tended to decrease (~21%, p = 0.051) in

LL, and the same happened in PM, with WE pigs showing a ~33% lower (p = 0.012) relative

expression compared to NE pigs.
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Figure 2. Relative expression of genes involved in fatty acid transport and lipogenesis in Longissimus
lumborum and Psoas major muscles of Alentejano pigs raised in individual pens without exercise
(NE, n = 6) or outdoors with exercise (WE, n = 6) from 87.3 to 161.6 kg LW. FABP4 (Fatty acid binding
protein 4), ACLY (ATP-citrate lyase), ME1 (Malic enzyme 1), ACACA (Acetyl-CoA carboxylase), FASN
(Fatty acid synthase), SCD (Stearoyl-CoA desaturase), ELOVL6 (Elongation of long-chain fatty acids family
member 6), and LEP (Leptin). Values are means with their standard errors represented by vertical bars.
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Figure 3. Relative expression of genes related to lipolysis/fatty acid oxidation and FASN/LIPE ratio
in Longissimus lumborum and Psoas major muscles of Alentejano pigs raised in individual pens
without exercise (NE, n = 6) or outdoors with exercise (WE, n = 6) from 87.3 to 161.6 kg LW. LPL
(Lipoprotein lipase), LIPE (Hormone-sensitive lipase), CPT1B (Muscle-type carnitine palmitoyltransferase 1),
ADIPOQ (Adiponectin), and FASN (Fatty acid synthase)/LIPE. Values are means with their standard
errors represented by vertical bars.

Regarding the genes associated with muscle growth and differentiation (Figure 4),
they were not differently expressed between groups regardless of the muscle. Similarly, the
expression of genes associated with muscle mass regulation (Figure 5) did not statistically
differ between LL muscles from WE and NE pigs. On the other hand, within the genes
associated to muscle contraction and structure (Figure 6), both TNNT1 (p = 0.058) and
MYH?7 (p = 0.016) revealed increases of ~50 and 69% in the LL of WE pigs when compared
to NE pigs.
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Figure 4. Relative expression of genes associated with muscle growth and differentiation markers
in Longissimus lumborum and Psoas major muscles of Alentejano pigs raised in individual pens
without exercise (NE, n = 6) or outdoors with exercise (WE, n = 6) from 87.3 to 161.6 kg LW. MYF5
(Myogenic factor 5), MYOD (Myogenic differentiation 1), MYF6 (Myogenic factor 6), MYOG (Myogenin),
IGF1 (Insulin-like growth factor 1), IGF2 (Insulin-like growth factor 2), and PAX7 (Paired Box 7). Values are
means with their standard errors represented by vertical bars.
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Figure 5. Relative expression of muscle mass regulation factors in Longissimus lumborum muscle of
Alentejano pigs raised in individual pens without exercise (NE, n = 6) or outdoors with exercise (WE,
n = 6) from 87.3 to 161.6 kg LW. MSTN (Myostatin), MTOR (Mammalian target of rapamycin), MAP3K14
(Mitogen-activated protein kinase kinase kinase 14), MAFBX (Atrogin-1/FBX032), and MURF-1 (Muscle-
specific RING finger-1). Values are means with their standard errors represented by vertical bars.
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Figure 6. Relative expression of genes associated with muscle contraction and structure in Longis-
simus lumborum muscle of Alentejano pigs raised in individual pens without exercise (NE, n = 6) or
outdoors with exercise (WE, n = 6) from 87.3 to 161.6 kg LW. TNNT1 (Troponin T1), MYH3 (Myosin
heavy chain 3), and MYH7 (Myosin heavy chain 7). Values are means with their standard errors
represented by vertical bars.
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Expression of genes associated with the regulation of lipid and muscle metabolism
(Figure 7) revealed differences only in the LL muscle. PPARG decreased ~33% (p = 0.032)
and EGF increased 50% (p = 0.061) in WE pigs when compared to NE pigs.
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Figure 7. Relative expression of genes involved in lipid and muscle metabolism in Longissimus
lumborum and Psoas major muscles of Alentejano pigs raised in individual pens without exercise
(NE, n = 6) or outdoors with exercise (WE, n = 6) from 87.3 to 161.6 kg LW. PPARG (Peroxisome
proliferator-activated receptor gamma), PPARA (Peroxisome proliferator-activated receptor alpha), and EGF
(Epidermal growth factor). Values are means with their standard errors represented by vertical bars.

Finally, in DSF, the relative expression in the selected set of genes related to FA
transport and lipogenesis (Figure 8) showed a pattern towards WE pigs, with increases
of ~37% on ACACA (p = 0.078), 27% on FASN (p = 0.082), and 47% on SCD (p = 0.073).
Regarding the genes associated with lipolysis/FA oxidation (Figure 9), only LIPE presented
significant differences between groups, with a ~20% decrease (p = 0.010) in WE pigs.
Additionally, the FASN/LIPE ratio was ~60% higher (p = 0.0007) in WE pigs compared to
NE pigs.
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Figure 8. Relative expression of key lipogenic genes and fatty acid transporters in dorsal subcutaneous
fat tissue of Alentejano pigs raised in individual pens without exercise (NE, n = 6) or outdoors with
exercise (WE, n = 6) from 87.3 to 161.6 kg LW. FABP4 (Fatty acid binding protein 4), ACACA (Acetyl-CoA
carboxylase), FASN (Fatty acid synthase), SCD (Stearoyl-CoA desaturase), and LEP (Leptin). Values are
means with their standard errors represented by vertical bars.
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Figure 9. Relative expression of genes associated with lipolysis/fatty acid oxidation, inflammatory
markers, and FASN/LIPE ratio in dorsal subcutaneous fat tissues of Alentejano pigs raised in indi-
vidual pens without exercise (NE, n = 6) or outdoors with exercise (WE, n = 6) from 87.3 to 161.6 kg
LW. LPL (Lipoprotein lipase), LIPE (Hormone-sensitive lipase), IL6 (Interleukin-6), ADIPOQ (Adiponectin),
and FASN (Fatty acid synthase)/LIPE. Values are means with their standard errors represented by
vertical bars.
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4. Discussion

Extensive pig production systems that promote movement, exploratory behavior, and
foraging can influence growth and meat quality [32], especially in local breeds like the AL
pig [6]. Although AL and Iberian pigs naturally walk long distances for food [7], modern
systems increasingly restrict outdoor access to reduce production time and costs. Besides
Martins et al. (2021) [6], no studies have investigated long-term physical activity effects
on meat traits in AL pigs. This exploratory study addresses this gap by evaluating how
sustained exercise affects meat and fat quality, as well as the expression of key metabolic
genes in muscle (LL and PM) and subcutaneous fat (DSF) in AL pigs slaughtered at
~160 kg BW.

As noted by Bee et al. [33], comparisons between outdoor and indoor systems often
involve confounding factors (physical activity and environmental stimuli) which jointly
affect animal performance and product quality. To minimize such effects, our pigs were
reared in adjacent pens or an outdoor park, fed identical diets at 85% ad libitum, had free
access to water, and no access to pasture [6].

Animals remained healthy throughout the trial. Although some previous studies
reported limited effects of exercise on growth and carcass traits, especially with low exercise
intensity or duration [34,35], our study found that long-term physical activity significantly
improves growth performance in AL pigs [6]. This was shown by higher final body
weight, increased ADG, and better feed conversion ratio in WE pigs compared to NE pigs.
These improvements align with previous reports in outdoor-reared pigs, where welfare
and physical activity positively influenced performance [10,32,36]. Higher carcass yield
and DSF thickness observed in WE pigs [6] suggest enhanced lipid deposition, which is
consistent with increased backfat and carcass fat in pigs reared under enriched or outdoor
conditions [8,9,37]. Such fat distribution may be beneficial in traditional pork systems
valuing external fat cover and muscle quality. Finally, increased muscle protein in WE
pigs [6] likely reflects enhanced anabolism associated with sustained activity [38,39]. Lower
plasma cortisol levels in WE pigs when compared to NE pigs [6] may have also contributed,
as cortisol is known to inhibit protein synthesis [40].

The effects of physical activity on muscle FA composition were subtle but biologically
relevant. In the LL muscle of WE pigs, palmitoleic and linolenic acid proportions increased,
while linolenic acid showed a near-significant rise in the PM muscle (p = 0.058). The higher
palmitoleic acid could reflect exercise-induced upregulated SCD activity, which catalyzes
the conversion of palmitic (C16:0) to palmitoleic acid, consistent with traditional breed
adaptations in more active rearing systems [41,42]. Increased linolenic acid aligns with
previous findings that physical activity and outdoor rearing enhance PUFA content in pork,
particularly n-3 FAs [9,33], improving membrane fluidity and insulin sensitivity [43]. This
rise in 1-3 linolenic acid observed in WE pigs is also beneficial for meat nutritional quality
and consumer health, as higher 1n-3 PUFA intake is associated with reduced cardiovascular
risk [44,45].

Notably, the WE pigs’ FA profiles partly matched the reference values established for
outdoor-reared Iberian pigs [46]. Specifically, muscle and subcutaneous fat (see below)
samples from WE pigs showed favorable trends, including modest shifts in the FA compo-
sition and an increase in n-3 PUFA levels, without exceeding limits that would compromise
quality classification. Although these pigs were not pasture-fed or supplemented with
acorns, the physiological adaptations resulting from sustained physical activity appear to
reproduce some of the beneficial FA profile traits typical of extensive, high-quality systems
such as “cebo de campo”. These findings are in line with the hypothesis that physical
activity, independent of dietary inputs, can positively influence fat quality in local pig
breeds like AL pigs.
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Desaturation indices (C16:1/C16 ratio and A9-desaturase activity for C16) and lipid
quality indices (h/H FA and nutritional ratios) tended to increase in the LL of WE pigs
(p =0.053, 0.053, 0.089, and 0.091, respectively). These trends suggest the enhanced synthe-
sis of unsaturated FAs (UFAs), as previously reported in Iberian pigs [41], and is further sup-
ported by SCD upregulation in both LL and PM muscles (p = 0.120 and 0.020, respectively).

The significant upregulation of SCD in PM, but not in LL, may reflect their distinct
metabolic profiles. Studies in rodents have shown that SCD1 expression and activity are
markedly increased in oxidative muscles, but less so in glycolytic muscles or the liver [47].
As a highly oxidative muscle with dense mitochondrial content, PM is specialized for
sustained activity through FA oxidation, demanding more MUEFAs, like oleic acid, for
mitochondrial f-oxidation [42,48]. SCD converts SFAs, like stearic acid, into MUFAs, such
as oleic acid [49], and may be upregulated to meet this demand [50]. Oleic acid is among
the principal FAs oxidized by skeletal muscle during aerobic exercise [51,52], and the
steady oleic acid proportion, despite the increased SCD expression in the PM of WE pigs,
suggests continuous utilization. Additionally, a trend toward higher linolenic acid and a
near-significant reduction in stearic acid (p = 0.085) supports increased desaturation activity
and oxidative demand in this tissue.

Conversely, the lower proportion of gadoleic acid (C20:1 #-9) in the LL muscle of
WE pigs, an FA synthesized via the elongation of oleic acid mainly through ELOVL5 and
ELOVL6 [53], likely reflects a shift in metabolic priorities induced by exercise. This shift may
include a reduced lipid storage capacity and the downregulation of key lipogenic genes in
this predominantly glycogenic muscle [54,55] (see below). These muscle-specific responses
highlight the importance of fiber-type composition in modulating lipid metabolism and
gene expression in response to physical activity.

In the glycolytic LL muscle, the downregulation of lipogenic and adipogenic genes,
such as FASN, LEP, and PPARG, in WE pigs suggests reduced de novo FA synthesis.
Although direct evidence in pigs is lacking, exercise has been shown to decrease lipogenic
enzyme activity in other mammals, like the rat liver [56]. This downregulation may reflect
a metabolic shift toward enhanced FA catabolism rather than (MUFA) elongation and
storage [33,57], as well as increased dependence on circulating FAs as energy substrates
during exercise [44,57]. Supporting this, plasma triacylglycerol levels were consistently
lower in WE pigs than in NE ones (—17, —7, and —28% at weeks 11 and 18, and slaughter,
respectively), suggesting increased uptake and oxidation of blood-borne FAs by muscle
tissue [6]. These findings align with reports that glycolytic muscles are less responsive to
exercise-induced lipid gene modulation and rely more on glycogenolysis for energy [54].

These transcriptional changes, though modest, suggest a shift in muscle function and
fiber-type composition, with the upregulation of the slow-twitch fiber markers MYH7 and
TNNTI (p = 0.016 and 0.058, respectively) in LL indicating partial oxidative remodeling [58],
but not enough to induce SCD upregulation, as seen in the PM. EGF upregulation may
contribute to this transition by promoting satellite cell-mediated repair and fiber differenti-
ation, as shown in exercised muscle models [59]. The reported increased muscle protein
content may also reflect a fiber-type shift, as exercise induces a transition toward more ox-
idative, slow-twitch fibers, associated with higher protein density and endurance [48,60,61].
Although histochemical analysis was not performed in this trial, MYH?7 upregulation in WE
pigs supports this molecular shift. Such metabolic and structural adaptations at the fiber
level, particularly toward oxidative fibers, may affect pork sensory traits like tenderness,
the water-holding capacity, and juiciness [61,62].

Our findings align with recent studies [63] showing distinct gene expression patterns
between oxidative and glycolytic muscles in pigs. These differences reflect the enrichment
of lipid metabolism and mitochondrial function pathways in oxidative muscles, supporting
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their role in sustained FA oxidation and metabolic efficiency. Such differentiation impacts
metabolic adaptability and meat quality traits, especially intramuscular fat content and
composition. While diet predominantly shapes tissue FA profiles [64], physical activity
also modulates the balance between SFAs and UFAs, influencing the nutritional quality
and healthfulness of pork [33]. Moreover, recent systems biology and transcriptomic
analyses highlight mitochondrial function’s role in feed efficiency and skeletal muscle
metabolism in pigs. Genes linked to mitochondrial translation elongation (not tested),
electron transport, and FA (3-oxidation are upregulated with exercise, paralleling human
muscle adaptations [55,64]. In this context, our results of improved feed conversion and
increased muscle protein in WE pigs [6] suggest that enhanced mitochondrial activity may
contribute to greater metabolic efficiency and adaptive muscle remodeling toward a more
oxidative profile during long-term physical activity.

The marked downregulation of FABP4 in the PM muscle of WE pigs likely reflects a
beneficial metabolic adaptation to long-term physical activity. High FABP4 expression is
linked to obesity-related metabolic stress, inflammation, and impaired insulin sensitivity,
while its reduction (whether through exercise or other interventions) is associated with
improved metabolic health and enhanced lipid oxidative capacity [65,66]. The oxidative,
metabolically flexible PM muscle’s responsiveness to environmental changes [33] likely
explains the observed FABP4 downregulation in WE pigs [65,66]. Conversely, the glycolytic
LL muscle, which is less dependent on lipid oxidation, showed no significant FABP4 change,
highlighting muscle-type specificity in metabolic plasticity. These findings suggest that
physical activity promotes a healthier metabolic profile in oxidative muscle by reducing
FABP4 expression, facilitating FA oxidation and overall muscle function in this fatty pig
breed. Additionally, pen-reared pigs, such as those in the NE group, with higher plasma
cortisol levels [6], may upregulate FABP4 due to chronic stress, possibly supporting lipid
storage in sedentary conditions.

CPT1B facilitates FA transport into mitochondria for 3-oxidation [67]. The upregula-
tion of this gene in both muscles of NE pigs (p = 0.051 and 0.002 in LL and PM, respectively)
suggests a compensatory response to reduced physical activity and intracellular FA ac-
cumulation [33,39]. In oxidative muscles like the PM, decreased physical activity and
mitochondrial respiration demand may cause FA accumulation [33,61], triggering the up-
regulation of CPT1B to enhance beta-oxidation despite limited capacity [39]. Similarly, the
upregulation of PPARG in NE pigs may reflect insulin resistance and lipid-induced stress,
as PPARG regulates adipocyte differentiation and lipid storage [68,69]. The upregulation of
these genes in NE pigs might also be a response to low-grade inflammation from inactivity
or FA accumulation. Conversely, active pigs show lower PPARG and CPT1B expression,
suggesting improved mitochondrial efficiency and reduced lipid overload, diminishing the
need for compensatory mechanisms [70].

In DSE the expression of ACACA, FASN, and SCD showed consistent but non-
significant increases in WE pigs (p = 0.078, 0.082, and 0.073, respectively), reflecting its
role as a lipid reservoir and the increased DSF thickness observed in this group [6]. These
findings align with previous reports that subcutaneous and IM fat depots are regulated by
distinct molecular mechanisms and respond differentially to exercise in a tissue-specific
manner [71]. Oxidative muscles like the PM prioritize FA oxidation, DSF acts as a dy-
namic lipid reservoir influenced by hormonal and metabolic changes, while glycolytic
muscles such as LL rely mainly on glycogenolysis, with limited lipid storage or oxidative
capacity [71-73]. The fatty AL pig’s genotype favors lipid storage via esterification and de
novo synthesis, evidenced by the upregulation of genes like FASN, ACLY, and ME1 [74,75],
a tendency reinforced rather than counteracted by exercise [76]. Supporting this, FASN
expression in DSF rose by ~27% (p = 0.082), while HSL, a key enzyme in lipolysis [77],
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decreased by 20% (p = 0.010) in WE pigs versus NE pigs. The resulting higher FASN to
LIPE ratio in the WE pigs suggests net lipid accumulation, consistent with the increase in
DSF thickness [6]. Lower plasma cortisol in the WE pigs likely also suppressed lipolysis, as
glucocorticoids stimulate LIPE expression and fat mobilization [40]. Although sensory qual-
ity was not directly assessed, the literature indicates that the rearing system and physical
activity can affect sensory traits. Free-range or outdoor rearing has been linked to improved
tenderness, juiciness, and overall consumer acceptance [10,62]. However, results across
studies are mixed, varying by genotype, sex, and muscle type [10,34]. In this study, the
higher muscle protein content and better FA profile in the WE pigs may enhance the sensory
and nutritional quality, aligning with consumer preferences for traditional or free-range
pork [9,11]. Further research with direct sensory and structural evaluations is needed to
confirm the potential benefits.

5. Conclusions

This study demonstrates that sustained physical activity during the finishing phase
promotes not only significant improvements in growth performance, carcass yield, and
muscle protein content [6], but also modest yet favorable metabolic adaptations in the
muscles and adipose tissues of AL pigs. These changes include the upregulation of certain
oxidative muscle markers and gene expression patterns, suggesting a more favorable
lipid metabolism. Although the effects on the FA composition were subtle, increases
in linolenic and palmitoleic acids, together with trends toward improved lipid quality
without compromising meat quality, suggest potential nutritional benefits relevant to
both producers and consumers. While only a limited number of statistically significant
differences were observed, this work provides the first molecular and phenotypic evidence
of potential metabolic adaptations to long-term physical activity in AL pigs. Collectively,
these findings support the role of physical activity as a practical, non-dietary intervention
to improve performance, meat quality, and animal welfare in traditional rearing systems.

Further research integrating direct animal welfare and activity indices, alongside
genetic, nutritional, and environmental variables, is needed to validate and refine these
strategies, ensuring both breed sustainability and alignment with the evolving consumer
demands for high-quality, ethically produced pork.
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Abbreviations

The following abbreviations are used in this manuscript:

ACACA Acetyl-CoA carboxylase

ACLY ATP-citrate lyase

ACTB B-actin

ADG Average daily gain

ADIPOQ Adiponectin

AL Alentejano

ATH index Atherogenic index

BW Body weight

CPT1B Muscle-type carnitine palmitoyltransferase 1
DSF Dorsal subcutaneous fat

EGF Epidermal growth factor

ELOVL6 Elongation of long-chain fatty acids family member 6
FA Fatty acid

FABP4 Fatty acid binding protein 4

FASN Fatty acid synthase

h/H FA ratio Hypocholesterolemic/hypercholesterolemic fatty acid ratio
HPI Health-promoting index

HPRT1 Hypoxanthine phosphoribosyltransferase 1
HSP90AB1/HSPCB  Heat shock protein 90 alpha family class B member 1
IGF1 Insulin-like growth factor 1

IGF2 Insulin-like growth factor 2

IL6 Interleukin-6

IMF Intramuscular fat

LEP Leptin

LIPE Hormone-sensitive lipase

LL Longissimus lumborum

LPL Lipoprotein lipase

MAFBX Atrogin-1/FBX032

MAP3K14 Mitogen-activated protein kinase kinase kinase 14
ME1 Malic enzyme 1

MSTN Myostatin

MTOR Mammalian target of rapamycin

MUFA Monounsaturated fatty acid

MURF1 Muscle-specific RING finger-1

MYF5 Myogenic factor 5

MYF6 Myogenic factor 6

MYH3 Myosin heavy chain 3

MYH7 Myosin heavy chain 7

MYOD Myogenic differentiation 1

MYOG Myogenin

NE No-exercise group

NVI Nutritive value index

PAX7 Paired Box 7

PI Peroxidizability index
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PM Psoas major

PPARA Peroxisome proliferator-activated receptor alpha
PPARG Peroxisome proliferator-activated receptor gamma
PUFA Polyunsaturated fatty acid

SAT index Saturation index

SCD Stearoyl-CoA desaturase

SFA Saturated fatty acid

TDI Total desaturation index

THR index Thrombogenic index

TNNT1 Troponin T1

UFA Unsaturated fatty acid

UNSAT index Unsaturation index

WE With-exercise group
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