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Abstract

Background Heat stress (HS) is an increasing threat for pig production with a wide range of impacts. When submit-
ted to high temperatures, pigs will use a variety of strategies to alleviate the effect of HS. While systemic adaptations
are well known, tissue-specific changes remain poorly understood. In this study, thirty-two pigs were submitted

toa 5-day HS at 32°C.

Results Transcriptomic and metabolomic analyses were performed on several tissues. The results revealed differen-
tially expressed genes and metabolites in different tissues. Specifically, 481, 1774, 71,1572, 17, 164, and 169 genes
were differentially expressed in muscle, adipose tissue, liver, blood, thyroid, pituitary, and adrenal glands, respec-
tively. Regulatory glands (pituitary, thyroid, and adrenal) had a lower number of regulated genes, perhaps indicating
an earlier sensitivity to HS. In addition, 7, 8, 2, and 8 metabolites were differentially produced in muscle, liver, plasma,
and urine, respectively. The study also focused on the oxidative stress pathway in muscle and liver by performing

a correlation analysis between genes and metabolites.

Conclusions This study has identified various adaptation mechanisms in swine that enable them to cope with heat
stress (HS). These mechanisms include a global decrease in energetic metabolism, as well as changes in metabolic
precursors that are linked with protein and lipid catabolism and anabolism. Notably, the adaptation mechanisms dif-
fer significantly between regulatory (pituitary, thyroid and adrenal glands) and effector tissues (muscle, adipose tissue,
liver and blood). Our findings provide new insights into the comprehension of HS adaptation mechanisms in swine.
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Background

Heat stress (HS) is one of the main climatic hazards that
affect pig growth and reproductive performances [1], and
welfare. In 2003, St-Pierre et al. [2] estimated elevated tem-
perature results to annual losses near $300 million for the
US swine industry, and this number rose to $900 million
in 2018, according to da Fonseca de Oliveira et al. [3]. In
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temperate countries HS is an occasional challenge during
summer heat waves. However, the frequency and intensity
of heat waves are expected to rise in a context of climate
change (IPCC 2023). HS is a constant problem in many
tropical and subtropical areas where high ambient temper-
ature effects can be accentuated by a high relative humid-
ity. The part of pig production in tropical and subtropical
areas has increased in the last 30years and now represent
more than half of the pig production, according to the
United Nations for Food and Agriculture (FAO). When
subjected to HS, pigs decrease their average daily feed
intake (ADFI) to limit heat production [4]. Both the direct
effects of HS and the associated effect of feed restriction
induce various strong physiological and metabolic changes,
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the mechanisms of which remain poorly understood. The
use of mRNA expression profiles and other omics data pro-
vides a powerful tool for identifying the molecular mecha-
nisms underlying the physiological characteristics of heat
adaptation in farm animals. Most published studies on the
effects of HS on pigs based on omic traits focus only on one
tissue, mostly lean muscle [5, 6], as it is of primary impor-
tance for the industry or the blood [7]. The hypothalamic-
pituitary-adrenal axis is also well studied, as it is known
to be important in the endocrine response to thermal
stress. However, HS affect each pig tissue in different ways
[8-10]. In fact, the animal’s response to HS is a complex
and coordinated process that involves multiple subcellular
compartments and multi-level regulatory pathways that
are synchronized to avoid cell damage while maintaining
cellular homeostasis [10-12]. Understanding the mecha-
nisms behind HS adaptation is critical to address current
and future issues in the industry. Apart from some reviews
summarizing data from various studies, to our knowledge,
there is no paper that provides an overview of the effect of
HS on growing pigs through multiple omics and tissues in a
single experiment.

The objective of this study was to have a better under-
standing of the difference and similarities of the adapta-
tion mechanisms of pigs to HS in eight different tissues
and fluids. We performed a multi-tissue analysis of the
effect of a constant temperature of 32°C during 5 days on
growing pigs, with transcriptomic data from seven tissues
(muscle, adipose tissue, liver, blood, thyroid, pituitary,
and adrenal glands) and metabolomic data from four tis-
sues (muscle, liver, plasma, and urine). We explored the
effects on each tissue through differential expression
and pathway enrichment analysis, and the relationships
between tissues through correlation between mRNA and
metabolite abundance.

Results

Although animals of different breeds were included in
the experimental design, this paper focuses only on the
effect of ambient temperature on pig responses. Based
on the statistical approaches used in the study, mean
responses regarding the effect of the ambient tempera-
ture were corrected for the breed effect, and we checked
for the absence of significant interactions between breed
and temperature in our model.

Animal responses to heat stress

The effects of elevated temperature (32°C) on thermoreg-
ulatory responses are shown in the Fig. 1. The rectal
and skin temperatures and respiratory rate significantly
increased within the first 24 to 48h of exposure to 32°C
when compared to the thermoneutral (TN) conditions
(P<0.01). This first increase was followed by a gradual
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decrease in these parameters indicating that acclimation
responses have been implemented to reduce the HS relief
experienced by the pigs. In addition, based on records of
the 18 pigs that were subjected to the thermal challenge,
the ADFI was significantly lower in HS at d3 conditions
than in TN conditions at d-3 (1301 vs. 1829g/d; P<0.01).

As shown in Table 1, among the fifteen metabolites
and hormones measured in blood plasma, only the trii-
odothyronine (T3), albumin and glycerol concentra-
tions were significantly lower in HS conditions (P<0.05).
Tetraiodothyronine (T4), creatinine, and lactate concen-
trations displayed a tendency to be influenced by the cli-
matic conditions (P <0.10). Finally, although the effects
were not significant, insulin and free fatty acids contents
were numerically lower (—22% and —41%, respectively)
in hot conditions.

Transcriptomic analyses of seven tissues: three regulators
and four effectors

An analysis was performed to compare the gene expres-
sion between HS and TN conditions for seven tissues
(blood, liver, muscle, SubCutaneous Adipose Tissue
(SCAT), pituitary, thyroid and adrenal glands) sepa-
rately. A common preprocessing step was applied on
each tissue independently. Genes with an FDR adjusted
p-value lower than 0.05 were considered as differentially
expressed genes (DEGs). A total of 481, 1774, 71, 1572,
17, 164 and 169 probes were detected as differentially
expressed in blood, muscle, liver, SCAT, and in the pitui-
tary, thyroid and adrenal glands, accounting respectively
for 331, 920, 44, 741, 13, 82 and 88 unique annotated
genes (Fig. 2). List of DEG for each tissue is available in
Additional file 1. Expression of several important genes
for HS is shown in Additional file 2.

While 96.5% of genes expressed in one tissue are also
expressed in another, 90% of DEGs are expressed in
only one tissue accounting for 95% of the differentially
expressed probes. Among the DEG of the muscle, we can
cite PDHA1, DLD, LDHB and HIFIA involved in Glycoly-
sis/Gluconeogenesis and/or HIF1 signaling pathway. Also
genes involved in Thermogenesis or Reactive Oxygen
Species such as SOD1, HIF1A, ATPSME or ATP5SMF both
down or up regulated. In the SCAT, we found various
down-regulated genes involved in fatty acid metabolism,
e.g. ELOVL6, FASN, LPL. As shown in the Fig. 3, most of
the shared regulated transcripts are common between
the muscle and the SCAT (100 of 4053 probes), and to
a smaller extent between the muscle and the SCAT with
the blood (20 and 21 of 4051 probes respectively), sug-
gesting a difference between these tissues and the others.
Among the 10% of differentially expressed genes shared
by multiple tissues, the HSP protein-coding family genes
are well known to be involved in heat shock response.
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Fig. 1 Rectal and cutaneous temperatures, respiratory during the experiment. The line is a mean of the variable for all pigs present at each period
(n=[36-27-18-9]). The blue line represents the initiation of the change in ambient temperature from 24°C to 32°C A Rectal temperature. B Skin

temperature. C Respiratory rate

Table 1 Mean and standard deviation (SD) of plasma metabolites
and hormones concentration in TN (24°C, n=18 pigs) and HS
conditions (32°C, n=18 pigs)

Thermoneutrality Heat Stress  Signif.

Mean Sd Mean Sd
T4, ug/dL 3.73 042 345 042 007*
T3, ng/dL 524 13.1 443 13.6  0.05**
IGF-I, ng/mL 170 449 163 68.7 052
Insulin, pU/mL 74 518 5.78 26 0.63
Creatinine, mg/L 11.0 14 12.1 1.9 0.08*
Albumin, g/L 40.2 2.1 36.8 28 <0.01**
a-amino acids, mg/L 685 57 709 45 0.23
Proteins, g/L 64.8 4.8 62.1 6.7 0.18
Uric acid, mg/L 222 0.51 2.14 039 075
Urea, mg/L 290 83 283 65 0.89
Glycerol, mg/L 6.49 313 403 099  <0.01**
Triglycerides, mg/L 441 144 438 133 097
Free fatty Acids, umole/L  267.3 2659 1609 86.1 0.15
Glucose, mg/L 1029 142 1000 71 0.30
Lactate, umole/L 4718 2316 3396 1378 0.09*

*P<0.1**P<0.05

Specifically, HSP10, HSP40, and HSP90 are differentially
expressed in muscle, HSP40 and HSP70 in SCAT, HSP40
and HSP70 in blood, HSP70 and HSPI10 in thyroid,
HSP70 and HSP110 in adrenal glands, and HSP110 in
liver.

The enrichment analysis was performed on each indi-
vidual tissue (Additional file 3). In blood, the main
enriched functions are carbon metabolism, glycolysis/
gluconeogenesis, 2-Oxocarboxylic acid metabolism, his-
tidine metabolism, phagosome and lysosome. In the liver,
enriched functions are all linked to fatty acid metabo-
lism. No enriched pathways were found in the pituitary.
The p53 signaling pathway and pyrimidine metabolism
appear in the thyroid, along with other enrichments
linked with the cell cycle. Cortisol synthesis and secretion
and p53 signaling pathway were enriched in the adrenal
gland. Oxidative stress together with oxidative phospho-
rylation and reactive oxygen species are enriched in mus-
cle and SCAT in response to HS.

A network of the enriched pathways for the muscle
can be found in the Fig. 4a. Pathways can be clustered in
three main groups: immune response, thermogenesis/oxi-
dative stress, and carbon metabolism/response to hypoxia.
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Fig. 2 Volcano plots of the identified DEGs in response to heat stress. The gene expression level is represented on the x-axis through the log, fold
change. The y-axis is the — log,, adjusted p-value. Genes with an FDR adjusted p-value <0.05 are shown in red. Results for the seven tissues are
shown here: blood, liver, muscle, the subcutaneous adipose tissue (SCAT), the pituitary, the thyroid and the adrenal glands, respectively

A similar analysis was performed in the adipose tissue
(Fig. 4b) in where three clusters of enriched pathways are
shown in. They were related to the thermogenesis/oxida-
tive stress, fatty acid metabolism, and carbon metabolism.

Metabolome differential analysis
The ASICS R package [13-15] allowed to identify and
perform a relative quantification of metabolites from
1H-NMR spectra in four tissues. A total of 104, 167, 83,
and 110 metabolites were identified in plasma, urine,
muscle, and in liver, respectively. Thanks to the meas-
urement of some plasma metabolites (i.e., glucose, glyc-
erol, lactate and creatinine) using “reference” methods,
we were able to assess the reliability with quantification
coming from ASICS. As shown in the Additional File 5,
metabolites quantified by ASICS were correlated with
those measured by reference methods. We obtained cor-
relations of 0.98, 0.88, 0.79 and 0.65 for the lactate, creati-
nine, glycerol and glucose, respectively.

After 5 days at 32°C, in plasma, two metabolites were
found to be significantly affected by the temperature,
i.e., creatinine and ascorbic acid (Fig. 5a). In the muscle

(Fig. 5b), seven metabolites (L-glutamic acid, glycer-
ophosphocholine, sebacic acid, lactate, L-tyrosine, meth-
ylmalonic acid and levoglucosan) were differentially
produced. In both urine and liver (Fig. 5¢ and d), we
detected eight metabolites differentially produced. Isoc-
itric acid, adipic acid, L-leucine, citrate, creatine, L-thre-
onine, pyroglutamic acid and formate in urine samples,
and UDP-glucose, D-mannose, glycerol, 3-hydroxybu-
tyrate, L-serine, L-glutamic acid, dihydrothymine and
L-carnosine for liver tissues.

Focus on oxidative stress and thermogenesis

through multi-omics analysis

As oxidative stress is often associated with HS, a focus
was made on the genes involved in three pathways (i.e.,
oxidative phosphorylation, thermogenesis and chemical
carcinogenesis-reactive oxygen species) both in longis-
simus dorsi (LD) muscle and SCAT tissues. A heatmap
(Fig. 6) illustrating the correlation (>0.5) between the
DEG involved in these three pathways and the differen-
tially produced metabolites and hormones from blood
dosages and from the metabolome data measured with
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Fig. 3 UpSet plot of the distribution of differentially expressed transcripts in the seven tissues

ASICS automatic quantification. These correlations are
shown in Fig. 6a and b, respectively for (LD) muscle
and SCAT. The heatmap for the muscle shows metabo-
lites and genes clustered in two groups. In LD muscle
(Fig. 6a), about half of the probes of the first cluster cor-
respond to aldo-keto reductase family 1 (AKRFI) tran-
scripts, possibly involved in oxidative stress response.
This group is also composed of hepatocyte growth factor
(HGE), microsomal glutathione S-transferase 1 (MGST1I)
and BRG1-Associated Factor 57 (SMARCEI). This cluster
of genes is positively correlated with protein catabolism
biomarkers such as plasmatic N-amine and creatinine.
The other cluster brought together genes involved in the
mitochondrial respiratory chain (e.g., NADH ubiquinone
oxidoreductase, cytochrome c oxidase, ATP synthase) and
cAMP signaling. This second cluster is positively cor-
related mainly with muscle lactate content. Surprisingly
methylmalonic acid, often associated with protein break-
down is negatively correlated with the first cluster and
positively with the second cluster. In Fig. 6b, the heatmap
for SCAT displays a main group of genes positively corre-
lated with e.g., plasmatic lactate and albumin, and nega-
tively correlated with e.g., plasmatic triglycerides. This
cluster included genes also related to pathways includ-
ing oxidative phosphorylation and apoptosis. A smaller
group of genes can be observed with opposite correla-
tions to the above-mentioned metabolites, including

(See figure on next page.)

aryl hydrocarbon receptor (AHR) and cytochrome b-245
a-chain (CYBA) transcripts. One exception is the gene
MAPK6 which has a negative correlation with some
metabolites related with proteins, e.g., plasmatic creati-
nine and proteins, and is positively correlated with the
others.

Discussion

Due to their limited ability to sweat, pigs are among farm
animals the most susceptible to HS [16, 17]. In this study,
based on combined measurements on the respiratory
rate, skin and rectal temperatures, the exposure to high
ambient temperature induced a bimodal thermoregula-
tory response, with an acute response in the first 2 days
followed by a second phase of acclimation. These results
agree with previous studies in swine [18] and in rumi-
nants [19]. In addition, pigs subjected to 32°C expe-
rienced a significant reduction in their voluntary feed
intake. This drop in feed intake during the 5-d exposure
period to 32°C (—18.4g.d™'.°C™!) is rather similar to
the value previously reported in pigs within the same
temperature range by Renaudeau et al. [4]. As reported
in this later study and by many other authors, reduced
feed intake in hot conditions is the most effective way
to lower the heat load for pigs and allows maintaining
their core body temperature within physiological limits.
Overall, our results indicate that blood, urine and tissue

Fig.4 Enrichment network. A Enrichment network for the muscle. The orange cluster brings together terms related to the immune system.
Purple cluster links thermogenesis and pathways related to oxidative stress. The green cluster is more related to energy homeostasis regulation.

B Enrichment network for the SCAT. A purple cluster brings together Thermogenesis and pathways related to oxidative stress. A green cluster

is mainly associated with energy metabolism pathways, and an orange cluster is more related to fatty and amino acid (AA) pathways. The size

of the edges is proportional to the number of genes in common between two terms. The size of the nodes represent the number of DEGs in this
term. A pie chart inside each node represents the proportion of up-regulated (red) and down regulated (blue) genes
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Fig. 5 Volcano plot of the differential produced metabolites for A plasma, B muscle, C urine and D liver. Metabolites in red have an FDR adjusted
p-value <0.05 and are up regulated, and whose in blue are down regulated

samples collected after 4 or 5 days of exposure to 32°C
were obtained in pigs that already initiated heat acclima-
tion responses.

As suggested by Collier et al. [20], heat acclimation is
a homeorhetic that involves different tissues. This study
is a first attempt in pigs to assess how regulatory and
effector organs interact together or independently with
the aim of achieving a heat acclimation state. Depending
on the effector tissues (muscle, SCAT, liver, and blood)
the number of DEGs in a five-day HS condition varied
widely. The LD muscle has the highest number of DEG
whereas liver exhibited the lowest number of DEG. These
results are consistent with those of Lagarrigue et al. in
poultry [personal communication]. They suggest that
muscle tissue may have a unique and lasting sensitivity to
HS. Alternatively, muscle could be the key effector tissue
of the acclimation responses to HS. As quantitatively the
largest organ in the body, skeletal muscle account for 20%
of the total heat production in fasting growing pigs [21]
and have a significant influence in the whole body energy
metabolism and/or fluxes of energetic substrates. The
skeletal muscle exhibits remarkable metabolic flexibility
in fuel usage in response to various metabolic challenges

such as energy deprivation and changes in diet com-
position. HS conditions can negatively impact muscle
metabolism due to reduced energy supply and direct heat
effect. Studies show that key enzymes involved in meta-
bolic pathways such as glycolysis (6 genes), TCA cycle (6
genes), and respiratory chain (16 genes, mainly for Com-
plex 1) are reduced under such circumstances, including
the pyruvate dehydrogenase (PDH) complex. The PDH
complex plays a crucial role in regulating metabolic flex-
ibility by selecting glucose, fatty acids, and proteins for
cellular energy production. PDK4 expression is up-regu-
lated in rats [5] and pigs [6, 22] under high-temperature
conditions, suggesting a shift towards fatty acid oxidation
and/or glycolysis. However, our study shows that in such
conditions, the PDK4 gene expression is down-regulated
in muscle, suggesting that carbohydrate use is favored
over lipid oxidation.

Under an acute stress response phase and/or a very
intense short-term effort, oxidative phosphorylation is
the major ATP generating pathway and glucose liberated
from glycogen is generally a predominant fuel source. In
the present study, the down-regulation of both PYGM
(Glycogen Phosphorylase, Muscle Associated) and



Huau et al. BMC Genomics (2024) 25:99 Page 8 of 17

DEG
a I Albumine.g/L -
Urea.mg/| .,
PROTEINES.g/l -
AdipicAcid . Cc:rrelatlon
0.5
0
Lactate.umole/L - I.o‘s
g ] -1
= L-Leucine q Io%l;C
g L.
% Glycerol.mg/l - ’
= .o
PyroglutamicAcid :’igi"
Dosage
o 1 Plasma
Creatinine l Urine
Creatinine.mg/|
AscorbicAcid
TRIGLY.mg/Il
logF! g o
b IsocitricAcid =
SebacicAcid
Lactate
MethylmalonicAcid
Correlation
L-Tyrosine - 1
05
Albumine.g/L 1 o
9 I-o.s
L-Leucine -
n ] logFC
£ L-Threonine I 1.5
= 1
_8 Levoglucosan E 05
© 0
-
2 AdipicAcid E I:ﬁ
N.amine.mg/I B Origin
Dosage
Creatine } = Muscle
Glycerophosphocholine = E'?sma
rine

Creatinine.mg/|
Creatinine
AscorbicAcid

L-GlutamicAcid

O
NDUFA4L2

|
|

Fig. 6 Heatmap of the correlation between genes involved in the oxidative stress and metabolites for the muscle (a) and the SCAT (b). The
rightmost side annotation gives the origin of the metabolite quantification, while the bottom and left most side annotations give the log fold
change of the transcripts and the metabolites respectively. We only show the transcripts and metabolites with at least one absolute correlation
>0.5. Duplicate names of a same gene correspond to different probes from the micro-array



Huau et al. BMC Genomics (2024) 25:99

PHKA1I (a phosphorylase kinase) genes, suggests a reduc-
tion in the use of intramuscular glycogen after 4 to 5 days
of exposure to 32°C. Similar results were reported in pigs
after a 21-d exposure period to 30°C [6]. In addition, we
also found a reduction of the expression of the glycogen
synthase (GYSI) and an accumulation of an important
substrate for glycogenogenesis (i.e., UDP-glucose) in the
liver in HS conditions suggesting that glycogenesis is pre-
vented after 5 days of HS. In fact, during a prolonged feed
restriction period, glycogen is depleted, and glucose is
produced from available non-carbohydrate carbon sub-
strates as precursors of gluconeogenesis (amino acids,
lactate, and glycerol) mainly in the liver but also in the
kidney and intestine [23].

In the present study, glycerol hepatic and blood levels
were significantly lower in HS than in TN conditions. In
addition, the hepatic glycerol-3-phosphate dehydroge-
nase (GDPI) gene was down regulated under HS. Due to
its implication on the pathway of using glycerol as a sub-
strate of gluconeogenesis, that implies that pigs do not
rely on glycerol to produce glucose under HS condition.
This result could be related to the reduced availability
of blood glycerol in connection to lack of adipose tissue
lipolysis in HS conditions. In rodents, the use of glycerol
as a neoglucogenic substrate has been shown to be sig-
nificant only at the beginning of the heat exposure period
[24]. In other words, we can hypothesize that the very
low hepatic glycerol content measured after 4 to 5 days at
32°C was a consequence of an extensive use of glycerol as
a substrate for gluconeogenesis in the first hours or days
of heat exposure. Further studies are needed to verify this
assumption.

In agreement with the results of Lebret et al. [25], HS
pigs showed a tendency to have a lower lactate blood
concentration. As lactatemia results from an equilibrium
between lactate production and consumption, we can
first suggest that hypolactatemia measured in the present
study may result from the hepatic regeneration of glu-
cose from lactic acid produced in muscle as a product of
anaerobic metabolism, via the Cori cycle. However, our
results indicated a reduced lactate concentration and an
up-regulation of the lactate dehydrogenase A (LDHB)
gene in muscle of HS pigs. In contrast with our findings,
Yang et al. [26] reported an increase in muscle lactate
content after a 3 week of exposure to 30°C. In addition,
Sanders et al. [5] showed that LDHA gene expression
tended to increase in the soleus muscle after a 6 h-period
exposure to 39.4°C in rodents, whereas Hao et al. [6]
reported a significant down regulation of LDHA gene
expression in pigs exposed to a constant HS (30°C) for
21 days. Finally, Sanz Fernandez et al. [8] failed to show a
significant LDHA gene expression change when pigs fed
ad libitum and kept at 32°C for 8 days were compared

Page 9 of 17

with pair-fed pigs kept at thermoneutrality. The discrep-
ancy between these different results may be related to
variations in lactate accumulation in postmortem mus-
cle in connection with differences in the duration of fast
prior to the slaughter or to the duration of HS exposure.
We can also assume that changes in muscle lactate con-
centration and LDH gene expression observed in the
present study would be related to the reduced energy
intake rather than a direct effect of elevated temperature.
When compared to the LDHA, LDHB enzyme performs
a bidirectional of the conversion of pyruvate and lactate
with an higher affinity for lactate than pyruvate [27]. This
could suggest that lactate is used directly as an energy
substrate in HS conditions. Lebret et al. [25] suggests that
an increased activity of LDH could be related to an adap-
tation to acute HS, whereas a reduced muscle glycolysis
occurs during long-term exposure. A longitudinal study
and a per-fed TN group could help to unravel the origin
of these mechanisms and determine if lactatemia is more
influenced by feed restriction or HS, while accessing to a
better understanding of its temporal pattern.

As the largest reservoirs of amino acids (AA), mus-
cle protein metabolism directly affects the whole-body
nitrogen metabolism. In the present study, the expres-
sion of the gene BCATI (Branched Chain Amino Acid
Transaminase 1) in LD muscle (i.e., an enzyme consid-
ered as the first step for the catabolism of branched-chain
AA) was up-regulated, and the glutamic acid muscle
content increased in HS conditions. In addition, bio-
markers of muscle protein turnover (i.e., plasmatic and
urinary creatinine [28]), tended to increase in HS pigs in
our study. As demonstrated in poultry [29], HS caused
muscle protein breakdown to provide AA substrates to
liver gluconeogenesis responsible for energy supply. In
the present study, the muscle MLST8 gene coding for a
subunit of mTORC complexes (involved in the regula-
tion of protein synthesis) was found down regulated at
32°C in agreement with a review of Rius on cattle [30].
Growth of muscle mass is achieved by a daily net protein
balance between muscle protein synthesis rates and mus-
cle protein breakdown rates. From that, it can be hypoth-
esized that in our experimental conditions, HS resulted
in reduced muscle growth. This conclusion agreed with
that of Le Bellego et al. [31], which indicated that maxi-
mal protein deposition is considered to be limited in hot
conditions.

The adipose tissue, responsible for storing excess met-
abolic energy in the form of fat, had the second-highest
number of DEGs in this study. The energy stored as fat
can be then mobilized during periods of energy depri-
vation (hunger, fasting, and diseases). In hot conditions,
direct and indirect consequences will have contrary
effects on adipose tissue growth. Under an energy deficit
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status caused by feed restriction, fat deposition is gener-
ally reduced. In contrast, in connection with the direct
effects of HS on protein deposition, fat accretion can
increase in particular feeding conditions [32]. In our
study, most DEG involved in both lipid anabolism and
catabolism in the SCAT were down expressed in HS
conditions. In particular, genes associated with lipid
anabolism (such as fatty acid synthase FASN or fatty acid
elongase ELOVL6) are down regulated in backfat sam-
ples of HS pigs. However, as back fat is not the only site
for lipid storage in the carcass, our results do not allow
us to conclude on the absence of a lipid deposition in HS
conditions. In fact, some previous studies have shown
as increased fat accretion in internal perirenal tissues
at the expense of backfat [32-34]. According to our
results, lipoprotein lipase (LPL) gene was upregulated
in agreement with Kouba et al. [32] and other studies
[35, 36] suggesting that SCAT adipose tissue would be
a potential energy supplier in HS conditions. Generally,
in pigs facing a dietary restriction challenge, adipose tis-
sue is mobilized and NEFA are used as an energy source
[22]. In the present study, the plasma concentration of
NEFA was numerically lower for HS pigs compared to
TN despite a significant feed restriction. Additionally,
their plasma levels of albumin (the main fatty acid trans-
porter) and glycerol (a product of lipolysis) were signifi-
cantly lower. These results suggest that adipose tissue
may not be able to compensate for the energy deficit in
these HS conditions. This conclusion agrees with those
of previous studies [8, 33].

In both muscle and adipose tissue, our results revealed
a strong enrichment of GO processes related to oxida-
tive stress response, mitochondrial respiratory chain
and other aspects of energy metabolism. Part of these
responses are regulated by thyroid hormones, which are
important (up)-regulators of the basal metabolism and
also act on thermoregulation. Plasmatic levels of thy-
roid hormones were reduced by 8 and 15% for T3 and
T4 in HS, respectively, in our study. A decrease in thy-
roid hormones (T3 and T4) is a known effect of HS [10,
33, 37] and is thought to be one of the reasons for the
observed decrease in basal energy metabolism, as well as
a decrease in lipolysis. Thyroxine-binding globulin (SER-
PINA?7), the main transporter of thyroid hormones in the
blood (bind 75% of serum T4), is mainly produced in the
liver. In our study this gene was upregulated. Consider-
ing that this protein is not saturated in normal conditions
[38] and that the levels of thyroid hormones decrease
during HS, this result needs further investigation. How-
ever, this could be an adaptative mechanism to further
reduce active (unbound) thyroid hormones level by bind-
ing more of them and reducing metabolic heat produc-
tion by decreasing energy metabolism.
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Another important regulator of the metabolism is insu-
lin, a potent anabolic hormone that primarily regulates
glucose uptake and stimulates lipogenesis and protein
deposition. In addition, insulin plays a role in activating
the HSP response [39]. In our experimental conditions,
insulin level was not significantly different between TN
and HS, possibly due to the high variations between indi-
viduals. While most studies have shown an increase in
insulin levels during HS [33, 40], some have not found a
direct difference in insulin levels but in insulin sensitivity
[41]. It also seems that insulin plays a role in long-term
adaptation to HS, as it has been reported in cattle that an
increase in circulating insulin occurs after the first days
of HS [42]. This could explain the lack of changes in insu-
lin levels in our study.

Under our experimental conditions, regulatory tissues
(i.e., pituitary, thyroid and adrenal glands) showed the
lowest number of DEGs. From these results, one can be
hypothesized that these tissues are less sensitive to the
effects of HS than muscle, back fat or liver. However, as
these tissues are involved in the immediate responses to
HS, we cannot totally exclude that the main gene expres-
sion changes occurred before the 4th or the 5th days of
acclimation. At the transcriptomic level and at the time
of sampling, the pituitary-adrenal and pituitary-thyroid
axes are the least affected by HS among all our tissues.
Adrenal glands are also involved in reaction to various
stressors. For example, in thyroid, DEG associated with
pyrimidine metabolism i.e., cell death and apoptosis,
were down regulated. Interestingly in adrenal glands,
DEG related to environmental stress [Growth Arrest and
DNA Damage Inducible Alpha (GADD45A), heat shock
protein 70 (HSPAS8), heat shock protein 110 (HSPHI) and
Stress Induced Phosphoprotein (STIP1)] are down regu-
lated. It is possible that due to their localization, function
and importance, these three tissues are more protected
from HS or affected earlier in response to HS compared
to other tissues such as muscle or adipose tissue.

During exposure to HS, a highly conserved family of
proteins named heat shock proteins (HSP) are produced.
Among the HSPs, the two most expressed families of
these chaperone proteins are HSP70 and HSP90, which
allow, alone or in association with HSP40, to stabilize and
facilitate the proper folding of proteins under HS condi-
tions. In our experimental conditions, HSP70 was sur-
prisingly downregulated in adipose tissue, thyroid and
adrenal glands whereas it was upregulated in the blood.
In the other hand, HSP90 was up-regulated only in the
muscle tissue whereas HSP40 was down-regulated in
muscle and adipose tissues but up-regulated in blood..
These results seem to indicate that each HSP as a tissue-
dependent expression in accordance with previous find-
ings [43-47]. As in the literature, different patterns of
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gene expression were found between HSP70 and HSP90
families in HS conditions, dependent of the tissue and/or
the duration and level of HS [45, 48, 49], possibly being
a proxy of a tissue-specific susceptibility to HS. In other
words, we cannot totally exclude that tissue variations in
the HSP expression on d4 and d5 could also reflect dif-
ferences in their expression kinetics in the first days of
exposure to 32°C.

Excessive heat load leads to oxidative stress in poul-
try [50] and swine [51]. Oxidative stress is defined as an
imbalance between the production of reactive oxygen
species (ROS) and the antioxidant capacity of the cell.
The accumulation of ROS causes damage to macromol-
ecules such as proteins, lipids and DNA and alters their
structure and function. The main source of ROS produc-
tion within most cells is the mitochondria. Respiratory
chain in the mitochondria enables the production of ATP
by creating an electrochemical gradient across the inner
membrane of the mitochondria, using different protein
complexes. Higher temperatures were associated with a
decrease in the expression of the respiratory chain genes,
mostly for the Complex 1 in our study. Interestingly, in
Complex 1, electrons are transferred from NADH (pro-
duced in the TCA cycle) to ubiquinone, and it is one of
the primary sites where electron leaks can occur [52],
resulting in the generation of ROS. The down expres-
sion of related genes in this study could be a mechanism
to prevent ROS noxious effects during HS, in comple-
ment with the action of ROS scavengers. Both reactive
oxygen species and oxidative phosphorylation pathways
were enriched in the muscle, with in particular a slightly
higher expression of the superoxide dismutase (SOD) in
accordance with Montilla et al. [51]. According to these
latter authors, the susceptibility to HS mediated changes
in redox balance is lower in glycolytic than in oxidative
muscle and the resolution of oxidative damages are very
rapid after the onset of the thermal challenge (within
the first 72h). In fact, SOD prevents the accumulation
of ROS by converting superoxide to hydrogen peroxide,
which is then removed by glutathione peroxidase (down-
regulated in our study) or catalase. However, it seems
that results in literature show variable results regarding
these genes expression [53, 54]. Hypoxia-inducible fac-
tor (HIF) is a key regulator of the cellular response to
oxidative stress during early HS exposure and was not
activated in the muscle as suggested by a small down
regulation of HIFla. Moreover, peroxiredoxin (PRDX4
in muscle and PRDX3 in SCAT), a family of protein with
antioxidant and chaperone properties, was found down
regulated, similarly to another study [55], but upregu-
lated in the blood (PRDX1I). Contrary to the muscle, the
fact that SCAT is not under oxidative stress in this study,
could explain the down regulation of genes involved in
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oxidative stress such as SOD or PRDX3. Furthermore,
of the two phospholipases that appeared to be differen-
tially expressed, the one coding the phospholipase A2G7,
which is known to degrade phospholipids damaged by
oxidative stress [56], is down regulated. Like the SCAT,
liver does not seem to be subject to oxidative stress. A
reason could be the presence of a higher quantity of car-
nosine, a dipeptide with antioxidant capacities [26, 57].
These results suggest that in our experimental conditions
part of the antioxidant responses took place prior to the
slaughter of our animals, i.e., before 4 or 5 days of HS.
This is supported by the fact that acute HS studies have
seen an increase in peroxiredoxin expression in the first
hours of HS in pigs and poultry [58, 59]. Moreover, in
contrast with the founding of Blincoe et al. [60] and Tan-
aka et al. [61] in cows, we found that high temperatures
are correlated with a higher level of plasmatic ascorbic
acid. Ascorbic acid has many functions and it can be diffi-
cult to assess the reason for its variations. Nethertheless,
among its functions, the ones that could be interesting in
HS conditions are antioxidant properties, carnitine bio-
synthesis, biosynthesis of corticosteroid hormones and
use in the immune system [62]. Ascorbic acid has been
successfully used as supplementation diet in multiple
experiments to attenuate HS effects on broilers [63] and
has also been found at decreased levels in lactating heat
stressed cows [64], and could be present as a protection
from oxidative stress in the plasma.

Conclusion

In this study, the aim was to get a better understand-
ing of the differences and similarities of the adaptation
mechanisms of pigs to HS. Our experiment allowed us
to compare gene expression and metabolite production
for seven and four tissues respectively, between TN and
HS pigs. We have identified different patterns of DEG
between regulatory and effector tissues. Through a cor-
relation analysis, we were able to unravel some possible
interactions between tissues connected to oxidative stress
during an HS challenge. The results of this study can help
to discover novel or to better understand known mecha-
nisms of adaptation to heat stress, as well as to select new
biomarkers that could improve the selection of pigs with
a higher resilience to high temperatures and that can be
used for precision farming.

Methods

Animals and treatments

A total of 36 castrated male growing pigs (12 Large
White, 12 Créole and 12 Large WhitexCréole) used in
the present experiment, were raised in experimental
facilities of the Tropical Platform for Animal Experi-
mentation (PTEA) of the French National Institute for
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Agriculture, Food and the Environment (INRAE), in
Guadeloupe. At 11 weeks of age, pigs were moved to a cli-
matic room equipped with 12 similar slatted floor pens
(1.5x2m). We arranged the animals in blocks of 4 litter-
mate pigs (3 blocks/breed). Pigs of the same breed were
housed in groups of 3 (each from a different block) in the
same pen. Then, there were 4 pens per breed. For each
breed, 2 pens were slaughtered at 24°C and 2 at 32°C.
Pigs were adapted to the experimental conditions (hous-
ing and diet) for 10 days. During this adaptation period,
the ambient temperature was set at 24.°C. The experimen-
tal period was divided in two phases: pigs were kept at
24°C for 9 days (phase 1, thermoneutral conditions, TN)
and thereafter at a constant temperature of 32°C for 5
days (phase 2, heat stress conditions, HS). Between these
two phases, the ambient temperature was changed on d
0 from 24°C to 32°C at a constant rate of 2°C/h begin-
ning at 0900. The relative humidity (RH) was kept con-
stant at 80%. The severity of heat stress (i.e., 32°C) and
the duration of exposure (i.e., 4—5days) were determined
on the basis of previous works [65] to induce physiologi-
cal responses related to heat acclimation in all animals.

Pigs had free access to a commercial diet based on
corn, soya-bean meal, and wheat middlings. Each pen
was equipped with a feed dispenser and a nipple drinker
designed to avoid water spillage. The photoperiod was
fixed to 12:30h of artificial light (from 0600 to 1830) and
the ventilation rate was set at 50 m>h ' .pig™". Airspeed
was not controlled, but periodical spot measurements at
the animal level indicated that it did not exceed 0.15m.
s, Half of the pigs (n=18, TN group) were slaughtered
before the rise in ambient temperature on d-2 (n=9)
and d-1 (n=9). Half of the pigs (n=18, HS group) were
slaughtered after four or 5 days of exposure to 32°C.
Additional Fig. 6 provides a diagram of the experimental
design timeline.

Phenotypic measurements

All pigs were weighed at d-11 and at slaughter. Feed
intake was monitored daily in each pen. Respiratory
rate (RR), rectal temperature (RT), and skin tempera-
ture (ST) were measured in all pigs at 1300 on days —7,
-4, -3, 0, +1, +3, +4 of the experiment (Additional
file 6). On dO, the same measurements were performed
at 0900, 1400 and 1800 and RT was measured each half
hour, from 1000 until 1400, and at 1500. These physi-
ological measurements were performed according to the
following protocol: first, RR was visually determined by
counting flank movements over a period of 1min, only
in resting pigs. Then, RT was measured using a digital
thermometer (Microlife Corp., Paris, France), and ST was
measured on the back using a skin surface thermocouple
probe (type K, model 88,002K-IEC, Omega Engineering
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Inc., Stamford, CT, USA) connected to a microprocessor-
based handheld thermometer (model HH-21, Omega
Engineering Inc.). The RT and ST measurements were
performed in unrestrained animals and with the mini-
mum of stress. Pigs were slaughtered in four series of 9
pigs each without a previous fasting period. Pigs were
euthanized with a slaughtering pistol (Matador, Termet,
Champagné, France). Immediately after slaughter, 20 mL
of blood was sampled during the exsanguination. Imme-
diately after the sampling, 2.5mL of blood was put into
a PAXgene® RNA tube (PreAnalytiX, Qiagen). These
tubes were inverted 10 times after collection and incu-
bated at room temperature for 4h for RNA stabilization,
transferred to —20°C overnight, and stored at —80°C.
The remaining blood was centrifuged at 2000g and 4°C
for 10min and plasma was stored at —20°C or—80°C
depending of the analyses. Tissue samples were collected
at the dorsal subcutaneous adipose tissue (back fat) loca-
tion (last rib level) and from the longissimus muscle just
below back fat sampling in the right carcass side. After
opening the abdominal cavity, 40mL of urine was col-
lected directly in the bladder and tissue sections were
immediately sampled from the left lobe of the liver, the
anterior lobe of the pituitary, the whole thyroid and the
whole adrenal glands. Tissue samples were immediately
cut, frozen in liquid nitrogen, and stored at —80°C until
analyses. Urine samples were homogenized and subsam-
pled in Eppendorf tubes and stored at —80°C.

Blood analyses

Commercially available kits were used to measure plasma
levels of non-esterified fatty acids or NEFA (FUJIFILM
Wako Chemicals Europe GmbH, Neuss, Germany), cre-
atinine (Créatinine cinétique, Biomérieux, ref. 61,162),
glucose (Glucose RTU, Biomérieux, ref. 61,269), and
urea (Kit Urée cinétique, Biomérieux, ref. 61,974). Intra-
assay CV were 3.71, 0.28, 4.25%, respectively. Inter-assay
CV werel.75, 0.22, 2.66% respectively. Plasma levels of
insulin (ST AIA-PACK IRI, Tosoh Corporation, Tokyo,
Japan), total triiodothyronine or T3 (ST AIA-PACK TT3,
Tosoh Corporation, Tokyo, Japan) and total thyroxine or
T4 (ST AIA-PACK T4, Tosoh Corporation, Tokyo, Japan)
were also determined. Intra-assay CV were 2.3, 3.8 and
3.9%, respectively. More detailed information on kits
used in these analyses are given in Additional file 7.

Proton nuclear magnetic resonance ("H-NMR)
spectroscopy analysis

Generation and normalization of metabolomics spec-
tra were carried out on MetaToul platform (Toulouse
metabolomics and fluxomics facilities, www.metatoul.fr).
Water-soluble metabolites were extracted from 100 mg tis-
sue with 1mL of ice-cold 80% (v/v) methanol and 0.6mL
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acetonitrile. Plasma, urine, and water-soluble extract from
muscle and liver samples (200 uL) were diluted with 500 uL
of D20 and centrifuged at 5000g for 10min at 4°C before
they were placed in 5mm 1H-NMR tubes. All IH-NMR
spectra were acquired on a Bruker DRX-600-Avance
1H-NMR spectrometer operating at 600.13MHz for 1H
resonance frequency using an inverse detection 5mm
1H-13 C-15N cryoprobe attached to a CryoPlatform (the
preamplifier cooling unit). The 1H-NMR spectra were
acquired at 300K using the Carr-Purcell-Meiboom-Gill
(CPMQ@G) spin-echo pulse sequence with pre-saturation,
with a total spin echo delay (2 nt) of 240ms to attenuate
broad signals from proteins and lipoproteins. A total of 128
transients for liver, muscle, and plasma, and 256 transients
for urine were collected in 32K data points using a spectral
width, a relaxation delay and an acquisition time of 20 ppm,
2.5sec, and 2.28sec, respectively. The spectra were Fourier
transformed by multiplication of the free induction decay
FIDs by an exponential weighting function corresponding
to a line-broadening of 0.3Hz. All spectra were manually
phased and baseline corrected, and referenced to 3-tri-
methylsilylpropionate TMSP using the Bruker TopSpin 2.1
software (Bruker, GMBH, and Karlsruhe, Germany).

Metabolite identification and quantification

All analyses were carried out using R version 4.2.1
(2022-06) [66]. 1H-NMR spectra were processed using
the R package ASICS, version 2.14.0 [14]. Standard
preprocessing of the spectra (as described in [14, 67]),
including Free Induction Decay signals importation,
water area removal, or baseline correction was applied.
All the 144 spectra were then aligned using the joint
alignment procedure described in [15]. Automatic
quantification of metabolites were performed using
the ASICS joint quantification procedure. Based on
previous analyses on similar data [4], the noise.thres,
add.noise, and mult.noise were set at 0.02, 0.15, and
0.172, respectively. In addition, the clean-up threshold
(clean.thres) for the joint quantification procedure was
set to 10%. This means that all metabolites identified
in less than 10% of all samples were excluded during
the quantification procedure. This choice was based
on previous studies and validated on independent
direct dosage of metabolites on the same samples, as
described in [4]. Raw data, normalized data and meta-
data are available under https://entrepot.recherche.
data.gouv.fr/dataverse/omics with the DOI accession
https://doi.org/10.57745/HCEXBY.

RNA isolation and microarray hybridization

Total RNA was extracted and quantified from indi-
vidual samples with the Nucleospin RNA kit (Mach-
erey Nagel) for all tissues (muscle, liver, adipose tissue,
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adrenal gland, pituitary, thyroid) except blood. Briefly,
60 mg to 100 mg of tissue was disrupted 2 min at 30 Hz
in Trizol with an inox bead with the mixer Mill MM
400 (Retsch). After a 10 min centrifugation at 12,000g
and at 4°C, RNA was isolated with chloroform, and
precipitated with ethanol. An enzymatic treatment with
DNAase was performed to avoid genomic contamina-
tion. RNA was eluted in 40 uL to 100 uL in RNAse-free
water and stored at —80°C.

Total RNA from blood samples collected on PAXgene
Blood RNA Tubes (PreAnalytiX) was extracted accord-
ing to the manufacturer’s recommendations (PAXgene
Blood RNA Kit, Qiagen) and the extracted total RNA
was eluted in 40 uL of buffer BR5 and stored at —80°C.

For each sample, Cyanine-3 (Cy3) labeled cRNA was
prepared from 200ng of total RNA using the One-
Color Quick Amp Labeling kit (Agilent) according to
the manufacturer’s instructions, followed by RNeasy
purification (QIAGEN). Dye incorporation and cRNA
yield were checked with the Biospec nano spectro-
photometer (Shimadzu). 600 ng of Cy3-labelled cRNA
(specific activity>6pmol Cy3/pug cRNA) was frag-
mented at 60°C for 30 minutes in a reaction volume
of 25uL containing 10x Agilent fragmentation buffer
and 25x Agilent blocking agent following the manufac-
turer’s instructions. On completion of the fragmenta-
tion reaction, 25 pL of 2x Agilent hybridization buffer
was added to the fragmentation mixture and hybrid-
ized to SurePrint G3 Mouse GE microarray (8X60K,
Design 028005) enclosed in Agilent SureHyb-enabled
hybridization chambers for 17 hours at 65°C in a rotat-
ing Agilent hybridization oven. After hybridization,
microarrays were washed sequentially in Wash buffer
1 (Agilent Technologies, 1 min), Wash buffer 2 (Agi-
lent Technologies, 37°C, 1min). Slides were scanned
immediately after washing on a Agilent G2505C Micro-
array Scanner with Agilent Scan Control A.8.5.1 soft-
ware. The scanned images were analyzed with Feature
Extraction Software 10.10.1.1 (Agilent) using default
parameters (protocol GE1_1010_SeplO0 and Grid:
037880_D_F_2012). All subsequent data analyses
were done under R (www.r-project.org) using pack-
ages of Bioconductor (www.bioconductor.org). Raw
data (median of the pixels intensity) was imported into
R using the read.maimages function from the limma
package [68]. Data were then stored in an Expression-
Set object and normalized by the quantile method
using the normalize.quantiles function from the pre-
processCore library.

Transcriptome data
The porcine microarray (8 x60K, GPL16524, Agilent
Technology) used in this experiment consisted of 43,603
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probes derived from the 44K Agilent-026440 porcine
specific microarray (V2, for 71% of total probes), 3773
probes from the immune system, 9532 probes from
adipose tissue and 3768 probes from muscle tissue, as
already reported [69]. After quality control and quan-
tile normalization steps [70], log2 transformation, data
from 26 to 36 microarrays per tissue were available with
40,649 probes expressed in muscle, 37,276 probes in

y ~ 0+Breed+Temp+(1|pen : (Temp : Breed))—l—(llslaughter : Temp)—|—(1|thther)+(1|Mother)
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on microarray data, while the addition of dream allows
the use of linear mixed models, thus correcting for more
than one effect. It is worth mentioning that limma can
only take into account one random effect. Through test-
ing, we choose to keep the following model (1), taking
into account for the temperature (Temp), the breed, the
climatic chamber (pen), the day of slaughter and the kin-
ship within the breed.

(1)

SCAT, 42,051 probes in liver, 39,072 probes in blood,
45,667 probes in pituitary, 46,097 probes in thyroid,
45,348 in adrenal glands for further statistical analysis.
Normalized expression data (log2 transformed), raw
data and sample information are available under NCBI
GEO accession number GSE240257 as SuperSeries
record including GSE240251 for total blood, GSE240253
for adrenal, GSE240254 for thyroid, GSE240255 for
SCAT, GSE240345 for liver, GSE240347 for muscle
and GSE240433 for pituitary. Annotation was based on
Voillet et al. (2014) data [69] and was updated (nblast/
Ensembl November 2018, Sscrofall.l). Moreover, anno-
tation for some differentially expressed probes (DEPs)
was manually checked by a sequence alignment with
blast against NCBI or Ensembl databases. 90.2% of DEPs
were annotated.

Data analysis
Data were analyzed using the R 4.2.1 software [66] with
various packages from Bioconductor and CRAN.

Blood dosage

A Kruskal-Wallis test was performed to test the hypothe-
sis of a differential production between 32°C and 24 °C for
the blood dosages of the metabolites and hormones. The
significance of the impact of HS on the three phenotypic
variables (ST, RT and RR) was calculated with a Kruskal-
Wallis and a Dunn test, as the normality hypothesis for
ANOVA was not satisfied. A Student test was used for the
comparison of the ADFI (by kg of body weight) between
d-1 and d3 for the 18 pigs submitted to the challenge.

Transcriptome data

A differential analysis was carried out separately for
each dataset (7 transcriptomes) using the two packages
limma [68] and the function dream from variancePar-
tition [71, 72]. The package limma provides a standard-
ized workflow for differential analysis with linear models

A Benjamini-Hochberg correction [73] was used and
only genes with a corrected p-value (FDR) <0.05 were
considered as DEG. These were then used for perform-
ing a functional enrichment analysis with Gene Ontol-
ogy (GO) [74], KEGG (Kyoto Encyclopedia of Genes and
Genomes) [75] and Reactome [76] databases using the
gost function from the package gprofiler2 [77]. Only the
KEGG database was retained as it provides the most con-
sistent results, and less redundancy. We choose to keep
all the genes, up and down regulated for the analysis to
have a better overview of the pathways involved. All the
genes on the microarray were used as background for the
analysis.

The enrichment networks were made using both the
igraph package [78] and the visNetwork package [79] for
visualization. Node color is the cluster detected with the
cluster fast greedy function from the igraph package [78].

Metabolome data

The same linear model as for the transcriptome was
applied to the ASICS relative quantification of the 1H
NMR data. As the packages used for the analysis of tran-
scriptome data were not usable on our metabolome data,
we used the model 1 with the Imer function of the R
packages Ime4 [80].

Correlation between metabolic and transcriptomic data

A focus was made on the genes involved in the specific
enrichment pathways of oxidative phosphorylation, ther-
mogenesis and chemical carcinogenesis-reactive oxygen
species in muscle and SCAT. For each DEG involved in
these enrichments, a correlation was calculated with
both the blood dosages and the differentially produced
metabolites from the plasma, the urine and the associ-
ated tissue if available.

For the analysis, we kept only the genes and metabo-
lites that displayed at least one absolute correlation>0.5.
For identified groups of genes, enrichment was made
using GO and KEGG database with gprofiler2.
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Abbreviations

TN Thermoneutrality

HS Heat Stress

ADFI  Average daily feed intake

DEG Differentially Expressed Genes
SCAT  Subcutaneous Adipose Tissue
KEGG  Kyoto Encyclopedia of Genes and Genomes
GO Gene Ontology

HSP Heat Shock Proteins

LD Longissimus dorsi

LDH Lactate dehydrogenase

ROS Reactive oxygen species

AA Amino Acid
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Additional file 1. Table of the DEGs identified in the seven tissues. Cutoff
for adjusted p-value was fixed at 0.05.

Additional file 2. Expression of the main genes expressed in the muscle
discussed in the paper. For each gene, only the expression of the probe
with the highest adjusted p-value is shown. PDHA1 = Pyruvate Dehydro-
genase E1 Subunit Alpha 1, DLD = Dihydrolipoamide Dehydrogenase,
PDK4 = Pyruvate Dehydrogenase Kinase 4, PYGM = Glycogen Phos-
phorylase, Muscle Associated, PHKAT = Phosphorylase Kinase Regulatory
Subunit Alpha 1, LDHB = Lactate Dehydrogenase B, BCAT1 = Branched
Chain Amino Acid Transaminase 1, MLST8 = MTOR Associated Protein,
LST8 Homolog, SOD1 = Superoxide Dismutase 1, PRDX4 = Peroxiredoxin
4, HIF1A = Hypoxia Inducible Factor T Subunit Alpha, GPX3 = Glutathione
Peroxidase 3.

Additional file 3. Table of enrichments identified in the seven tissues.
Pathways were enriched with GO, KEGG and Reactome databases. Cutoff
for adjusted p-value was fixed at 0.05. A background corresponding to the
annotated genes was used for multiple test p-value correction.

Additional file 4. Table of the differential analysis results for metabolomic
data of four tissues (muscle, liver, plasma and urine). A total of 7, 8, 2, and
8 metabolites were differentially produced in muscle, liver, plasma, and
urine, respectively (with an adjusted p-value of 0.05).

Additional file 5: Figure S5. Comparison of metabolites quantification by
ASICS and blood dosage. The automatic quantification performs well on
the metabolites both automatically identified and measured.

Additional file 6: Figure S6. Timeline of the different phenotypic meas-
urements performed during the experiment. T°C Rec = Rectal tempera-
ture, HR = Hearth rate, T°C Cut = Skin temperature, RR = Respiratory rate.

Additional file 7. Table of kits for the measurement of blood metabolites
and hormone levels.
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