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Animal Health and Well Being
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Abstract 
For livestock, transport can involve several potential stressors including human handling, stocking density, air temperature, noise, vibration, and 
loading/unloading procedures. The animal’s perception of and its ability to adapt to those stimuli are not fully understood, which makes it difficult 
to carry out welfare assessments. This study aimed to detect stressful moments in lambs during transport through changes in physiological 
and molecular markers. Data obtained from bio-loggers that record physiological variables and an evaluation of molecular biomarkers such as 
cortisol and circulating microRNAs (c-miRNAs) identified the most stressful moments of transport, which can be a valuable tool for evaluating 
and improving transport conditions for livestock. Rasa Aragonesa lambs were implanted with bio-loggers that record subcutaneous body tem-
perature (BT) and heart rate (HR). Plasma and saliva were sampled for molecular analyses; specifically, saliva for cortisol concentrations, plasma 
for creatine kinase (CK), and lactate dehydrogenase (LDH), and plasma and saliva for c-miRNAs expression profiles. Immediately after the lambs 
were unloaded, the bio-loggers registered a significant (P < 0.05) spike-in HR and a drop in BT, and salivary cortisol concentrations increased 
significantly (P < 0.05), which indicated unloading as one of the main stressful points for the lambs. Out of the 17 miRNAs tested, 4 showed 
a significant difference in expression (P < 0.05). MiR-23a and -27a were both expressed in plasma and saliva, while miR-17 and -24 were most 
expressed in saliva after unloading. Finally, the expression of plasmatic miR-23a, -24, and 27a were significantly (P < 0.05) positively correlated 
with the LDH whose concentrations together with those of CK are significantly increased (P < 0.01) after unloading. The study identified the tim-
ing of a lamb’s adaptation response during and after transport, which reflected the dynamic nature of ovine plasma and salivary miRNAs during 
transport-induced stress, giving them the potential to be biomarkers that can be useful in animal welfare assessments.

Lay Summary 
Awareness and concern for animal welfare during farm management processes have been growing over the years. Transport on the road is a 
common practice to move animals between stable and other structures or sites, such as pastures or slaughterhouses. In this work, we investi-
gate the adaptation response in lambs during transport procedures applying minimally invasive sensors and identifying new molecules to detect 
stress both during and after transportation. Combining molecular markers and new technologies, we have delineated a framework of stress 
transport that with additional research could help evaluate and improve animal welfare through the revision of management procedures, as well 
as identify and select more resilient animals.
Key words: adaptation response, microRNA, transport, sensors, sheep
Abbreviations: ANOVA, analysis of variance; bpm, beats per minute; BT, body temperature; c-miRNA, circulating microRNA; CK, creatine kinase; Cq, 
quantification cycle; ECG, electrocardiogram; HLT, higher-level threshold; HPA, hypothalamic–pituitary–adrenal; HR, heart rate; LDH, lactate dehydrogenase; 
LLT, lower-level threshold; miRNA, microRNA; PLF, Precision Livestock Farming; QI, quality index; RH, relative humidity; SAM, sympathetic adrenal medullary; 
SD, standard deviation; SE, standard error; T, temperature

Introduction
Livestock transport is an animal welfare issue, but an essen-
tial activity in the meat production system.

The impact of animal welfare has a direct effect on meat 
quality and, before that, on the mental and physical state of 
the animals, which has a significant effect on the profitabil-
ity of the food chain industry, and is an ethical topic that 

has become important to consumers (Tamioso et al., 2018). 
Recently, the World Organization for Animal Health (WOAH) 
has improved the international science-based standards that 
encourage measures that protect food-producing animals that 
are kept for farming purposes (WOAH, 2022) during trans-
port and related operations. Transportation is one of the most 
stressful conditions to which a farm animal can be exposed 
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and, because it usually occurs close to the time of slaughter, 
it can have a significant effect on the quality of the meat (De 
la Fuente et al., 2010; Zhong et al., 2011). During transport, 
animals can be exposed to a variety of environmental stress-
ors, including changes in ambient temperature, vibration, 
noise, stocking density, and human handling, which are some 
of the most common physical and psychological discomforts 
(Cockram et al., 1996; Pascual-Alonso et al., 2017; Nielsen 
et al., 2022). Those stressors perturb homeostasis and an 
adaptive response mediated by both the sympathetic adrenal 
medullary (SAM) and the hypothalamic–pituitary–adrenal 
(HPA) axes is activated to restore balance, and physiologi-
cal responses associated with reactivity (heart rate [HR] and 
respiratory frequency) and release of hormones are triggered, 
which are followed by behavioral changes. In several previous 
studies, the impact of loading, transport, and unloading on 
the adaptive response of lambs was investigated and in part 
the time to regain homeostatic balance too (Miranda-de la 
Lama et al., 2018; Carnovale et al., 2021; Vogel et al., 2024).

To date, innovative approaches to quantifying the welfare 
state of food-producing animals have been closely associated 
with the digital revolution in agriculture (Precision Livestock 
Farming, PLF), which has aided in quantifying animal welfare 
based on variables recorded by sensors. Advances in engineer-
ing and reductions in costs of the new electronic technologies 
have led to the development of many sensor-based solutions 
for the livestock industry (Caja et al., 2016; Halachmi et al., 
2019). Those sensors can collect data automatically and in 
real-time, which allows for the early detection of specific 
problems (e.g., threats to production, health, and welfare) at 
the group or individual level (Caja et al., 2016; Maltz, 2020).

In recent years, the development of bio-loggers for moni-
toring, for example, BT, respiration, and HR, or the activity 
of the animals, have helped in understanding how environ-
mental factors (building and management) affect an animal’s 
resiliency to stressors (Pascual-Alonso et al., 2017; Chmura et 
al., 2018; Forin-Wiart et al., 2019).

On the other hand, molecular biology has identified mol-
ecules that, combined with other parameters, can act as 
biomarkers for the welfare state of livestock. Stress stimuli 
promptly activate the SAM and HPA axes, which influence 
behavior, physiological factors, and molecular expression, 
such as the microRNAs (miRNAs) (Chen et al., 2015). MiR-
NAs are small non-coding RNA molecules that are involved 
in a wide range of biological processes through posttranscrip-
tional gene expression regulation and are important in regu-
lating hormone and immune responses. An interesting aspect 

in identifying miRNA molecules that can act as biomarkers is 
their highly regulated spatial and temporal expression, secre-
tion from cells into extracellular compartments, and stability 
in body fluids (c-miRNAs). For those reasons, c-miRNAs are 
among the most promising clinical biomarkers for the diag-
nosis of a variety of diseases and stress disorders in farm ani-
mals (Dong et al., 2017; Miretti et al., 2020; Do et al., 2021).

At present, there is still a lack of knowledge about the pos-
sible effects of transport on c-miRNAs pattern involved in the 
lambs’ adaptation response. Assessing animal welfare in an 
objective way requires measuring parameters in a quantifiable 
and reproducible manner and bio-loggers and microRNAs 
could be promising tools for this purpose.

On the basis of this evidence, we hypothesized that lambs 
would show a change in subcutaneous BT and HR at the 
time of activation of the adaptive response during transport, 
allowing us to detect and study the expression pattern of 
c-miRNAs at the same time points. We also hypothesized 
that basal expression conditions would be restored a few 
hours after the stress stimuli. To verify this hypothesis, in 
this study, a short-road transportation and related proce-
dures were selected as stress models. Body temperature (BT), 
HR, and saliva cortisol concentrations were the physiolog-
ical indicators that were used to verify the activation of the 
adaptation response axes. The study evaluated the effects 
of transport on the adaptive response and welfare status 
of Rasa Aragonesa lambs as documented by new technolo-
gies (physio-bio-loggers) and innovative molecular markers 
(c-miRNAs).

Material and Methods
Experimental design
The study was conducted at the experimental farm of the Uni-
versity of Zaragoza, Spain (41° 63 N), following procedures 
approved by the Ethics Committee for Animal Experiments 
at the University of Zaragoza (PI29/21). The care and use of 
animals followed the Spanish Policy for Animal Protection 
(RD 53/2013), which meets the European Union Directive 
2010/63 on the protection of animals used for experimental 
and other scientific purposes.

The types and timing of sample collection are summa-
rized in Fig. 1. HR and BT were recorded by subcutaneous 
implanted bio-loggers, which began the day before transport 
and up to 24 h after transport. Blood and saliva were col-
lected 24 h and 4 h before the onset of transport (T0 to T1), 
and immediately after the unloading of the lorry at the end of 

Figure 1. Overview of experimental design. Saliva and plasma samples were collected from Rasa Aragonesa lambs 5 times: twice before transport 
(T0 and T1: 24 h and 4 h PRE, respectively), once immediately after a 75-min transport (T2) and twice after transport (T3 and T4: 24 h and 4 h POST, 
respectively). Implanted bio-loggers recorded HR and BT throughout the study.
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the transport (T2), and 4 h and 24 h after the transport (T3 
to T4). The transport lasted 75 min.

Lambs and bio-logger implantation
Fourteen (8 males, 6 females) Rasa Aragonesa lambs (mean 
age [±SD]: 94.4 ± 2.2 d) that had been born within a week 
in early Feb, were selected at the end of the fattening period 
(mean live weight: 23.9 ± 2.3 kg), and received a surgically 
implanted subcutaneous temperature (BT) and HR bio-logger 
(8.3 × 25.4 mm and 3.3 g; DST micro-HRT, Star Oddi, Ice-
land) 7 d before transport day. Bio-loggers were sterilized by 
immersion in 0.55% ortho-phthalaldehyde (CIDEX-OPA 
solution, Johnson & Johnson, New Jersey, USA) for 24 h. 
Lambs were placed in a cradle in dorsal recumbency. A povi-
done–iodine soap solution (Betadine Scrub 7.5%, Alcon Lab-
oratories, Inc., Fort Worth, TX) was used to prepare the skin 
for surgery, and 1 ml of local anesthetic (lidocaine hydrochlo-
ride, Anesvet, Ovejero, León, Spain) was injected. The bio-
logger was placed subcutaneously on the left thorax, directly 
above the heart, with the sensor axis parallel to the heart axis 
(Abecia et al., 2021). An incision was made in the skin and 
a pocket was created to hold the bio-logger. To secure the 
bio-logger in the skin pocket, a 2/0 absorbable suture (Novo-
syn, B-Braun, Melsungen, Germany) was threaded through a 
small hole at the tip of the bio-logger. The incision was closed 
with 2-3 sutures, and the scar was sprayed with aluminum 
(Aluspray, Vetoquinol, Madrid, Spain). A similar surgical pro-
cedure was used to remove the bio-logger at the end of the 
sampling period (Abecia et al., 2021). Animals were housed 
in a 25-m2 paddock and were fed a 14.8% crude protein con-
centrate (Cadecor-2, Agroveco, Zaragoza, Spain), and barley 
straw and water available ad libitum. Ambient temperature 
(T, °C) and relative humidity (RH, %) on the farms and in the 
lorry were recorded by mini data loggers (Testo 174H, Testo 
SE & Co. KGaA, Titisee-Neustadt, Germany).

BT and HR analyses
The bio-loggers were programmed to record BT and HR data 
at 10-min intervals on the day before transport and up to 6 d 
after transport, and at 1-min intervals on the day of transport. 
The use of those devices in sheep studies has been validated 
(Fuchs et al., 2019; Abecia et al., 2021, 2025). After 11 d, 
the bio-loggers were retrieved and the data were downloaded 
through a communication box and the Mercury software 
v5.83 (Star Oddi, Gardabaer, Iceland).

The bio-logger records HR by a leadless single-channel elec-
trocardiogram (ECG), which records burst measurements at 
set time intervals and calculates the mean HR for each record 
(Abecia et al., 2021). Each burst is assigned a quality index 
(QI) for validation, which is calculated by the application 
software. The algorithm calculates the QI in a 2-step process; 
initially, it searches the record for QRS waves and calculates 
each R-R interval. If there is <20% variability within the R-R 
intervals, the grade is set to QI = 0 (good). If there is no R-R 
interval, or HR is above or below a certain defined threshold, 
QI = 3 (poor). In the second step, the lower-level threshold 
(LLT) and the higher-level threshold (HLT) are identified. If 
the thresholds overlap (LLT ≥ HLT), all potential R waves are 
of a similar grade, which is used to calculate beats per min-
ute (bpm), and the QI is set to 1 (good). Otherwise, potential 
R-waves graded above the HLT are used in the calculation, 
and the QI is still set to 1 (good), except if 1 or more potential 
R-waves are graded between the LLT and HLT. In that case, 

the rating is considered somewhat ambiguous, and the QI is 
set to 2 (fair). If only a single R-wave is above the HLT, the 
QI is set to 3 (poor). In all cases, HR that graded QI = 2 or 
3 were excluded from the analyses because they cannot be 
considered reliable (Star-Oddi, 2024).

Transport
In the first week of May, the lambs were transported 73 km 
(mean speed 68 km/h) in the central part of the lower deck 
of the lorry, in a journey that began and ended at the exper-
imental farm of the University of Zaragoza. Including load-
ing and unloading, the journey lasted 2.5 h. Lambs weren’t 
feed-deprived before transport. The livestock lorry (IVECO, 
Turin, Italy; model ML80E14, 8,000 kg capacity), which was 
designed for sheep transport, had 2 axles and 2 floors, and 
5 m × 2.25 m × 2.20 m box. Lambs were not divided and 
were placed as a group during transport. The vehicle had a 
hydraulic elevator for loading and unloading. Space allow-
ance was 0.32 m2 per lamb (Consortium of the Animal Trans-
port Guides Project, 2018). Environmental temperature and 
relative humidity (average during transport = 19.91 °C and 
38.74%, respectively) were recorded every 5 min by data 
loggers (Testo) that had been positioned at lamb height. The 
transport route consisted of a well-maintained 2-lane high-
way with a high-quality road surface, free of potholes or 
irregularities that could impact travel conditions.

Saliva and blood collection
Blood and saliva samples were collected from lambs 24 h 
and 4 h before the onset of the transport (PRE: T0 and T1), 
immediately after the unloading of the lorry at the end of the 
transport (T2), and 4 h and 24 h after the transport (POST: 
T3 and T4). Blood was collected from the jugular vein by 
10-mL VACUETTE Tubes K3E K3EDTA with a VACUETTE 
Multiple Use Drawing Needle 20Gx1½” (Greiner Bio-One 
GmbH, Kremsmünster, Austria). Plasma was separated by 
centrifugation at 3,500 rpm for 10 min at 5 °C, aliquoted 
in aliquots of 1.3 mL, and stored at −80 °C. Saliva samples 
were collected with a polyethylene pad (Salivette, Sarsted AG 
& Co., Nümbrecht, Germany). A clamp was used to insert 
the swab into the animal’s mouth, which remained there for 
2 min to allow the lamb to chew it and the swab to absorb 
saliva. The saliva was collected from the swab after sampling 
by centrifugation at 3,500 rpm for 10 min at 5 °C and stored 
at −80 °C (Gröschl and Rauh, 2006; Nater et al., 2006; Top-
kas et al., 2012).

Estimation of salivary cortisol
To measure the concentration of saliva cortisol, an ELISA 
immunoassay was performed by a commercial DRG Salivary 
Cortisol ELISA Kit (DRG Instruments GmbH, Germany), fol-
lowing the manufacturer’s protocol. The sensitivity range of 
the assay was between 0.09 and 30 ng/mL. According to the 
manufacturer, the kit produces the following cross-reactivities: 
23.40% with progesterone, 11.39% with DHEA, 1.97% 
with androstenedione, and 1.47% with estriol. The results are 
expressed as the concentration of cortisol in saliva (ng/mL).

Extraction and analysis of saliva and plasma 
miRNAs
Before extraction, samples of plasma and saliva were each 
centrifuged at 15,000 rpm for 5 min at room temperature. 
Extraction was performed using 500 μL of centrifuged 
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plasma or saliva by a Maxwell RSC miRNA Plasma or Serum 
kit (Promega, Madison, Wisconsin, United States) following 
the manufacturer’s protocol. To evaluate the quality of the 
extraction, 1 μL of UniSp2,4,5 spike-in (Qiagen, Hilden, 
Germany) was added to each sample. miRNA quantification 
was performed by Qubit microRNA Assay kit and the Quan-
tus Fluorometer (Invitrogen, Thermo Fisher Scientific Inc., 
Waltham, MA, United States), following the manufacturer’s 
guidelines. The miRNA samples were stored at −80 °C.

Immediately after extraction and quantification, 0.8 μL 
of microRNA samples were retrotranscribed in cDNA by a 
miRCURY LNA RT Kit (Qiagen) in a final volume of 10 μL, 
following the manufacturer’s instructions. At that stage, for 
the evaluation of the quality of the reverse transcription, 0.5 
μL of UniSp6 spike-in (Qiagen) was added to each sample. 
The cDNA samples were stored at −20 °C.

For Real-Time PCR analyses, the cDNA was diluted 30-fold 
before use, and 3 μL were assayed with 7 μL of PCR mix 
following the protocol for the miRCURY LNA SYBR Green 
PCR Kit (Qiagen).

Creatine kinase and lactate dehydrogenase (LDH) 
quantifications
A computer-controlled automatic analyzer for clinical chemis-
try, BT 3500 Random Access Chemistry Analyzer (Biotecnica 
Instruments, Rome, Italy) was used to quantify the creatine 
kinase (CK) (CK NAC – catalog no. 123L, Biotecnica Instru-
ments, Rome, Italy) and LDH (LDH-L – catalog no. 274L, 
Biotecnica Instruments, Rome, Italy) enzyme concentrations. 
Both enzymes’ analyses are based on an optimized UV test 
according to DGKC (German /IFCC (International Federa-
tion of Clinical Chemistry and Laboratory Medicine). The 
diagnostic reagents used were provided as ready for use for 
quantitative in vitro determination of CK and LDH in serum 
or plasma on photometric systems. The limits of enzymes’ 
quantification were 12 up to 1,300 U/L and up to 1,200 IU/L 
for CK and LDH respectively. Manufacturer’s control solu-
tions for internal quality control were used.

For each lamb, 200 μL of the stored −20 °C plasma sam-
ples were analyzed. CK and LDH concentrations were mea-
sured before transportation (PRE: T0 to T1), immediately 
after unloading (T2), 4 h (T3), and 24 h (T4) after the trip.

Statistical analyses
The day of transport (duration = 75 min) was divided into 
7 phases (2 h before transport, loading, lambs loaded in the 
stopped lorry, transport, unloading, first hour after transport, 
and second hour after transport). Mean (±SE) BT and HR in 
each phase were calculated and differences were assessed sta-
tistically by an ANOVA test for repeated measures and Tukey 
test.

For the statistical analyses of salivary cortisol concen-
trations, BT, HR, CK, and LDH levels, and the differential 
expression of miRNAs, the T0 and T1 samples were used to 
provide baseline concentrations. A 1-way ANOVA test for 
repeated measures (if data were normally distributed) or a 
Friedman’s test and a Mann–Whitney U test (if data not nor-
mally distributed) in GraphPad Prism 9 for Windows, version 
9.0.0, GraphPad Software, LCC were used for these analyses. 
The level of statistical significance was set to P < 0.05. For 
the miRNAs, the statistical analyses were performed on ∆ Cq, 
which was the difference between the Cq of each sample and 
the Cq of the normalizer Unisp6. For that reason, the higher 

the ∆ Cq, the less the miRNA is expressed. To assess the sig-
nificance of the correlations between the miRNA expression 
profiles and molecular variables (cortisol, CK, and LDH), 
Pearson correlation tests were used.

Results
Handling and transport events affected 
subcutaneous BT and HR
Sensor data from the 48-h sampling period is shown in Fig. 
2. At T0 (24 h before transport) the average BT of the lambs 
was 39.20 ± 0.35 °C, and HR was 117.65 ± 11.74 bpm. At 
T1 (4 h before transport), average BT was 38.86 ± 0.30 °C 
and HR was 130.06 ± 19.53 bpm. At T2 (immediately after 
transport), average BT was reduced (38.73 ± 0.76 °C) and 
HR was elevated (154.07 ± 34.86 bpm). At T3 and T4 (4 h 
and 24 h after transport), average BT was 39.18 ± 0.51 °C 
and 38.87 ± 0.32 °C, and HR was 114.44 ± 14.85 bpm and 
116.56 ± 14.78 rpm, respectively.

Salivary cortisol and bio-logger data analyses 
identify unloading as the most stressful stage
Salivary cortisol concentrations ranged between 0.15 and 
2.1 ng/mL and the average (± SD) was 0.8 ± 0.36 ng/mL. 
Accordingly to no statistical differences in salivary cortisol 
concentrations between males and females, the gender didn’t 
influence the results. Based on the experimental design time 
points, the highest cortisol concentration was immediately 
after the animals unloaded (T2) (0.94 ± 0.40) ng/mL, which 
was significantly (P = 0.01) higher than they were at T3, when 
they were lowest (mean = 0.56 ± 0.24 ng/mL) (Fig. 3A).

In the experiment, BT ranged between 36.99 °C and 
39.96 °C and the average was 38.97 ± 0.52 °C. BT imme-
diately after unloading (T2) was significantly (P < 0.05) 
lower (38.75 ± 0.05 °C) than it was 4 h posttransport (T3) 
(39.18 ± 0.50 °C), when average BT was highest (Fig. 3B). 
HR ranged from 93 to 246 bpm and was significantly higher 
after the unloading procedure (T2) (average = 154.07 ± 34.86 
bpm), which was higher than it was at any other stage (Fig. 
3C). From these results, it could be supposed that the unload-
ing procedure was the most stressful event in the transport 
process.

Changes in miRNA expression in plasma and 
saliva parallel the adaptation response
From published studies, 17 miRNAs (Table 1) among those 
well detectable in saliva (Patel et al., 2011) and/or linked to 
stress-response and animal welfare (Jin et al., 2016; Wiegand 
et al., 2018; Lee et al., 2019; Guelfi et al., 2022), were selected 
and were evaluated based on a representative number of 
saliva and plasma samples (2 lambs for 2 sampling points for 
each miRNA). Of those, 7 miRNAs (miR-17, -19b, -23a, -24, 
-27a, -143, and -191) were sufficiently expressed, especially in 
saliva, in the 2 matrices, which were evaluated in all samples.

Among those, significant differences in expression were 
exhibited by 4 miRNAs (miR-17, -23a, -24, and -27a) in 
saliva and 2 miRNAs (miR-23a and -27a) in plasma. For all 
of those miRNAs, expressions were significantly (P < 0.05) 
higher after unloading (T2) than they were at the next sam-
pling point (T3). In saliva, the ∆Cq of miR-17 at T2 was 
15.35 ± 1.57 and, at T3, was 18.46 ± 0.97. Furthermore, that 
miRNA was significantly (P < 0.05) less expressed at T3 than 
it was at basal sampling PRE (T0 and T1) (16.68 ± 0.91) 
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(Fig. 4A). The ∆ Cq of miR-23a at T2 was 12.93 ± 1.77, 
which was significantly more expressed than it was at PRE 
(16.50 ± 1.50) (P < 0.05) and at T3 (17.44 ± 1.16) (P < 0.01) 
(Fig. 4B). The ∆ Cq of miR-24 was significantly (P < 0.01) 
more expressed at T2 (14.58 ± 1.97) than it was at T3 
(17.91 ± 1.07) (Fig. 4C). In saliva, the expression of miR-27a 
was significantly higher at T2 (12.98 ± 2.21) than it was at 
T3 (17.08 ± 0.84) (P < 0.01) or T4 (16.44 ± 1.95) (P < 0.05). 
In addition, the basal expression of miR-27a in saliva (PRE; 
14.55 ± 1.00) was significantly higher than it was at T3 
(P < 0.01) or T4 (P < 0.05) (Fig. 4D).

In plasma, miR-23a was significantly (P < 0.05) more 
expressed after unloading (T2; 3.94 ± 0.67) than it was at T3 
(4.74 ± 0.21) (Fig. 5A). In the same matrix, miR-27a was sig-
nificantly (P < 0.001) less expressed in T3 (6.53 ± 0.24) than 
it was at all the other sampling points (PRE: 5.66 ± 0.36; T2: 
5.28 ± 0.54; T4: 5.46 ± 0.37) (Fig. 5B).

Plasma CK and lactate dehydrogenase 
concentrations change after transport
Significant differences in CK and LDH concentrations were 
demonstrated by comparing the mean of PRE (T0 and T1) 

Figure 2. Overview of bio-logger data collected in the experiment. The bio-loggers were programmed to record lamb BT and HR at 10-min intervals 
on the day before transport and up to 6 d after transport, and at 1-min intervals on the day of transport (75 min duration). The hourly average of 
BT and HR is presented in A. Details of the unloading of the animals (T2) are presented in B. T0 (24 h before transport), BT = 39.20 ± 0.35 °C 
and HR = 117.65 ± 11.74 bpm; T1 (4 h before transport), BT = 38.86 ± 0.30 °C and HR = 130.06 ± 19.53 bpm; T2 (immediately after transport), 
BT = 38.73 ± 0.76 °C and HR = 154.07 ± 34.86 bpm; T3 (4 h after transport), BT = 39.18 ± 0.51 °C and HR = 114.44 ± 14.85 bpm; T4 (24 h after 
transport) BT = 38.87 ± 0.32 °C and HR = 116.56 ± 14.78 bpm.

Figure 3. Physiological parameters. Average salivary cortisol concentration (A), BT (B) and HR (C) of Rasa Aragonesa lambs at 5 sampling points (PRE: 
average of T0 and T1). Values are expressed ± SD. *~ P < 0.05; **** ~ P < 0.0001.
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transport time points with the no-mediated POST concen-
trations to better appreciate the trend of enzymes concentra-
tion following the main stressful event. CK concentrations 
in the plasma of lambs increased throughout the experi-
ment. CK concentrations were significantly (P < 0.01) lower 
at the PRE-sampling (138.71 ± 19.72 U/L) than they were 
at the other 3 sampling times (T2: 189.14 ± 39.95 U/L; T3: 
184.36 ± 30.85 U/L; T4: 207.21 ± 36.04 U/L) (Fig. 6A). Sim-
ilarly, concentrations of plasmatic LDH were significantly 
higher after unloading (T2: 675.64 ± 49.73 U/L) than they 
were at the PRE (566.93 ± 41.06 U/L) (P < 0.0001) and T3 
(572.64 ± 46.35 U/L) (P < 0.001) sampling times (Fig 6B).

Correlations between miRNA expression and saliva 
cortisol, CK, and lactate dehydrogenase
Correlations between miRNA expression profiles and cortisol, 
CK and LDH concentrations were calculated (Table 2). Nor-
malized cortisol trend resulted significantly (P < 0.05) nega-
tively correlated with the expressions of miR-17 (r = −0.60) 
and miR-24 (r = −0.61) in saliva at the T4 sampling point. CK 
concentrations in saliva and miR-27a expression were signifi-
cantly (P < 0.05) negatively correlated (r = −0.68) at the last 
sampling point (T4).

The concentrations of LDH in plasma were significantly 
(P = 0.028) negatively correlated with the expression of miR-
23a (r = −0.76) at the T4 sampling point. Furthermore, LDH 
in plasma was positively correlated with the expression of 
miR-23a (P = 0.029, r = 0.76), miR-24 (P = 0.019, r = 0.79) 
and miR-27a (P = 0.019, r = 0.79) immediately after the 
unloading (T2).

Discussion
The acute-stress response is an evolutionary adaptation for 
facing unpredictable environmental challenges that activate 
mostly the SAM and HPA axes (Moberg, 2000; Sapolsky, 
2002; Kaltas and Chrousos, 2007). The main physiological 
effects include changes in metabolic rate, cardiac function, 
peripheral circulation, respiration, and energy availability 
(Chu et al., 2024). In that context, analyses of HR and BT 
provide an accurate assessment of the functional regulatory 
characteristics of the autonomic nervous system (Sztajel, 
2004; Madden and Morrison, 2019; Thomas et al., 2019). 
In addition, cortisol secretion is the basis of the involvement 
of the HPA axis (Möstl and Palme, 2002). In our study, the 
bio-loggers provided accurate records of externally induced 
alterations in animal homeostasis, which was very useful 
because it allowed us to identify the exact steps in the trans-
port process at which the adaptation response was activated 
in the lambs, and provided the stages at which evaluate poten-
tial circulating biomarkers such as miRNAs.

The physiological variables measured in our study included 
those known as indicators of a stressful environment for sheep. 
In literature, measurements of HR, plasma cortisol, glucose 

Table 1. Designation of microRNAs

miRNA name Primer ID Qiagen GeneGlobe ID

miR-16b oar-miR-16b YP02115941

miR-17 oar-miR-17-5p YP02110961

miR-19b hsa-miR-19b-3p YP00204450

miR-21 oar-miR-21 YP02110192

miR-23a oar-miR-23a YP02103289

miR-24 hsa-miR-24-3p YP00204260

miR-26a hsa-miR-26a-5p YP00206023

miR-27a hsa-miR-27a-3p YP00206038

miR-29a oar-miR-29a YP02105177

miR-30c oar-miR-30c YP02114922

miR-99a bta-miR-99a-5p YP00205945

miR-106a oar-miR-106a YP02110125

miR-126a hsa-miR-126-5p YP00206010

miR-143 hsa-miR-143-3p YP00205992

miR-191 cfa-miR-191 YP00205972

miR-221 bta-miR-221 YP02111922

miR-223 hsa-miR-223-3p YP00205986

Abbreviations: miR, microRNA; oar, ovis aries; bta, bos taurus; has, homo 
sapiens; cfa, canis lupus familiaris.

Figure 4. Statistically significant miRNAs in saliva. Statistically significant miRNA expression profiles in the saliva of Rasa Aragonesa lambs at 5 
sampling points (PRE: average of T0 and T1). For clarity, miRNAs expression profiles are expressed in 2−∆∆Cq. * ~ P < 0.05; ** ~ P < 0.01.
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and CK have shown that it is the initial stages of transport 
that are most stressful to sheep (Knowles et al., 1995; Vogel et 
al., 2024). In our study, due to methodological limitations, we 
could not sample the animals at the initial stages of transport 
in particular immediately after the loading, but interesting 
results emerged, especially after the end of the journey.

A few previous studies measured both HR and BT in sheep 
through the use of bio-loggers (Abecia et al., 2021, 2025). In 
Abecia et al. (2025), it was demonstrated that the management 
system had a direct impact on the subcutaneous BT and HR 
of the ewes, whose circadian rhythms were influenced by the 
timing of concentrate feeding. Indeed, BT reached the lowest 
point just before feeding and began to rise afterward, peaking 
immediately post-feeding (Abecia et al., 2025). The waiting 

of feeding time could fall among activities that Smirnov and 
Kiyatkin (2008) described as “anticipatory” metabolic acti-
vation, thus providing a crucial advantage for the organism’s 
adaptation to potential energetic demands inducing a rapid 
subcutaneous temperature decrease (Smirnov and Kiyatkin, 
2008). Pascual-Alonso and colleagues (2017), using a data 
loggers monitored the internal vaginal temperature every 
1 min (our same frame of collection) in sheep during different 
trials of transport showing a consistent increase in internal 
BT of the transported ewes until a turning point between the 
end of the journey and unloading. Subsequently, until 24h 
after transport, the ewes recovered their initial values. In our 
study, the elevated HR that was associated with a reduction 
in subcutaneous BT during the unloading procedure that the 
authors can hypnotized related to peripheral vasoconstric-
tion induced by the activation of the SAM axis (Smirnov and 
Kiyatkin, 2008; Kiyatkin, 2021). In the end, salivary cortisol 
concentration peak a few minutes after the changes in HR 
and BT were registered (Fig. 4). After this, we can’t exclude 
that, in lambs, elevated cortisol levels may indicate a response 
to emotional stress triggered by the environment stimuli, 
rather than being a direct consequence of transport-related 
stress (Napolitano et al., 1995; Bergamasco et al., 2005).

As in the De la Fuente (2010) and Wickham’s (2012) stud-
ies, in our study, the patterns in HR and BT, which were col-
lected with precision by the bio-loggers, indicated that also 
loading is one of the main stressful stages for the lambs, and 
much more influential than was the time spent in transport 
on the lorry. In this context, the lorry used for transport was 
designed and suitable, thus allowing a passive ventilation 
with the passage of air due to movement. During transport, 
the ventilated air removes some metabolic heat, leading to 
direct convective cooling (Cockram, 2024). Moreover, high 
temperatures during transport stimulate evaporative heat 
loss in the animals by panting and sweating (Caulfield et al., 
2014). In addition, our study detected the same physiological 
response during the unloading procedure, i.e., salivary corti-
sol levels were elevated significantly. Wickham et al. (2012) 

Figure 5. Statistically significant miRNAs in plasma. Statistically 
significant miRNA expression profiles in the plasma of Rasa Aragonesa 
lambs at 5 sampling points (PRE: average of T0 and T1). For clarity, 
miRNAs expression profiles are expressed in 2−∆∆Cq. * ~ P < 0.05; *** ~ 
P < 0.001.

Figure 6. Enzymes evaluation. Average concentrations (±SD) of CK and lactate dehydrogenase (U/L) in Rasa Aragonesa lambs at 5 sampling points 
(PRE: average of T0 and T1). ** ~ P < 0.01; *** ~ P < 0.001; **** ~ P < 0.0001.
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report that the stress response to transport (increased HR 
and alerting behaviors) is more frequent in animals not accus-
tomed to this procedure, compared with animals with previ-
ous experience. For this reason, the adaptation response of 
considered lambs, not used to transport procedure, could be 
amplified or more evident.

Knowledge of the timing of those adaptative changes 
allowed us to identify the c-miRNAs that are involved at these 
specific moments, in which we know that the activation of HPA 
and SAM axes takes place. MiRNAs are a class of regulatory 
RNAs that have pleiotropic effects on multiple pathways in a 
tissue-specific manner and interest in the importance of these 
molecules as biomarkers in assessing animal welfare during 
management procedures that are stressful. Furthermore, miR-
NAs play important roles in responses to stress (Manenti et al., 
2023; Podgórska et al., 2024), including those associated with 
transport. The distal signaling mechanism of cell-free miRNAs 
within peripheral body fluids such as saliva and plasma is not 
well understood, and in sheep is particularly lacking.

In our study, out of 17 miRNAs (miR-17, -19b, -23a, -24, 
-27a, -143 and -191) tested, 7 were found to be reliably detect-
able in the blood and saliva of lambs. Furthermore, our study 
detected dynamic changes in the levels of miR-17, miR-23, miR-
24, and miR-27a, throughout the transport simulation and sub-
sequent body restoration. In other studies, those miRNAs have 
been shown to be associated with the body’s ability to adapt to 
physical and psychological stress (Jin et al., 2016; Podgórska et 
al., 2024). In at least 1 of the 2 matrices, expressions of those 
c-miRNAs differed significantly between the transport proce-
dures and both the PRE (T0: 24h before and T1: 4h before 
transport) and the POST (T2: immediately after, T3: 4h after 
and T4: 24h after transport) samples. Furthermore, statistically 
significant changes in the expression of miR-23a and miR-27a 
occurred in both saliva and plasma. Of the 4 miRNAs that indi-
cated stress-induced changes, we focused on miR-17b, which 
has been shown to be associated with anxiety-like behaviors 
in mice (McEwen, 2017). Jin and colleagues demonstrated 
that miR-17 is involved in the regulation of adult hippocampal 
neurogenesis and mood by influencing the expression of genes 
in the glucocorticoid pathway, which have been associated 
with stress-induced anxiety behaviors (Wiegand et al., 2018). 
Although our study did not assess the lambs at the brain level, 
we suspect that miR-17 is involved in the complex interactions 
among mediators, brain region specializations and are common 
molecules that are associated with the stress response.

In our study, miR-23, -24, and -27 were the other miR-
NAs that were particularly noteworthy. Several studies have 

been found their highly expression in skeletal muscle and 
their involvement in muscle physiology or rearrangement 
(Miretti et al., 2013; Hernandez-Torres et al., 2014; Tewari 
et al., 2021). In an in vivo study, Lee and colleagues (2019) 
in double-knockout mice muscle-lacking for miR-23-27-24 
clusters confirmed they role with different effects on skeletal 
muscle development and endurance exercise-induced muscle 
recovery. Other studies have reported down-regulation of 
miR-23 in mice skeletal muscle after an acute bout of endur-
ance exercise, but no published studies have investigated this 
miRNA at the circulating level (Safdar et al., 2009). Previ-
ously, we found that miR-27a was expressed in the saliva 
samples of sheep in the adaptation response in breeding con-
text (Manenti et al., 2023). Others have reported that serum 
miR-27a is strongly correlated with cognitive impairment in 
humans (Kondo et al., 2019), and is involved in processes 
that are important to the response to exercise (Tonevitsky et 
al., 2013).

Experiments have shown that the regulatory role of miR-
24 in the proliferation and differentiation of myoblasts (Hu 
et al., 2019; Fan et al., 2024). Although the role of miR-24 in 
skeletal muscle after exercise and injury is unclear, it seems to 
be involved in the fibrotic process and its upregulation might 
facilitate the recovery of injured skeletal muscle (Sun et al., 
2018).

Serum CK and LDH concentrations are investigated as 
indicators of the extent of metabolic adaptation to physi-
cal training in skeletal muscles (Brancaccio et al., 2006) and 
indicators of welfare (Nielsen et al., 2021). Concentrations 
increase considerably after intensive exercise and at sites of 
muscle pathology (Hood et al., 1991; Garry and McShane, 
2000). In our study, however, the short, intense exercise faced 
by the lambs at the unloading might have involved an anaer-
obic cellular effort, which would have increased muscle stress. 
In addition, the literature reports that the pavement of the 
vehicle affects the stress of the animals: travel on unpaved ter-
rain, as in this case, is more stressful and requires more mus-
cle effort than those paved (Miranda-de la Lama et al., 2011). 
In our study, after unloading, all of the lambs had increased 
levels of those enzymes.

Our findings have provided additional evidence of the asso-
ciation between transportation stress and an increase in CK 
and LDH concentrations (Galipalli et al., 2004). CK concen-
trations were significantly higher after transport at all sam-
pling points (T2-T3-T4) than they were before transport (T0 to 
T1). Studies have demonstrated that CK is involved in energy 
metabolism in skeletal muscle; particularly, in the mechanisms 

Table 2. Pearson correlations. Pearson correlations between cortisol, CK, and LDH concentrations and miRNA expressions in Rasa Aragonesa lambs 
before, during, and after transport (r and P value). T2: immediately after unloading; T4: 24h after transport

Correlation r P-value Sampling point

Cortisol – Salivary miR-17 −0.60 0.049 T4

Cortisol – Salivary miR-24 −0.61 0.046 T4

CK – Salivary miR-27a −0.68 0.045 T4

LDH – Plasma miR-23a −0.76 0.028 T4

LDH – Plasma miR-23a 0.76 0.029 T2

LDH – Plasma miR-24 0.79 0.019 T2

LDH – ++Plasma miR-27a 0.79 0.019 T2

Abbreviations: miR, microRNA; CK, creatine kinase; LDH, lactate dehydrogenase.
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that regulate glycolysis, mitochondrial respiration, and muscu-
lar contraction (Teixeira and Borges, 2012). Serum CK levels 
might indicate fatigue or overwork in non-athlete humans and 
in animals that are not accustomed to moving (Fabrega et al., 
2002; Totsuka et al., 2002). LDH concentrations are associ-
ated with stress and muscle fatigue (weariness) (Broom, 2000). 
In our study, transportation caused a significant increase in 
LDH, which occurred after unloading. Similar results have 
been reported by Bórnez et al. (2009a and Bórnez et al. 
(2009b)), Minka and Ayo (2013). Expanded muscle destruc-
tion caused by muscle stress during transportation might be 
the cause of the increase in those plasma enzymes (Adenkola 
et al., 2009). Similar results involving CK and LDH have been 
reported in horses after they have been ridden. As in our study, 
elevated levels occurred not only immediately after muscle 
exercise, but also in trends of these enzymes. Indeed, the day 
after having been ridden, enzyme levels in the horses were 
lower than they were immediately after exercise, but higher 
than the basal level (Giers et al., 2023). A recent study (Su et 
al., 2024) found increased levels of CK but reduces levels of 
LDH in lambs that had daily exercise for 90 d. Differences in 
the amount of exercise to which the animals were subjected 
might explain the difference in LDH concentrations between 
that study and ours. In the absence of or at low concentra-
tions of oxygen, such as can occur during a short and intense 
exercise activity, LDH converts pyruvate into lactic acid (Khan 
et al., 2020). Probably daily and prolonged exercise increases 
the production of intracellular energy, which improves aerobic 
metabolism in muscles (Su et al., 2024).

We found positive correlations between trends in the of 
expression of miR-23a, miR-24, miR-27a, which are highly 
expressed in skeletal muscle and involved in muscle physi-
ology (Miretti et al., 2013; Hernandez-Torres et al., 2014; 
Tewari et al., 2021), and LDH concentration trend in plasma 
immediately after the unloading of the lambs (T2), which sug-
gests that there might be an interaction between CK and LDH 
and underscores the possibility of using circulating miRNAs 
as biomarkers in assessing animal welfare related to muscle 
fatigue. Furthermore, it suggests that management procedures 
should be revised to reduce muscle fatigue during loading and 
unloading, given the lambs the opportunity to perform mus-
cular activity (movement) in the fattening period. In our study, 
the correlations among the expression trends of miRNAs, 
cortisol concentrations, and CK and LDH levels at the last 
sampling point (T4) might indicate a delay in the responses 
of these parameters in response to the stressful event. Other 
studies (Diver et al., 2013; Robertson et al., 2013; Sabirzha-
nov et al., 2014) have identified the relationships between 
those miRNAs and the molecular markers that we assessed 
in our study (Wang et al., 2012, 2021), and the correlations 
that we detected provide new approaches to the assessment of 
welfare animal during management procedures.

Although much remains to be learned about the adaptation 
response, research has evidenced the importance of miRNAs 
in maintaining homeostasis (Sharma et al., 2020). Further 
studies are required to investigate the role of those miRNAs 
to better understand their contribution to the ovine stress 
response; specifically, the interactions between miRNAs and 
their putative target genes.

The development of technologies that provide continuous 
monitoring of physiological parameters would contribute to 
a change in farm management practices, and the resulting 
information might provide the basis for more tailored pro-

cedures for animals of a given species at various physiolog-
ical moments in their life. Continuous monitoring over long 
periods might be useful in investigating broader physiological 
questions such as the timing of homeostatic recovery.

A better understanding of the ability of an animal to cope 
with stressful events might help in the selection of breeding 
ewes and rams with the aim of producing offspring that are 
more capable of coping with farm stress events, which will 
increase the likelihood of high product quality.

Our study revealed the dynamic nature of ovine plasma 
and salivary miRNAs during transport-induced stress. In link-
ing the expression trends of those circulating miRNAs with 
physiological stress indicators (HR and BT) and molecular 
stress markers such as cortisol, CK, and LDH, this study sug-
gested their potential role in understanding the regulation of 
the acute-phase response and their use as possible stress bio-
markers for livestock.

For future studies, in addition to deepening the involve-
ment of these miRNAs in acute-stress response, potential 
confounding factors during transportation such as road con-
ditions, fluctuation in vehicle speed or environmental noise, 
that we didn’t record, could be considered to better interpre-
tate stress indicators and analyze animals’ stress response.

Acknowledgments
We thank Bruce MacWhirter for the English revision 
of the manuscript. The authors acknowledge the use 
of Servicio General de Apoyo a la Investigación-SAI, 
Universidad de Zaragoza. This research was supported 
by Fondazione CRT (TOSP_CRT_22_01), funded by a 
Grant for Internationalization-University of Torino (MIRS_
GFI_22_01_F), the European Partnership on Animal Health 
and Welfare, co-funded by the European Union’s Horizon 
Europe Project - 101136346 EUPAHW, and the Gobierno de 
Aragón (Spain). FC was funded by the National Agency for 
Research and Development/Scholarship Program/Doctorado 
Becas Chile/2020 –72210031.
Conflict of interest statement: None declared.

Author contributions
Isabella Manenti (Data curation, Formal analysis, Investigation, 
Visualization, Writing—original draft, Writing—review & edit-
ing), Irene Viola (Data curation, Investigation, Writing—original 
draft), Francisco Canto (Data curation, Investigation, Writing—
original draft), Carmine Versace (Investigation, Visualization, 
Writing—original draft), Paolo Accornero (Methodology, 
Validation, Writing—review & editing), Paola Toschi (Validation, 
Writing—review & editing), Elisabetta Macchi (Investigation, 
Methodology, Writing—original draft), Eugenio Martignani 
(Methodology, Visualization, Writing—original draft), Alfonso 
Abecia (Conceptualization, Formal analysis, Project admin-
istration, Resources, Software, Supervision, Writing—orig-
inal draft, Writing—review & editing), and Silvia Miretti 
(Conceptualization, Funding acquisition, Project administration, 
Supervision, Writing—original draft, Writing—review & editing)

Ethics approval
Study was approved by the Ethics Committee for Animal 
Experiments at the University of Zaragoza (PI29/21). The 
care and use of animals followed the Spanish Policy for 

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf123/8115397 by C

aterina M
archio user on 30 M

ay 2025



10 Journal of Animal Science, 2025, Vol. 103 

Animal Protection (RD 53/2013), which meets the European 
Union Directive 2010/63 on the protection of animals used 
for experimental and other scientific purposes.

Data availability statement
All data used in this study are included in this published 
article.

Declaration of generative AI and AI-assisted 
technologies in the writing process
The authors did not use any artificial intelligence assisted 
technologies in the writing process.

Literature Cited
Abecia, J. A., S. Luis, F. Canto, J. Plaza, and C. Palacios. 2021. Using 

subcutaneous bio-loggers to monitor circadian rhythmicity of tem-
perature, heart rate and activity in sheep under intensive housing 
conditions. Biol. Rhythm. Res. 53:1711–1719. doi:10.1080/09291
016.2021.2016131

Abecia, J. A., F. Canto, J. Plaza, J. Nieto, and C. Palacios. 2025. 
Body temperature and heart rate variability, and their circadian 
rhythms in sheep as measured by biologgers. Small Ruminant Res. 
243:107429. doi:10.1016/j.smallrumres.2024.107429

Adenkola, A. Y., J. O. Ayo, A. K. B. Sackey, and A. B. Adelaiye. 2009. 
Haematological and serum biochemical changes in pigs adminis-
tered with ascorbic acid and transported by road for four hours 
during the harmattan season. J. Cell Anim. Biol. 3:21–28.

Bergamasco, L., E. Macchi, C. Facello, P. Badino, R. Odore, S. Pagliasso, 
C. Bellino, M. C. Osella, and G. Re. 2005. Effects of brief maternal 
separation in kids on neurohormonal and electroencephalographic 
parameters. Appl. Anim. Behav. Sci. 93:39–52. doi:10.1016/j.
applanim.2004.12.002

Bórnez, R., M. B. Linares, and H. Vergara. 2009a. Haematological, hor-
monal and biochemical blood parameters in lamb: Effect of age 
and blood sampling time. Livest. Sci.121:200–206. doi:10.1016/j.
livsci.2008.06.009

Bórnez, R., M. B. Linares, and H. Vergara. 2009b. Systems stunning 
with CO2 gas on Manchego light lambs: physiologic responses 
and stunning effectiveness. Meat Sci. 82:133–138. doi:10.1016/j.
meatsci.2009.01.003

Brancaccio, P., F. M. Limongelli, and N. Maffulli. 2006. Monitoring of 
serum enzymes in sport. Br. J. Sports Med. 40:96–97. doi:10.1136/
bjsm.2005.020719

Broom, D.M. 2000. Welfare assessment and problem areas during 
handling and transport. In: Grandin, T., editor. Livestock han-
dling and transport. Wallingford (UK): CABI Publishing; p. 43–61. 
doi:10.1079/9780851994093.0043

Caja, G., A. Castro-Costa, and C. H. Knight. 2016. Engineering to 
support wellbeing of dairy animals. J. Dairy Res. 83:136–147. 
doi:10.1017/S0022029916000261

Carnovale, F., J. Xiao, B. Shi, T. Kaart, D. Arney, and C. J. C. Phil-
lips. 2021. The effects of vehicle type, transport duration and 
pre-transport feeding on the welfare of sheep transported in low 
temperatures. Animals (Basel). 11:1659. doi:10.3390/ani11061659

Caulfield, M. P., H. Cambridge, S. F. Foster, and P. D. McGreevy. 2014. 
Heat stress: A major contributor to poor animal welfare associ-
ated with long-haul live export voyages. Vet. J. 199:223–228. 
doi:10.1016/j.tvjl.2013.09.018

Chen, R. J., G. Kelly, A. Sengupta, W. Heydendael, B. Nicholas, S. Beltrami, 
S. Luz, L. Peixoto, T. Abel, and S. Bhatnagar. 2015. MicroRNAs as 
biomarkers of resilience or vulnerability to stress. Neuroscience. 
305:36–48. doi:10.1016/j.neuroscience.2015.07.045

Chmura, H. E., T. W. Glass, and C. T. Williams. 2018. Biologging phys-
iological and ecological responses to climatic variation: New tools 

for the climate change era. Front. Ecol. Evol. 6:92. doi:10.3389/
fevo.2018.00092

Chu, B., Marwaha, K., Sanvictores, T., Awosika, A. O., Ayers, D. 2024. 
Physiology, stress reaction. StatPearls editor. Treasure Island (FL): 
StatPearls Publishing.

Cockram, M. S. 2024. Sheep transport. In: CABI editor. Livestock han-
dling and transport. Wallingford (UK): CABI Publishing; p. 276–
295. doi:10.1079/9781800625136.0013

Cockram, M. S., J. E. Kent, P. J. Goddard, N. K. Waran, I. M. McGlip, 
R. E. Jackson, M. Muwanga, and S. Prytherch. 1996. Effect of 
space allowance during transport on the behavioural and physi-
ological responses of lambs during and after transport. Anim. Sci. 
62:461–477. doi:10.1017/S1357729800015009

Consortium of the Animal Transport Guides Project (2017-rev1). 2018. 
Guide to Good Practices for the Transport of Sheep https://food.
ec.europa.eu/document/download/1145d52d-3673-457c-821a-
f2bc91869549_en?filename=aw_awp_transport-guides_sheep_
transport-good-practices_en.pdf

De la Fuente, J., M. Sánchez, C. Pérez, S. Lauzurica, C. Vieira, E. 
González de Chávarri, and M. T. Diaz. 2010. Physiological response 
and carcass and meat quality of suckling lambs in relation to trans-
port time and stocking density during transport by road. Animal. 
4:250–258. doi:10.1017/S1751731109991108

Diver, L., S. Alvarez-Madrazo, J. Lin, S. Wood, S. MacKenzie, J. Con-
nell, and E. Davies. 2013. Validation of CYP11B1 and CYP11B2 
regulation by microRNA-24. Endocr. Abstr. 31:P316. doi:10.1530/
endoabs.31.P316

Do, D. N., P. -L. Dudemaine, M. Mathur, P. Suravajhala, X. Zhao, and 
E. M. Ibeagha-Awemu. 2021. MiRNA regulatory functions in farm 
animal diseases, and biomarker potentials for effective therapies. 
Int. J. Mol. Sci. 22:3080. doi:10.3390/ijms22063080

Dong, H., Q. Gao, X. Peng, Y. Sun, T. Han, B. Zhao, Y. Liu, C. Wanga, 
X. Song, J. Wu, et al. 2017. Circulating MicroRNAs as potential 
biomarkers for veterinary infectious diseases. Front. Vet. Sci. 4:186. 
doi:10.3389/fvets.2017.00186

Fabrega, S., P. Durand, J. P. Mornon, and P. Lehn. 2002. The active 
site of human glucocerebrosidase: structural predictions and exper-
imental validations. J. Soc. Biol. Struct. 196:151–160.

Fan, D., Y. Yao, Y. Liu, C. Yan, F. Li, S. Wang, M. Yu, B. Xie, and Z. 
Tang. 2024. Regulation of myo-miR-24-3p on the myogenesis 
and fiber type transformation of skeletal muscle. Genes. 15:269. 
doi:10.3390/genes15030269

Forin-Wiart, M. -A., M. R. Enstipp, Y. Le Maho, and Y. Handrich. 
2019. Why implantation of bio-loggers may improve our under-
standing of how animals cope within their natural environment. 
Integr. Zool. 14:48–64. doi:10.1111/1749-4877.12364

Fuchs, B., K. M. Sørheim, M. Chincarini, E. Brunberg, S. M. Stubsjøen, 
K. Bratbergsengen, S. Olav Hvasshovd, B. Zimmermann, U. Støbet 
Lande, and L. Grøva. 2019. Heart rate sensor validation and seasonal 
and diurnal variation of body temperature and heart rate in domestic 
sheep. Vet. Anim. Sci. 8:100075. doi:10.1016/j.vas.2019.100075

Galipalli, S., K. M. Gadiyaram, B. Kouakou, T. H. Terrill, and G. Kan-
nan. 2004. Physiological responses to preslaughter transportation 
stress in Tasco-supplemented Boer goats. S. Afr. J. Sci. 34:198–200.

Garry, J. P., and J. M. McShane. 2000. Postcompetition elevation 
of muscle enzyme levels in professional football players. Med-
GenMed. 2:E4.

Giers, J., A. Bartel, K. Kirsch, S. F. Müller, S. Horstmann, and H. Gehlen. 
2023. Blood-Based markers for skeletal and cardiac muscle func-
tion in eventing horses before and after cross-country rides and 
how they are influenced by plasma volume shift. Animals (Basel). 
13:3110. doi:10.3390/ani13193110

Gröschl, M., and M. Rauh. 2006. Influence of commercial collection 
devices for saliva on the reliability of salivary steroids analysis. Ste-
roids. 71:1097–1100. doi:10.1016/j.steroids.2006.09.007

Guelfi, G., M. Iaboni, A. Sansone, C. Capaccia, M. M. Santoro, and 
S. Diverio. 2022. Extracellular circulating miRNAs as stress-
related signature to search and rescue dogs. Sci. Rep. 12:3213. 
doi:10.1038/s41598-022-07131-5

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf123/8115397 by C

aterina M
archio user on 30 M

ay 2025

https://doi.org/10.1080/09291016.2021.2016131
https://doi.org/10.1080/09291016.2021.2016131
https://doi.org/10.1016/j.smallrumres.2024.107429
https://doi.org/10.1016/j.applanim.2004.12.002
https://doi.org/10.1016/j.applanim.2004.12.002
https://doi.org/10.1016/j.livsci.2008.06.009
https://doi.org/10.1016/j.livsci.2008.06.009
https://doi.org/10.1016/j.meatsci.2009.01.003
https://doi.org/10.1016/j.meatsci.2009.01.003
https://doi.org/10.1136/bjsm.2005.020719
https://doi.org/10.1136/bjsm.2005.020719
https://doi.org/10.1079/9780851994093.0043
https://doi.org/10.1017/S0022029916000261
https://doi.org/10.3390/ani11061659
https://doi.org/10.1016/j.tvjl.2013.09.018
https://doi.org/10.1016/j.neuroscience.2015.07.045
https://doi.org/10.3389/fevo.2018.00092
https://doi.org/10.3389/fevo.2018.00092
https://doi.org/10.1079/9781800625136.0013
https://doi.org/10.1017/S1357729800015009
https://food.ec.europa.eu/document/download/1145d52d-3673-457c-821a-f2bc91869549_en?filename=aw_awp_transport-guides_sheep_transport-good-practices_en.pdf
https://food.ec.europa.eu/document/download/1145d52d-3673-457c-821a-f2bc91869549_en?filename=aw_awp_transport-guides_sheep_transport-good-practices_en.pdf
https://food.ec.europa.eu/document/download/1145d52d-3673-457c-821a-f2bc91869549_en?filename=aw_awp_transport-guides_sheep_transport-good-practices_en.pdf
https://food.ec.europa.eu/document/download/1145d52d-3673-457c-821a-f2bc91869549_en?filename=aw_awp_transport-guides_sheep_transport-good-practices_en.pdf
https://doi.org/10.1017/S1751731109991108
https://doi.org/10.1530/endoabs.31.P316
https://doi.org/10.1530/endoabs.31.P316
https://doi.org/10.3390/ijms22063080
https://doi.org/10.3389/fvets.2017.00186
https://doi.org/10.3390/genes15030269
https://doi.org/10.1111/1749-4877.12364
https://doi.org/10.1016/j.vas.2019.100075
https://doi.org/10.3390/ani13193110
https://doi.org/10.1016/j.steroids.2006.09.007
https://doi.org/10.1038/s41598-022-07131-5


Manenti et al. 11

Halachmi, I., M. Guarino, J. Bewley, and M. Pastell. 2019. Smart ani-
mal agriculture: Application of real-time sensors to improve animal 
well-being and production. Annu. Rev. Anim. Biosci. 7:403–425. 
doi:10.1146/annurev-animal-020518-114851

Hernandez-Torres, F., A. E. Aranega, and D. Franco. 2014. Identifica-
tion of regulatory elements directing miR-23a-miR-27a-miR-24-2 
transcriptional regulation in response to muscle hypertrophic 
stimuli. Biochim. Biophys. Acta. 1839:885–897. doi:10.1016/j.
bbagrm.2014.07.009

Hood, D., F. Van Lente, and M. Estes. 1991. Serum enzyme alterations 
in chronic muscle disease. A biopsy-based diagnostic assessment. 
Am. J. Clin. Pathol. 95:402–407. doi:10.1093/ajcp/95.3.402

Hu, X., Y. Xing, L. Ren, Y. Wang, Q. Li, X. Fu, Q. Yang, L. Xu, L. Wil-
lems, J. Li, et al. 2019. Bta-miR-24-3p controls the myogenic differ-
entiation and proliferation of fetal, bovine, skeletal muscle-derived 
progenitor cells by targeting ACVR1B. Animals (Basel). 9:859. 
doi:10.3390/ani9110859

Jin, J., S. -N. Kim, X. Liu, H. Zhang, C. Zhang, J. -S. Seo, Y. Kim, and 
T. Sun. 2016. MiR-17-92 cluster regulates adult hippocampal 
neurogenesis, anxiety, and depression. Cell Rep. 16:1653–1663. 
doi:10.1016/j.celrep.2016.06.101

Kaltsas, G.A., Chrousosm, G.P. 2007. The neuroendocrinology of 
stress. In: Cacioppo, J.T., L.G., Tassinary, and G.G. Berntson, edi-
tors. Handbook of psychophysiology. UK: Cambridge University 
Press; p. 303–318. doi:10.1017/CBO9780511546396

Khan, A. A., K. S. Allemailem, F. A. Alhumaydhi, S. J. T. Gowder, and 
A. H. Rahmani. 2020. The biochemical and clinical perspectives of 
lactate dehydrogenase: an enzyme of active metabolism. Endocr. 
Metab. Immune Disord. Drug Targets 20:855–868. doi:10.2174/1
871530320666191230141110

Kiyatkin, E. A. 2021. Functional role of peripheral vasoconstriction: 
not only thermoregulation but much more. J. Integr. Neurosci. 
20:755–764. doi:10.31083/j.jin2003080

Knowles, T. G., S. N. Brown, P. D. Warriss, A. J. Phillips, S. K. Dolan, P. 
Hunt, J. E. Ford, J. E. Edwards, and P. E. Watkins. 1995. The effects 
on sheep of transport by road for up to twenty-four hours. Vet. 
Rec. 136:431–438. doi:10.1136/vr.136.17.431

Kondo, M., H. Yamada, E. Munetsuna, M. Yamazaki, T. Hatta, 
A. Iwahara, K. Ohashi, H. Ishikawa, Y. Tsuboi, T. Inoue, et al. 
2019. Associations of serum microRNA-20a, -27a, and -103a 
with cognitive function in a Japanese population: the Yakumo 
study. Arch. Gerontol. Geriatr. 82:155–160. doi:10.1016/j.arch-
ger.2019.01.007

Lee, M., S. Wada, S. Oikawa, K. Suzuki, T. Ushida, and T. Akimoto. 
2019. Loss of microRNA-23-27-24 clusters in skeletal muscle is 
not influential in skeletal muscle development and exercise-induced 
muscle adaptation. Sci. Rep. 9:1092. doi:10.1038/s41598-018-
37765-3

Madden, C. J., and S. F. Morrison. 2019. Central nervous system cir-
cuits that control body temperature. Neurosci. Lett. 696:225–232. 
doi:10.1016/j.neulet.2018.11.027

Maltz, E. 2020. Individual dairy cow management: achievements, 
obstacles and prospects. J. Dairy Res. 87:145–157. doi:10.1017/
S0022029920000382

Manenti, I., I. Viola, U. Ala, P. Cornale, E. Macchi, P. Toschi, E. Mar-
tignani, M. Baratta, and S. Miretti. 2023. Adaptation Response 
in Sheep: Ewes in Different Cortisol Clusters Reveal Changes 
in the Expression of Salivary miRNAs. Animals 13(20):3273. 
doi:10.3390/ani13203273

McEwen, B. S. 2017. Neurobiological and systemic effects of chronic 
stress. Chronic Stress (Thousand Oaks). 1:247054701769232. 
doi:10.1177/2470547017692328

Minka, N. S., and J. O. Ayo. 2013. Physiological and behavioral 
responses of goats to 12-hour road transportation, lairage and 
grazing periods, and the modulatory role of ascorbic acid. J. Vet. 
Behav. 8:349–356. doi:10.1016/j.jveb.2013.01.001

Miranda-de la Lama, G. C., P. Monge, M. Villarroel, J. L. Olleta, S. 
García-Belenguer, and G. A. María. 2011. Effects of road type 
during transport on lamb welfare and meat quality in dry hot 

climates. Trop. Anim. Health Prod. 43:915–922. doi:10.1007/
s11250-011-9783-7

Miranda-de la Lama, G. C., M. Rodríguez-Palomares, R. G. Cruz-
Monterrosa, A. A. Rayas-Amor, R. S. B. Pinheiro, F. M. Galindo, 
and M. Villarroel. 2018. Long-distance transport of hair lambs: 
effect of location in pot-belly trailers on thermo-physiology, wel-
fare and meat quality. Trop. Anim. Health Prod. 50:327–336. 
doi:10.1007/s11250-017-1435-0

Miretti, S., E. Martignani, P. Accornero, and M. Baratta. 2013. Func-
tional effect of mir-27b on myostatin expression: a relationship in 
Piedmontese cattle with double-muscled phenotype. BMC Genom-
ics 14:194. doi:10.1186/1471-2164-14-194

Miretti, S., C. Lecchi, F. Ceciliani M. Baratta. 2020. MicroRNAs as 
biomarkers for animal health and welfare in livestock. Front. Vet. 
Sci. 7:578193. doi:10.3389/fvets.2020.578193

Moberg, G.P. 2000. Biological response to stress: implications for 
animal welfare. In: Moberg, G.P., and J.A. Mench, editors. The 
biology of animal stress: Basic principles and implications for 
animal welfare. Wallingford (UK): CABI Publishing, p. 1–21. 
doi:10.1079/9780851993591.0001

Möstl, E., and R. Palme. 2002. Hormones as indicators of stress. Domest 
Anim. Endocrinol. 23:67–74. doi:10.1016/s0739-7240(02)00146-
7

Napolitano, F., V. Marino, G. Derosa, R. Capparelli, and A. Bordi. 1995. 
Influence of artificial rearing on behavioural and immune-response 
of lambs. App. Anim. Behav. Sci. 45:245–253. doi:10.1016/0168-
1591(95)00637-8

Nater, U. M., R. La Marca, L. Florin, A. Moses, W. Langhans, M. M. 
Koller, and U. Ehlert. 2006. Stress-induced changes in human 
salivary alpha-amylase activity – associations with adrenergic 
activity. Psychoneuroendocrinology. 31:49–58. doi:10.1016/j.psyn-
euen.2005.05.010

Nielsen, S. S., J. Alvarez, D. J. Bicout, P. Calistri, K. Depner, J. A. Drewe, 
B. Garin‐Bastuji, J. L. Gonzales Rojas, C. Gortázar Schmidt, M. 
Herskin, et al. 2021. Scientific Opinion on the assessment of the 
control measures of the category A diseases of Animal Health 
Law: African Horse Sickness. EFSA Journal 19(2). doi:10.2903/j.
efsa.2021.6403

Nielsen, S. S., J. Alvarez, D. J. Bicout, P. Calistri, E. Canali, J. A. Drewe, 
B. Garin-Bastuji, J. L. Gonzales Rojas, C. Gortázar Schmidt, V. 
Michel, et al; EFSA Panel on Animal Health and Welfare (AHAW). 
2022. Welfare of small ruminants during transport. EFSA J. 
20:e07404. doi:10.2903/j.efsa.2022.7404

Pascual-Alonso, M., G. C. Miranda-de la Lama, L. Aguayo-Ulloa, M. 
Villarroel, M. Mitchell, and A. María. 2017. Thermophysiological, 
haematological, biochemical and behavioural stress responses of 
sheep transported on road. J. Anim. Physiol. Anim. Nutr. 101:541–
551. doi:10.1111/jpn.12455

Patel, R. S., A. Jakymiw, B. Yao, B. A. Pauley, W. C. Carcamo, J. Katz, 
J. Q. Cheng, and E. K. Chan. 2011. High resolution of microRNA 
signatures in human whole saliva. Arch. Oral Biol. 56:1506–1513. 
doi:10.1016/j.archoralbio.2011.05.015

Podgórska, D., M. Cieśla, A. Płonka, W. Bajorek, W. Czarny, P. Król, 
and R. Podgórski. 2024. Changes in circulating MicroRNA levels 
as potential indicators of training adaptation in professional volley-
ball players. Int. J. Mol. Sci. 25:6107. doi:10.3390/ijms25116107

Robertson, S., S. M. MacKenzie, S. Alvarez-Madrazo, L. A. Diver, J. 
Lin, P. M. Stewart, R. Fraser, J. M. Connell, and E. Davies. 2013. 
MicroRNA-24 is a novel regulator of aldosterone and cortisol pro-
duction in the human adrenal cortex. Hypertension. 62:572–578. 
doi:10.1161/HYPERTENSIONAHA.113.01102

Sabirzhanov, B., Z. Zhao, B. A. Stoica, D. J. Loane, J. Wu, C. Bor-
roto, S. G. Dorsey, and A. I. Faden. 2014. Downregulation of 
miR-23a and miR-27a following experimental traumatic brain 
injury induces neuronal cell death through activation of proapop-
totic Bcl-2 proteins. J. Neurosci. 34:10055–10071. doi:10.1523/ 
JNEUROSCI.1260-14.2014

Safdar, A., A. Abadi, M. Akhtar, B. P. Hettinga, and M. A. Tarnopolsky. 
2009. miRNA in the regulation of skeletal muscle adaptation 

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf123/8115397 by C

aterina M
archio user on 30 M

ay 2025

https://doi.org/10.1146/annurev-animal-020518-114851
https://doi.org/10.1016/j.bbagrm.2014.07.009
https://doi.org/10.1016/j.bbagrm.2014.07.009
https://doi.org/10.1093/ajcp/95.3.402
https://doi.org/10.3390/ani9110859
https://doi.org/10.1016/j.celrep.2016.06.101
https://doi.org/10.1017/CBO9780511546396
https://doi.org/10.2174/1871530320666191230141110
https://doi.org/10.2174/1871530320666191230141110
https://doi.org/10.31083/j.jin2003080
https://doi.org/10.1136/vr.136.17.431
https://doi.org/10.1016/j.archger.2019.01.007
https://doi.org/10.1016/j.archger.2019.01.007
https://doi.org/10.1038/s41598-018-37765-3
https://doi.org/10.1038/s41598-018-37765-3
https://doi.org/10.1016/j.neulet.2018.11.027
https://doi.org/10.1017/S0022029920000382
https://doi.org/10.1017/S0022029920000382
https://doi.org/10.3390/ani13203273
https://doi.org/10.1177/2470547017692328
https://doi.org/10.1016/j.jveb.2013.01.001
https://doi.org/10.1007/s11250-011-9783-7
https://doi.org/10.1007/s11250-011-9783-7
https://doi.org/10.1007/s11250-017-1435-0
https://doi.org/10.1186/1471-2164-14-194
https://doi.org/10.3389/fvets.2020.578193
https://doi.org/10.1079/9780851993591.0001
https://doi.org/10.1016/s0739-7240(02)00146-7
https://doi.org/10.1016/s0739-7240(02)00146-7
https://doi.org/10.1016/0168-1591(95)00637-8
https://doi.org/10.1016/0168-1591(95)00637-8
https://doi.org/10.1016/j.psyneuen.2005.05.010
https://doi.org/10.1016/j.psyneuen.2005.05.010
https://doi.org/10.2903/j.efsa.2021.6403
https://doi.org/10.2903/j.efsa.2021.6403
https://doi.org/10.2903/j.efsa.2022.7404
https://doi.org/10.1111/jpn.12455
https://doi.org/10.1016/j.archoralbio.2011.05.015
https://doi.org/10.3390/ijms25116107
https://doi.org/10.1161/HYPERTENSIONAHA.113.01102
https://doi.org/10.1523/JNEUROSCI.1260-14.2014
https://doi.org/10.1523/JNEUROSCI.1260-14.2014


12 Journal of Animal Science, 2025, Vol. 103 

to acute endurance exercise in C57Bl/6J male mice. PLoS One. 
4:e5610. doi:10.1371/journal.pone.0005610

Sapolsky, R. M. 2002. Endocrinology of the stress-response. In: Becker 
JB, SM Breedlove, D Crews, and MM McCarthy, editors. Behav-
ioral endocrinology. 2nd ed. Cambridge (Massachusetts): MIT 
Press; p. 409–450.

Sharma, A., U. K. Shandilya, T. Sullivan, D. Naylor, A. Canovas, B. A. 
Mallard, and N. A. Karrow. 2020. Identification of ovine serum 
miRNAs following bacterial lipopolysaccharide challenge. Int. J. 
Mol. Sci. 21:7920. doi:10.3390/ijms21217920

Smirnov, M. S., and E. A. Kiyatkin. 2008. Fluctuations in central and 
peripheral temperatures associated with feeding behavior in rats. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 295:R1415–R1424. 
doi:10.1152/ajpregu.90636.2008

Star-Oddi, 2024. User Manual HRT Analyzer Analytical Software. Star-
Oddi. https://www.star-oddi.com/media/1/hrt-analyzer-1.3.2-us-
er-manual.pdf

Su, L., C. Zhao, B. Sun, L. Dou, C. Wang, Z. Yang, T. Li, and Y. Jin. 
2024. Effects of exercise on muscle fiber conversion, muscle devel-
opment and meat quality of Sunit sheep. Meat Sci. 211:109440. 
doi:10.1016/j.meatsci.2024.109440

Sun, Y., H. Wang, Y. Li, S. Liu, J. Chen, and H. Ying. 2018. miR-24 
and miR-122 negatively regulate the transforming growth factor-β/
smad signaling pathway in skeletal muscle fibrosis. Mol. Ther. 
Nucleic Acids 11:528–537. doi:10.1016/j.omtn.2018.04.005

Sztajzel, J. 2004. Heart rate variability: a noninvasive electrocardio-
graphic method to measure the autonomic nervous system. Swiss. 
Med. Wkly. 134:514–522. doi:10.4414/smw.2004.10321

Tamioso, P. R., D. S. Rucinque, M. Miele, A. Boissy, and C. F. M. 
Molento. 2018. Perception of animal sentience by Brazilian and 
French citizens: the case of sheep welfare and sentience. PLoS One 
13:e0200425. doi:10.1371/journal.pone.0200425

Teixeira, A. M., and G. F. Borges. 2012. Creatine kinase: structure and 
function. Braz. J. Biomotricity. 6:53–65.

Tewari, R. S., U. Ala, P. Accornero, M. Baratta, and S. Miretti. 2021. 
Circulating skeletal muscle related microRNAs profile in Piedmon-
tese cattle during different age. Sci. Rep. 11:15815. doi:10.1038/
s41598-021-95137-w

Thomas, B. L., N. Claassen, P. Becker, and M. Viljoen. 2019. Valid-
ity of commonly used heart rate variability markers of auto-
nomic nervous system function. Neuropsychobiology. 78:14–26. 
doi:10.1159/000495519

Tonevitsky, A. G., D. V. Maltseva, A. Abbasi, T. R. Samatov, D. A. 
Sakharov, M. U. Shkurnikov, A. E. Lebedev, V. V. Galatenko, A. 
I. Grigoriev, and H. Northoff. 2013. Dynamically regulated  
miRNA-mRNA networks revealed by exercise. BMC Physiol. 13:9. 
doi:10.1186/1472-6793-13-9

Topkas, E., P. Keith, G. Dimeski, J. Cooper-White, and C. Punyad-
eera. 2012. Evaluation of saliva collection devices for the analy-
sis of proteins. Clin. Chim. Acta. 413:1066–1070. doi:10.1016/j.
cca.2012.02.020

Totsuka, M., S. Nakaji, K. Suzuki, K. Sugawara, and K. Sato. 2002. 
Break point of serum creatine kinase release after endurance exer-
cise. J. Appl. Physiol. (1985). 93:1280–1286. doi:10.1152/jap-
plphysiol.01270.2001

Vogel, K.D., Romans, E.F., Kirk, A.A., Obiols, P.L., Velarde, A. 2024. 
Stress physiology of animals during transport. In: CABI editor. 
Livestock Handling and Transport. Wallingford (UK): CABI Pub-
lishing; p. 34–67. doi:10.1079/9781800625136.0003

Wang, L., X. Chen, Y. Zheng, F. Li, Z. Lu, C. Chen, J. Liu, Y. Wang, Y. 
Peng, Z. Shen, et al. 2012. MiR-23a inhibits myogenic differentia-
tion through down regulation of fast myosin heavy chain isoforms. 
Exp. Cell Res. 318:2324–2334. doi:10.1016/j.yexcr.2012.06.018

Wang, L., Q. Li, J. Diao, L. Lin, and J. Wei. 2021. MiR-23a is involved 
in myocardial ischemia/reperfusion injury by directly targeting 
CX43 and regulating mitophagy. Inflammation. 44:1581–1591. 
doi:10.1007/s10753-021-01443-w

Wickham, S. L., T. Collins, A. L. Barnes, D. W. Miller, D. T. Beatty, C. Stock-
man, D. Blache, F. Wemelsfelder, and P. A. Fleming. 2012. Qualitative 
behavioral assessment of transport-naïve and transport-habituated 
sheep. J. Anim. Sci. 90:4523–4535. doi:10.2527/jas.2010-3451

Wiegand, C., P. Heusser, C. Klinger, D. Cysarz, A. Büssing, T. Oster-
mann, and A. Savelsbergh. 2018. Stress-associated changes in sal-
ivary microRNAs can be detected in response to the Trier Social 
Stress Test: an exploratory study. Sci. Rep. 8:7112. doi:10.1038/
s41598-018-25554-x

WOAH, World Organization for Animal Health. 2022. Development of 
Animal Welfare Standards, https://www.woah.org/en/what-we-do/
animal-health-and-welfare/animalwelfare/development-of-ani-
mal-welfare-standards/

Zhong, R. Z., H. W. Liu, D. W. Zhou, H. X. Sun, and C. S. Zhao. 2011. 
The effects of road transportation on physiological responses and 
meat quality in sheep differing in age. J. Anim. Sci. 89:3742–3751. 
doi:10.2527/jas.2010-3693

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf123/8115397 by C

aterina M
archio user on 30 M

ay 2025

https://doi.org/10.1371/journal.pone.0005610
https://doi.org/10.3390/ijms21217920
https://doi.org/10.1152/ajpregu.90636.2008
https://www.star-oddi.com/media/1/hrt-analyzer-1.3.2-user-manual.pdf
https://www.star-oddi.com/media/1/hrt-analyzer-1.3.2-user-manual.pdf
https://doi.org/10.1016/j.meatsci.2024.109440
https://doi.org/10.1016/j.omtn.2018.04.005
https://doi.org/10.4414/smw.2004.10321
https://doi.org/10.1371/journal.pone.0200425
https://doi.org/10.1038/s41598-021-95137-w
https://doi.org/10.1038/s41598-021-95137-w
https://doi.org/10.1159/000495519
https://doi.org/10.1186/1472-6793-13-9
https://doi.org/10.1016/j.cca.2012.02.020
https://doi.org/10.1016/j.cca.2012.02.020
https://doi.org/10.1152/japplphysiol.01270.2001
https://doi.org/10.1152/japplphysiol.01270.2001
https://doi.org/10.1079/9781800625136.0003
https://doi.org/10.1016/j.yexcr.2012.06.018
https://doi.org/10.1007/s10753-021-01443-w
https://doi.org/10.2527/jas.2010-3451
https://doi.org/10.1038/s41598-018-25554-x
https://doi.org/10.1038/s41598-018-25554-x
https://www.woah.org/en/what-we-do/animal-health-and-welfare/animalwelfare/development-of-animal-welfare-standards/
https://www.woah.org/en/what-we-do/animal-health-and-welfare/animalwelfare/development-of-animal-welfare-standards/
https://www.woah.org/en/what-we-do/animal-health-and-welfare/animalwelfare/development-of-animal-welfare-standards/
https://doi.org/10.2527/jas.2010-3693

	Bio-loggers and miRNAs are innovative tools for measuring physiological changes in lambs during transport
	Introduction
	Material and Methods
	Experimental design
	Lambs and bio-logger implantation
	BT and HR analyses
	Transport
	Saliva and blood collection
	Estimation of salivary cortisol
	Extraction and analysis of saliva and plasma miRNAs
	Creatine kinase and lactate dehydrogenase (LDH) quantifications
	Statistical analyses

	Results
	Handling and transport events affected subcutaneous BT and HR
	Salivary cortisol and bio-logger data analyses identify unloading as the most stressful stage
	Changes in miRNA expression in plasma and saliva parallel the adaptation response
	Plasma CK and lactate dehydrogenase concentrations change after transport
	Correlations between miRNA expression and saliva cortisol, CK, and lactate dehydrogenase

	Discussion
	Acknowledgments
	Literature Cited


