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(Unstructured) Abstract (up to 350 words)
Global climate change impacts livestock production, particularly in extensive or semi-extensive
systems in semi-arid regions, due to the temperature increases and water scarcity. The aim of this
study was to characterize the different physiological responses of Rasa Aragonesa ewes to water
restriction. Two hundred and two ewes were challenged to total water restriction for 5 days.
Temperature and relative humidity were measured to calculate the temperature-humidity index (THI).
According to the THI, ewes were also under heat stress conditions. Daily, dry matter intake (DMI),
body weight (BW) and body condition score (BCS) were also recorded. Blood samples were collected
on days 0, 1 and 5. Wool samples were collected on days 0 and 28. Blood samples were used for
classic hematological and some biochemical parameters (total proteins, glucose, NEFAs, cortisol,
dehydroepiandrosterone (DHEA), and its sulphate (DHEA-S)). In the wool cortisol, DHEA and
DHEA-S were also measured. Principal component analysis (PCA) and hierarchical clustering (HC)
were carried out to classify ewes according to their stress response. DMI, BW and BCS significantly
lowered during the water stress period (p < 0.05). Most hematological and biochemical parameters
were affected (p < 0.05), except for blood cortisol and the blood cortisol:DHEA-S ratio (p > 0.05).
After HC analysis, ewes were classified into three clusters based on their stress tolerance. Cluster 1
(C1, n=168) included the most tolerant ewes, followed by Cluster 2 (C2, n=22) and Cluster 3 (C3,
n=12), which was the least tolerant. The C3 ewes had the highest blood cortisol and non-esterified
fatty acid mobilization, which were associated with the greatest BW loss. In conclusion, the stress
conditions affected hematological and biochemical parameters in blood and wool. The majority of
Rasa Aragonesa ewes generally demonstrated good tolerance to these stressors (C1, n=168), with only

34 ewes classified as less tolerant.

Keywords (3 to 6): sheep, performance, hematology, biochemistry, welfare.

Introduction

Climate change is causing rising temperatures and variations in precipitation, which directly impact
livestock production, especially in extensive and semi-extensive systems [1]. These changes affect
feed crop quality, water availability and overall animal performance, including growth, milk/meat
quality and reproductive efficiency. These environmental changes are increasing livestock exposure to
environmental stressors, such as heat stress [1] and water stress [2]. All these stresses can induce
stress responses in sheep with negative effects on immunity [3] and worse well-being [4]. The
physiological response to stress, including water and heat stress, is mediated by activation of the
hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system [5]. This triggers the
release of neuropeptides and neurohormones, which activate endocrine and immune responses [6].
The hypothalamus produces arginine vasopressin and corticotropin-releasing hormone, which lead to

the secretion of adrenocorticotropic hormone (ACTH) in the pituitary [5,7]. Then ACTH stimulates
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the adrenal gland to produce glucocorticoids (cortisol and corticosterone), mineralocorticoids
(aldosterone) and androgens (androstenedione and dehydroepiandrosterone
[DHEA]/dehydroepiandrosterone sulphate [DHEA-S]) [7].

Cortisol is the gold standard biomarker for assessing physiological response to stress in animals. It
plays an important role in the control of carbohydrate metabolism, electrolyte homeostasis, water
balance, and anti-inflammatory and immunosuppressive processes [8,9]. DHEA and DHEA-S have
been described as neuroprotective hormones, biomarkers of ageing, glucocorticoid antagonists and
immunostimulants [10]. They have anti-inflammatory effects and antioxidant properties, and are also
involved in lipid metabolism [11]. Some authors suggest that DHEA is a better biomarker for acute
stress, while DHEA-S is better for chronic stress in humans [12]. It is worth mentioning that high
cortisol levels can reduce lymphocyte and antibody production, while DHEA and DHEA-S enhance
T-cell production and counteract inflammation [10]. Some authors suggest measuring cortisol and
DHEA/DHEA-S ratios (ratio cortisol:DHEA or cortisol:DHEA-S) to assess glucocorticoid activity
and animals’ physiological status [7,10]. Although blood is normally used to measure these hormones,
other matrices like feces, sweat, urine, hair, wool or saliva can also be employed [8,13]. Thus hair or
wool cortisol and DHEA/DHEA-S measurements are being paid more attention because the sampling
method is non-invasive [14]. Hair measurements are commonly used to assess chronic or long-term
stress because hormones accumulate over weeks and months based on the growth rate and hair length,
but are not effective for evaluating acute stress events [14].

In addition to cortisol, leukocyte profiles (leukogram) have been used to assess stress in animals [15]
as they reflect the physiological status of the animal. Under stress conditions, neutrophilia (increase in
the concentration of neutrophils), leukocytosis (increase in the concentration of leukocytes) and
lymphopenia or lymphocytopenia (drop-in the concentration of lymphocytes) have been shown. A
widely used parameter to evaluate stress in animals is the neutrophil-to-lymphocyte ratio (NLR) [16],
which shows high values:in animals under stress conditions [17] and may be directly related to
cortisol and other stress hormones [16]. In addition to these changes, when animals are under water
stress conditions widespread physiological disturbances can be observed, such as reductions in body
weight and dry matter intake, as well as hemoconcentration and increases in serum proteins due to
dehydration [18,19].

Water scarcity significantly impacts small ruminant production, especially in extensive and semi-
extensive systems within the Mediterranean basin. However, breeds from these regions are generally
more tolerant to water scarcity. Farming systems in these areas, are based on autochthonous breeds,
such as the Rasa Aragonesa, which is the most dominant meat breed in Spain, mainly reared in
extensive or semi-extensive farming systems. This breed often suffers from water scarcity during
certain times of the year, especially in the summer when grazing in stubble fields, hills, or mountain
areas. However, limited studies are available about their physiological responses to water restriction.
Our hypothesis was that water restriction would affect hematological and biochemical parameters,
resulting in different physiological responses in sheep, according to their tolerance to this stress.

4
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Therefore, the aim of this study was to characterize the different stress responses of Rasa Aragonesa
ewes subjected to total water restriction for 5 days by measuring hematological and biochemical

parameters in blood and wool samples.
Materials and Methods

Ethics approval and consent to participate

Animal manipulations were performed following Spanish Animal Protection Regulation RD53/2013,
which is in accordance with European Union Directive 2010/63/EU for experimental animals’ welfare
and ethical treatment, and was approved by the Animal Ethics Committee of the Research Centre
(protocol no. 2021/02).

Experimental design

Two hundred and two Rasa Aragonesa ewes (2-8 years old, BW 60.19+7.10 kg and BCS 3.05+0.32;
mean+SD) were used in this study. The physiological state of the ewes was maintenance as they were
dry and non-pregnant. All the animals belonged to the experimental flock at the Agrifood Research
and Technology Centre of Aragon (CITA-Aragén, Spain). All the ewes were kept in the same indoor
facility under any mechanical control of climatic conditions. Ewes were divided into four groups to
control feed intake per group. The ewes in each group were allocated together, but there was
separation between the groups, so that the experimental unit for the intake control was the group. All
animals were managed under homogeneous conditions, including feeding and veterinary treatments.
Ewes were subjected to total water restriction over a 5-day period. One month before the challenge,
ewes were dewormed with oral ivermectin (0.2 mg/kg BW) and albendazole (5 mg/kg BW). A second
anthelmintic treatment was administered 15 days before the water restriction period. During this time,
ewes were always housed indoors, provided with 2 kg/ewe of alfalfa pellets (dry matter: 907.74+2.88
g/kg, crude protein: 203.99+7.29 g/kg; neutral detergent fiber: 330.25+4.30 g/kg, acid detergent fiber:
223.17+5.53 g/kg, acid detergent lignin: 33.21+1.15 g/kg; mean+SD), and had access to straw and
water. During the 5-day water restriction period, ewes continued to receive 2 kg/ewe of alfalfa pellets,
but had no access to water. Although the flock was accustomed to handling, management intensity

was increased during the month before the challenge to avoid stress factors related to human presence.

Data collection
During the water restriction period, temperature and relative humidity were measured every 5 minutes
and averaged every 30 minutes with a Vaisala probe. Data were stored in a Campbell CR-800
datalogger to calculate the THI [20] and the time that ewes remained under heat stress:

THI = db° C- [(0.31-0.31RH) (db° C-14.4)]
where db° C is the dry bulb temperature in Celsius and RH is the relative humidity percentage
(RH)/100.
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On a daily basis, the amounts of pellets offered and refused were recorded to calculate the DMI per
group, ewes’ BW was recorded by an electronic balance (0.5 kg precision) and the BCS was
estimated by two trained technicians [21]. Blood samples were collected from the jugular vein using
10 mL BD Vacutainer® tubes immediately before water restriction (0d), 24 h later (1d) and at the end
of the challenge (5 d). Wool samples (~ 2 cm? long) were collected at 0 d and 4 weeks later (28d).
Prior to housing, the flock was sheared (-35 d). The 0d samples were taken 2 days before the
challenge from the left shoulder (dorsal scapulae side) by shearing with commercially available

clippers. The 28-day samples were collected by shearing the regrowth in the same area.

Blood and wool analysis

Blood samples from the jugular vein were obtained and placed inside EDTA tubes (Vaccuette, Madrid,
Spain). They were immediately transported to an external laboratory (Albeitar;
https://diagnosticoalbeitar.com/servicios/) to analyze the hematological and biochemical parameters:
hematocrit, erythrocytes, hemoglobin, mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood cell distribution
width (RDW), white blood cell count, mean platelet volume (MPV), platelet distribution width
(PDW), platelets, total proteins, glucose and NEFAs. The NLR was also calculated by dividing the
absolute count of neutrophils by the count of lymphocytes (neutrophils/lymphocytes). Blood samples
were also collected in heparin tubes (Vaccuette, Madrid, Spain) and immediately centrifuged (3,500
rpm for 20 min at 4°C). Then plasma was extracted and stored at -80°C until the future analysis of the
biochemical parameters (cortisol, DHEA and DHEA-S). Plasma cortisol, DHEA and DHEA-S
concentrations were analyzed in CITA’s laboratory using quantitative laboratory ELISA tests for
plasma. Plasma cortisol was measured using a commercial kit (Arbor Assays, Ann Arbor, MI) with
sensitivity of 0.0276 ng/ml, an inter-assay CV from range 7.2 - 10.9% and an intra-assay CV from
range 6 — 14.7%. Plasma DHEA was measured using a commercial kit (FineTest, Wuhan, Hubei,
China) with sensitivity of 0.094 ng/ml, an inter-assay CV of <10% and an intra-assay CV of <8%.
Plasma DHEA-S was measured using a commercial kit (Assay Genie, Dublin, Ireland), with
sensitivity of 0.054 ng/ml, an inter-assay CV of <9.1% and an intra-assay CV of <5.7%.

In wool, these steroids were extracted by the methods described by Stubsjgen et al. [22] and Ghassemi
Nejad et al. [13]. Briefly, 200 mg of wool was cut into small pieces and placed inside a polypropylene
tube. Then, 5 ml of isopropanol was added to the tube and the samples were shaken in a rotary tube
for 10 minutes. They were centrifuged at 4,000 rpm for 15 minutes at room temperature. The
supernatant was discarded, and the samples were dried overnight in a crucible inside a fume hood to
evaporate any remaining isopropanol. After drying, 100 mg of wool was weighed, 10 ml of methanol
was added, and the samples were shaken again in a rotary tube for 10 minutes. Then, they were
subjected to ultrasonication for 10 minutes and left to shake in the rotary tube for 24 hours at room
temperature. After this 24-hour period, the samples were centrifuged again at 4,000 rpm for 15

minutes. The supernatant was collected in a 12 ml glass tube and was evaporated at 45°C in a vacuum
6
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evaporator for 95 minutes. The precipitate was resuspended in 1 ml of PBS (if the ELISA analysis
was not performed immediately, this extract was stored at -80°C). Finally, the samples were shaken in
a rotary tube for 10 minutes. Next the cortisol, DHEA and DHEA-S wool concentrations were also

measured using the same ELISA kits employed for the plasma measurements.

Statistical analysis
Statistical analyses were carried out for each phenotype (feed intake, hematologic and biochemical
parameters) using a mixed model with the Ime4 package in R [23]. The model included sampling day,
the initial BW and BCS (at day 0) and age as fixed effects, and animal as a random effect:

Phenotype = p + sampling day + initial BW + initial BCS + Age + e
For the BW and BCS phenotypes, the same model was used, but the initial BW and BCS were
excluded. Differences between sampling days were estimated by least square means for pairwise
comparisons, and Bonferroni correction was applied. The differences between stress and basal
conditions (i.e., between days 5 and 0 for the blood samples and between days 28 and 0 for the wool
samples) were calculated as percentage increases or decreases from the basal values for all the
hematological and biochemical parameters.
A Pearson’s pairwise correlation matrix between all the variation traits was calculated using the
FactoMineR R package [24]. Principal components analysis (PCA) and hierarchical clustering (HC)
were also performed with the FactoMineR package (R) with the percentage changes of 14
hematological and biochemical parameters to identify groups with similar characteristics: A
erythrocytes, A MCV, A neutrophils, A eosinophils, A basophils, A lymphocytes, A monocytes, A
platelets, A total proteins, A glucose, A NEFAs, A cortisol, A DHEA and A DHEA-S. Highly
correlated parameters, such as hematocrit, hemoglobin, MCH, MCHC and RDW, were removed from
further analyses. Age, BW, BCS, leukocytes (because they represent total white blood cells), ratios
and wool measurements (due to possible external contamination by urine and feces, see the
Discussion), were also removed. The characteristics of each cluster were studied by V-tests [25],
which indicate the significant variables in each cluster by comparing the mean of each variable in that
cluster to the mean of that variable in the whole data [26]. Finally, differences in age, BW and BCS

between clusters were tested using ANOVA and least square means.
Results

Performance

Ewes were under heat stress conditions for 55% of the experiment (66 h), specifically 9.17% (11 h),
18.33% (22 h) and 27.5% (33 h) of moderate, severe and extreme heat stress, respectively
(Supplementary Figure 1).

DMI was similar among the four groups, but water restriction caused a significant decrease in intake
(p < 0.05; Table 1). Immediately before water restriction (0d), DMI was 1.86+0 kg DM/ewe, which

dropped as the restriction days advanced. On the first day, the reduction was 17.7%, followed by a
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64% reduction on the second day, 88% on the third day, and intake was almost zero thereafter. BW
and BCS decreased over the restriction days (p < 0.05; Table 1). The reduction observed in BW
ranged from 5.2% on day 1 to 15.2% on day 5 (p < 0.05). No ewe presented more than a 20%
reduction in BW by the end of restriction in compliance with the welfare protocol (protocol no.
2021/02). The reduction in BCS was between 5% and 14% from day 1 to day 5. As expected, no
difference was observed among the four groups.

Hematological and biochemical parameters in the blood and wool samples
The hematological and biochemical parameters measured on days 0, 1 and 5 of water restriction are
presented in Table 2. The water restriction effect was significant (p < 0.05) for all parameters, except
blood cortisol and blood cortisol: DHEA-S ratio (p > 0.05). As no significant differences were found
in blood cortisol between day 0 and day 5, this parameter was not measured on day 1. The most
substantial changes appeared between days 0 and 5 of water restriction for most parameters.
Related to the red blood parameters, hematocrit, erythrocytes, hemoglobin and MCV, results showed
a consistent increase over the days of water restriction (p < 0.05), while MCHC evolved inversely by
decreasing over time (p < 0.05). In contrast, MCH only increased on day 5, and RDW increased on
day 1 of the experiment, remaining steady thereafter. Regarding white blood cells, no differences in
leukocytes, neutrophils, lymphocytes, NLR and platelets were observed between days 0 and 1 (p >
0.05), but on day 5 of water restriction a significant increase was recorded in leukocytes, neutrophils
and NLR (p < 0.05). There was a significant decrease in lymphocytes on day 5 (p < 0.05).
Eosinophils decreased on day 1 (p < 0.05), but increased on day 5 to higher levels than on day 0 (p <
0.05). Basophils and monocytes rose on day 1, returning basophils to the basal levels (day 0) on day 5,
while monocytes kept decreasing, ending at day 5 with lower concentration than day 0. NLR on days
0 and 1 was similar, but increased by the end of the challenge. Finally, platelets remained steady on
day 1, but decreased on day 5 (p < 0.05).
Regarding the biochemical parameters, glucose levels progressively lowered throughout the water
restriction period. Total proteins diminished on day 1, but increased on day 5, whereas NEFAs
remained stable between days 0 and 1 and had significantly increased by the end of water deprivation.
The levels of both DHEA and DHEA-S rose throughout the water restriction period in blood, the
cortisol:DHEA ratio lowered on day 5, whereas no changes were observed for the cortisol:DHEA-S
ratio. Of the wool biochemical parameters, cortisol, DHEA, DHEA-S and the cortisol:DHEA-S ratio
increased on day 28, whereas the cortisol:DHEA ratio lowered (p < 0.05; Table 3).
Wide individual variability was observed for the majority of metabolites, except for hemoglobin and
RDW. Correlations between variation traits appear in Supplementary Figure 2 (only the significant
correlations are shown; p < 0.05). Age correlated positively and slightly with leukocytes and
neutrophils, whereas BW correlated slightly and negatively with hematocrit, erythrocytes, hemoglobin
and NEFAs. A positive strong correlation was shown among hematocrit, erythrocytes and hemoglobin,
and these three hematological parameters correlated highly with RDW.

8
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Principal component analysis and hierarchical clustering

We identified five principal components (PCs) in the blood parameters with eigenvalues of >1, which

explained 51.92% of total variance. However, hierarchical clustering (HC) was performed using all
the 14 identified PCs to avoid losing variability for HC (Supplementary Figure 3). Supplementary
Figure 3 shows the contributions of the variables to the different PCs. For example, in Dim1 (13.7%
of variance), A cortisol (16.35%) and A neutrophils (15.11%) contributed the most variability,
followed by A total proteins (12.93%) and A DHEA (11.25%). From Dim6 to Dim14 there were some
variables that contributed significantly to overall variability (A basophils contributed 33.28% of
variability to Dim6, A lymphocytes with 45.95% to Dim7, A MCV with 37.21% to Dim8, A
erythrocytes with 32.87% to Dim13 and A total proteins with 30.85% to Dim14).

After HC, ewes were divided into three groups based on the 14 variation traits in the blood parameters
(Figure 1). The variation traits that were significant for each cluster and the population mean are
shown in Supplementary Table 1. Cluster 1 (C1) included the ewes with a less marked increase in
neutrophils, total proteins, NEFAs, cortisol and DHEA, and a less marked decrease in lymphocytes,
compared to the population mean. Cluster 2 (C2) included the ewes with more marked increases in
erythrocytes, neutrophils and DHEA, and more marked decreases in lymphocytes and platelets.
Cluster 3 (C3) included the ewes with the most marked increase in total proteins, NEFAs and cortisol,
and the most marked decrease in lymphocytes. Age, BW and BCS were analyzed by clustering to
study if these factors influenced the differences among clusters (Table 4). Only significant differences
were found for BW. The C3 ewes had the greatest weight loss (p < 0.05) compared to those from C1
and C2.

Discussion

However, the period of study ewes were under water stress and under heat stress due to the high
environmental temperature registered during the period (which was not expected). Therefore the
effects of both stressors cannot be separated. It is worth mentioning that ewes under heat stress
conditions often display increased water intake and transpiration to dissipate body heat, increasing
body temperature and the respiratory rate [2,18]. In contrast, they reduce feed intake, rumination time
and frequency, which can lead to weight loss [2,18]. In this case, water restriction may exacerbate

heat stress effects.

Performance

Reduced feed intake is a direct result of water restriction, which causes loss of BW and a decrease of
BCS. This highlights the strong correlation between water intake and animal BW, in agreement with
previous studies reporting that periods of water restriction lead to a lower DMI and BCS, and to

reductions in BW [27,28] in sheep and cattle. For example, in the Awassi and Najdi sheep breeds
9



269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306

subjected to water restriction for 3 days, BW loss was 18% and 21.5%, respectively, with a reduction
in feed intake of 96.5% in summer. In our study with Rasa Aragonesa ewes, BW loss was 15.2% with
a 99% reduction in feed intake. A drop in DMI may be related to an adaptive mechanism to avoid
water loss through feed digestion, and also to a lower metabolic rate during the water restriction
period to conserve energy because ruminants’ digestive process can account for 40-50% of their
metabolic rate [29]. Reduction in BW is also due to body water loss and to lower water fluid
mobilization because the rumen acts as a water reservoir [30,31]. At the end of the experiment, the
ewes were provided with water ad libitum. Rehydration proceeded without complications, and the lost

BW was recovered in three days.

Hematological and biochemical parameters in the blood and wool samples

Hemoconcentration is a common consequence of water deprivation in ruminants [19,32] due to less
blood water, which can be exacerbated by heat stress [27]. Some authors suggest that an increase in
some blood parameters, such as hematocrit, erythrocytes and hemoglobin, and MCHC, might be
attributed to a reduced blood volume and their lower hematic concentration due to water loss [33] In
line with this, we observed an increase in hematocrit, erythrocytes, hemoglobin and MCV, but
controversially a decrease in MCHC. This decrease in MCHC and the increase in MCV might be
attributed to the heat stress effect because Autukaité et al. [34] also observed a decrease in MCHC,
while Reddy et al. [35] reported an increase in MCV-in ruminants under heat stress. In other studies,
no variation in these blood parameters has been observed in different breeds subjected to water
restriction [13,19], which suggests that sheep may be well-adapted to water restriction by maintaining
blood volume and compensating for other body fluids.

As previously mentioned, stress in ruminants is often associated with an increase in leukocytes, and to
marked neutrophilia and lymphopenia, which result in a higher NLR. These patterns have been
observed in sheep under water restriction periods [33], and in calves abruptly weaned from their dams
[36]. This was evident in our results because we found an increase in leukocytes, neutrophils and the
NLR, and a decrease in lymphocytes. In other studies, NLR values of around 0.5 in adults have been
recorded in non-stressed sheep, but can reach values of 2-3 under stress conditions [17]. Based on our
findings, ewes were not under any significant stress on days 0 and 1 (NLR=0.8), but by day 5 the
NLR had increased to 1.8, which indicates stress. In general, all the cellular types were modified on
day 5. Literature says that eosinophils typically decrease under stress (eosinopenia) due to
glucocorticoid activity [15,16]. Under stress conditions, basophils and monocytes result in basopenia
and monocytosis, whereas inflammatory response leads to basophilia and monocytopenia [15].
However, in the present study it was recorded on day 1, eosinopenia, monocytosis and basophilia, and
on day 5 eosinophilia, monocytopenia and basopenia. The different response between literature and
the present study can be related to the fact that stress is closely related to inflammatory processes [37].
According to former authors, platelet levels increase under water stress conditions [37], which
contrasts with the lower platelet count findings in the present. This reduction is aligned with other

10
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studies in cows, in which a lower platelet concentration was observed during hot seasons in
association with heat stress, with the lowest platelet count occurring during periods with the highest
THI [38].
Regarding other biochemical parameters, protein levels increase in water-deprived sheep and goats
due to hemoconcentration, which is consistent with our results [18,32]. In our study, the observed
decrease in glucose and the increase in NEFAs on day 5 of water restriction could be related to the
reduction of propionate production in the rumen caused by low feed intake and less ruminal activity,
which resulted in decreased nutrient availability [39,40]. Additionally, the reduction in BW could be
explained by increased fat mobilization, as reflected by high NEFAs levels, to compensate for
decreased energy intake [19,41].
Blood cortisol concentration results vary across studies. Some have observed an increase in the
cortisol level under stress conditions [11,18], while others have found no significant changes [28,32].
These discrepancies might be related to numerous factors, including environmental stressors and
handling procedures [13]. Besides, the variability between ewes’ individual tolerance to water
restriction is considerable, which could indicate that some ewes require longer water restriction
periods to increase the blood cortisol concentration [9]. Lack of significant cortisol changes in the
present experiment may also reflect ewes’ adaptive response to water and heat stress. It is worth
contemplating that many domestic animals like calves can adapt to a rise in the THI (except for
extreme THI values) [42]. In that study, an increase in salivary cortisol was observed as the THI
increased during the day for 4 days. On day 5, less cortisol release was noted compared to previous
days (these values were similar to those obtained on the control day). These authors suggested that a
drop in the THI at night would allow the HPA axis to recover from heat stress, which would result in
less cortisol released on the following day.
As previously mentioned, DHEA and DHEA-S are neuroprotective hormones and glucocorticoid
antagonists with anti-inflammatory and antioxidant properties [10]. In ruminants, studies that quantify
the effects of stress on DHEA and DHEA-S levels are limited. Almeida et al. [43] reported serum
DHEA concentrations of 0.5£0.03 ng/ml in lame cows and of 0.7+£0.03 ng/ml in healthy cows. In
contrast, in the present study, the blood DHEA levels were substantially higher, with values of 4.0,
5.0 and 7.5 £ 0.20 ng/ml on day 0, 1 and 5, respectively. We also observed an increase in the DHEA
and DHEA-S levels in both the blood and wool samples. This finding is consistent with previous
studies in humans, which have shown an increase in these hormones when exposed to physical and
psychological stressors [10,44]. The contradictory results between the present results and Almeida et
al. [43], who found lower DHEA levels in lame cows compared to healthy cows can be explained by
the fact that severe infections and chronic inflammatory diseases allow DHEA levels to drop. Hence
this decrease in DHEA could be attributed to the chronic inflammatory nature of this disease [43].
Considering the neuroprotective function of DHEA and DHEA-S, it is believed that the levels of these
hormones may increase to counteract the negative effects of stressors and cortisol, as an adaptive
response to cope with stress [44]. Some authors have suggested measuring cortisol, DHEA and
11
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DHEA-S together, and examining them as a ratio (cortisol:DHEA and cortisol:DHEA-S) to determine
an animal’s glucocorticoid status and, therefore, its stress response [7,10]. Along these lines, some
studies have shown that young bulls under transport stress, and lame cows and cows subjected to
deteriorated environmental conditions, exhibit higher cortisol:DHEA and cortisol:DHEA-S ratios,
denoting a correlation between high ratios and stress conditions [43]. Therefore, these ratios may
serve as potential biomarkers of tolerance to stressors [11], and also as an indicator of immune
function and welfare in animals. When ewes were water-deprived, a drop in the cortisol:DHEA ratio
was observed in both the blood and wool samples, whereas the blood cortisol: DHEA-S ratio remained
unchanged and the wool cortisol:DHEA-S ratio increased. In growing bulls, an increase in salivary
DHEA and unchanged salivary cortisol levels have been noted when they were under heat stress
(higher THI [45]). This results in these ratios lowering, which aligns with our results. The relation
between an increasing THI and DHEA release is not well-known, but some studies in rats suggest the
hypothesis that DHEA is implicated in body thermoregulation [46]. With the cortisol: DHEA-S ratios,
we suggest that stress affects this ratio, but the blood ratio demonstrates wide variability between
ewes.

In our study, ewes were subjected to a total 5-day water restriction, which can be considered chronic
stress. Wool measurements are often used to assess chronic stress given their capacity to accumulate
hormones, and might not be optimal for acute stress. Therefore, it is possible that the DHEA-S
accumulation in wool observed in our study is-related to the effect of water and heat stress. However,
external factors, such as contamination with feces and urine, may have also influenced the higher
detected levels, as it is well-known that cortisol and other glucocorticoids can be excreted in urine and
feces [47]. Since the ewes were housed together in four pens, cross-contamination could have
occurred regardless of the washing procedure applied prior to analysis. It is important to mention that
cortisol and other steroids can easily cross membranes, so diffusion of these hormones from urine into
the hair matrix could easily occur [48]. As a result, an ewe with low blood glucocorticoids levels
could have high wool glucocorticoids levels due to contamination from another ewe with a higher
blood cortisol levels and, consequently, greater glucocorticoid excretion. In our study, the correlation
between blood and wool cortisol and DHEA was not significant, but moderate and negative for
DHEA-S (-0.28) (Supplementary Figure 2). Therefore, these measurements may not be reliable and
were not used for any further analysis in our study. Another important point is the variability observed
in some blood and wool parameters, especially in cortisol, DHEA and DHEA-S, and consequently in
their ratios. This variability reflects the fact that each animal responds differently to water and heat
stress, which makes categorizing animals as tolerant or susceptible challenging when based only on
these hormones. For this reason, Rout et al. [49] suggested that identifying contrasting phenotypes is
essential for selecting ewes that are susceptible or tolerant to these stresses. Therefore, these variables

could be used to identify susceptible and tolerant animals to these stresses.

Principal component analysis and hierarchical clustering
12
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In order to classify ewes according to their response to stress conditions, HC was performed by
considering the 14 blood variation traits. After clustering, ewes were divided into three groups
according to their different responses to water and heat stress. In general, the mean population defines
a typical stress response to these stresses, as shown in other studies. This response is characterized by
hemoconcentration and dehydration [19,32], immune system activation [33,36], a decrease in platelets
[38] and increases in cortisol [11,18] and DHEA [10,44]. Drops in glucose levels and increases in
NEFAs have also been observed under stress conditions [39,40].

C1 could be considered the most tolerant cluster compared to the other two clusters. This was due to
lower dehydration (less marked increase in total proteins), less immune system activation (less
marked increase in neutrophils and less marked decrease in lymphocytes), lower mobilization of
NEFAs, and a lesser increase in cortisol and DHEA. The C2 ewes suffered greater dehydration than
those in C1 and C3 (more marked increase in erythrocytes), greater immune system activation than
C1 (more marked increase in neutrophils and more marked decrease in lymphocytes), greater decrease
in platelets and a more marked rise in DHEA. C2 could be considered less tolerant to heat and water
stress than C1. C3 could be considered the least tolerant of the three clusters to these stresses. This
could be due to its highest dehydration (greatest increase in total proteins), its most marked immune
system activation (most marked decrease in lymphocytes), its greatest increase in cortisol and its
marked NEFAs mobilization. As previously mentioned, C3 showed the greatest BW loss of the three
clusters. It can be hypothesized that the marked NEFAs mobilization could be a potential strategy that
can be applied to cope with the greatest BW loss noted in C3 to compensate for decreased energy

intake.

Conclusion

Water restriction and heat stress decreased DMI, which resulted in less BW and a lower BCS in Rasa
Aragonesa ewes. These stressors also affected the hematological and wool parameters, which led to
the hemoconcentration of blood volume (indicated by increased erythrocytes, hemoglobin, hematocrit
and proteins), immune system activation (indicated by an increase in leukocytes, neutrophils and the
NLR, and a decrease in lymphocytes), and marked NEFAs mobilization. Although the blood cortisol
levels remained unchanged, both the blood and wool concentrations of DHEA and DHEA-S rose with
dehydration. Ewes’ stress response allowed us to classify them into three clusters: C1 comprised the
most tolerant ewes (n=168), C2 included less tolerant ewes (n=22) and C3 contained the least tolerant
ewes (n=12). Most Rasa Aragonesa ewes exhibited good tolerance to these stresses, which highlights
their adaptability. However, there is still the potential for genetic selection to improve these animals’
fitness. In light of our results, it would be interesting to focus on identifying the genetic basis for this

adaptation to select better suited ewes to cope with these stressors.
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Table 1

Effect of water restriction on dry matter intake, body weight and the body condition score in Rasa

Aragones ewes (n=202).

Tables and Figures

Sampling day
Variable dayO0 dayl day2 day3 day4 day5 SE? p-value
DMI? (kg/lewe) 1.86% 153 0.67° 022 0.08 003" 0004 <0.001
BW (kg) 625 59.3° 568 5519 538 537 048 <0.001
BCS 2.86° 272 2.66° 259 248 245° 0014 <0.001

IStandard error; 2dry matter intake; 2*“%'Different letters in a row indicate significant differences

between days (p < 0.05).

20



600 Table2

601  Blood hematological and biochemical parameters on days 0, 1 and 5 of water restriction in Rasa

602  Aragonesa ewes (n=202).

Sampling day
Variable day 0 day 1 day 5 SE? p-value
Hematocrit (%) 37.4° 38.3 45.8° 0.28 <0.001
Erythrocytes [10%/ul] 9.5°¢ 9.6 10.6° 0.07 <0.001
Hemoglobin [g/dl] 10.7° 10.9° 12.0° 0.07 <0.001
MCV [um] 39.6° 40.0° 43.5° 0.21 <0.001
MCH [pg] 11.4° 11.4° 11.42 0.04 0.002
MCHC [g/dI] 28.8° 28.5" 26.3° 0.1 <0.001
RDW (%) 25.7° 26.0° 26.0° 0.13 <0.001
Leukocytes [/mm?] 5,831.0° 5,712.0° 6,251.0° 102 <0.001
Neutrophils [/mm?] 2,236.0 2,186.0 3,130.0° 712 <0.001
Eosinophils [/mmq] 235.0° 178.0° 283.0° 11.7 <0.001
Basophils [/mm?] 19.1° 21.4° 18.4° 0.85 0.001
Lymphocytes [/mm?®] 3,093.0° 3,046.0° 2,618.0° 53 <0.001
Monocytes [/mm°] 248.0° 280.0° 201.0° 9.42 <0.001
NLR 0.8° 0.8° 1.3 0.03 <0.001
Platelets [10%/mm?] 414.0° 392.0° 323.0° 9.45 <0.001
Total proteins [g/dl] 8.1° 8.0° 9.4° 0.04 <0.001
Glucose [mg/dl] 69.6% 63.2° 59.7¢ 0.72 <0.001
NEFAs [mmol/L] 0.2° 0.1° 1.6° 0.03 <0.001
Cortisol [ng/ml] 9.3 8.9 0.66 0.67
DHEA [ng/ml] 4.0° 5.0 7.5 0.2 <0.001
DHEA-S [ng/ml] 1.4° 1.3° 1.6° 0.05 <0.001
Cortisol:DHEA ratio 3.2¢ 1.7° 0.42 <0.001
Cortisol:DHEA-S ratio 7.7 7.5 0.64 0.79

603  !Standard error. **“Different letters in a row indicate significant differences between days (p < 0.05).
604  MCV: Mean corpuscular volume, MCH: Mean corpuscular hemoglobin, MCHC: Mean corpuscular
605  hemoglobin concentration, RDW: Red cell distribution width, NLR: Neutrophil-to-lymphocyte ratio,
606  NEFAs: Non-esterified fatty acids.

607

608
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609 Table3

610  Wool biochemical parameters on day 0 of water restriction and 28 days before in Rasa Aragonesa
611  ewes (n=202).

Sampling day
Variable day 0 day 28 SE? p-value
Cortisol [pg/mg] 3.5° 9.1 0.14 <0.001
DHEA [pg/mg] 0.8° 28 0.05 <0.001
DHEA-S [pg/mg] 9.4° 21.1° 0.36 <0.001
Cortisol:DHEA ratio 7.6 5.4° 0.35 <0.001
Cortisol:DHEA-S ratio 0.39° 0.44% 0.01 <0.001

612  IStandard error. #°Different letters in a row indicate significant differences between days (p < 0.05).
613
614
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615

616
617

618
619
620

621
622
623

Table 4

Age, A Body weight (BW) and A body condition score (BCS) in each cluster (Mean + SE) in Rasa

Aragonesa ewes (n=202).

Cluster 1 (n=168)  Cluster 2 (n=22)  Cluster 3 (n=12) p-value

Age (months) 61.3+1.23 66.0 + 3.41 61.8 + 4.62 0.43
A BW (%) -14.9+0.19° -15.8 + 0.52° -18.4 £ 0.70° <0.001
A BCS (%) -13.9+ 0.57 -15.1 + 1.57 -13.8+2.13 0.78

abDifferent letters in the same row indicate significant differences between clusters (p < 0.05).
A Variation between stress and basal conditions (days 5 and 0).
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624  Figure captions
625

Cluster Dendrogram

0.75~-

0.50=

Height

0.25-

o aaliE g %h

627  Figure 1. Dendrogram resulting from the hierarchical clustering analysis with 14 variation

628 traits in blood (5d-0d) samples of Rasa Aragonesa ewes (n=202). Cluster 1 (n=168), 2 (n=22) and

629 3 (n=12) are represented in blue, yellow and grey, respectively.
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