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This study investigated the impact of short duration heatwaves (HW) on the body temperature, blood gas, in-
testinal histology, and oxidative stress parameters of second cross lambs. Seventy-two second cross lambs [Poll
Dorset x (Border Leicester x Merino)] were selected and exposed to either one, three or five days HW (28-38°C
and 40-60 % relative humidity (RH)) or thermoneutral (TN; 18-21°C, 40-55 % RH) conditions in climate-
controlled chambers. Lambs exposed to one to five days HW exhibited higher face, eye and ear temperature
compared to animals exposed to equal duration under TN conditions. HW also had a significant impact on blood
gas parameters which include higher blood pH, and lower CO», Ca2+, Na*, CHCOj3 and CI. However, HW lambs’
histology structure of the ileum and the GSSG: GSH of the ileum and Longissimus thoracis (LT) muscle were not
influenced (P > 0.05) by HW. LT muscle showed higher total antioxidant capacity (TAC) in HW conditions, but
the TAC of intestine and blood had no difference between HW and TN groups. These results suggest that short-
duration HW (one to five days) had a significant impact on lambs’ body temperature and blood parameters, but

neither caused oxidative stress nor any changes in their intestinal structure.

1. Introduction

The climate change and global warming will have negative impacts
on animal welfare and meat industries. According to recent reports,
summer heatwaves (HW) are getting longer, hotter, and more frequent
in Australia (Adnan et al., 2022), China (Li et al., 2017) and the United
States (Rastogi et al., 2020). Therefore, sheep industries are facing
increased challenges of heat stress (HS) from extreme high temperature
days in summer (Al-Dawood, 2017). Previous research has shown that
summer or high temperatures leads to a higher occurrence of meat
quality defects in ruminants (Kadim et al., 2004; Chauhan et al., 2023)
and monogastric species (Gregory, 2010) in Oman, United States, and
have also been reported to result in milk production dropped by 14 %
from low to high THI in Australia (Osei-Amponsah et al., 2020). How-
ever, the direct impacts of HS on sheep physiology are poorly under-
stood and may vary depending on the duration and severity of ambient
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temperature and breed (Zhang et al., 2020).

Our previous studies demonstrated that one to two weeks of cyclic
HS (28-40°C, 40-60 % RH) had a negative impact on growth perfor-
mance and blood gas parameters of second cross lambs (Chauhan et al.,
2014a; Joy et al., 2020; Zhang et al., 2021), which supports the
consensus that HS leads to a negative impact on sheep growth perfor-
mance and physiology (Marai et al., 2007). However, the effect of acute
(less than one week) HS on sheep physiological parameters, oxidative
balance and intestinal integrity of lambs has not been characterized.
Intestinal permeability and integrity could be influenced by HS due to
the altering tight junction proteins, triggering an inflammatory
response, and inducing hypoxia (Pearce and Gabler, 2023; Peng et al.,
2023). As short-term heat events are becoming more frequent and se-
vere, it is imperative that producers understand how sheep adapt to
acute HS and any associated potential impacts on their physiology.
Given that one to five days are the most likely durations of summer HW
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in temperate zones (Adnan et al., 2022), and temperature was about
38°C (40.62°C mean max temperature in north Victoria state from 2021
to 2023; Bureau of Meteorology, Australian), this experiment was
designed to investigate the impacts of three distinct HW durations—-
specifically one day, three days, and five days on the physiology of
lambs. The objective of the study is to address the gap in existing
research regarding the period of heat stress exposure in sheep and to
simulate real-world HW conditions, thereby providing a comprehensive
understanding of how different lengths of heat exposure may affect
sheep, which is crucial for developing effective strategies to manage
livestock welfare under climate change scenarios. In this study, body
temperature was measured to assess the heat stress status of lambs, and
the blood gas, total antioxidant capacity and intestinal histology were
studied to monitor the influence of HW on lambs’ body condition within
5 days. We hypothesis that the animal would have a adaption period
from acute to chronic heat stress with the physiological parameters
change.

2. Materials and methods

The use of animals was approved by the University of Melbourne
Faculty of Veterinary and Agricultural Sciences Animal Ethics Com-
mittee (AEC ID 1914955.1). Seventy-two second cross female lambs
[Poll Dorset x (Merino x Border Leicester)] aged between 9 and 12
months and weighing 49.0 +7.0 kg were procured from three different
breeders across North-East Victoria as reported previously (Zhang et al.,
2022). The study was conducted using a randomized 2 x3 factorial
design with six consecutive replications (n = 12). Lambs in each repli-
cation were randomly allocated to either HW or thermoneutral (TN)
conditions for one, three or five days. Lambs were acclimatized to indoor
group feeding (two weeks) followed by one-week individual pen feeding
before relocating into metabolism cages (1.0 x 0.5 m with poly-
propylene slat flooring that has a stable grip preventing sheep from
slipping) and exposed to simulated HW or TN conditions in the climatic
chambers as reported previously (Zhang et al. 2022). Briefly, after three
days of acclimatization in the climatic chambers (18-21°C, 45-55 %
RH), lambs were exposed to either TN (18-21°C, 45-55 % RH, n=12 of
each replication) or HW [28°C (1600-0800 h) to 38°C (0800-16:00 h),
40-60 % RH, n=12 of each replication] simulating different duration of
HW (one, three or five days). The room temperature was increased for
the HW treatment to 36-38 °C and RH 40 and 60 % from 0800 h until
1600 h. After 1600 h, the room temperature was maintained at 26-28 °C
overnight until the next day at 0800 h. The room temperature and RH
were recorded every 30 min using temperature-humidity data loggers
(TechBrands, Electus Distribution, Rydalmere, NSW, AU; mounted at
1 m height). The THI was calculated using the following equation: THI=
db°C-((0.31-0.31 RH) x (db°C- 14.4)) (Marai et al., 2007). In this
experiment, the average THI of HW treatment was 30.1 from 0800 to
1600 h and 23.9 at all other times. Details on the THI data has been
published by Zhang et al. (2022). Lambs were individually fed a diet
consisting of oaten (25 %) and lucerne (25 %) chaff combined with
standard lamb finisher pellets (50 %; 14 % protein, 8 % crude fiber, 2 %
added salt, 1 % added urea) formulated as per NRC (2007). Lambs were
fed ad libitum and offered fresh feed twice daily and, leftover feed dis-
carded at each feeding, and water was always available. Daily feed re-
quirements of the animals were calculated using the equation; feed (kg
DM/day) = W%7°> x 450/1000/ME, where ME is maintenance energy.

2.1. Body temperature

For body temperature measurements, infrared thermography was
used as a non-invasive remote sensing tool to assess changes in heat
transfer and blood flow in ruminants by detecting slight variations in
body temperature. Previous research from our group has developed a
prediction equation to accurately assess sheep rectal temperature based
on thermal imaging (Joy et al., 2021). Lambs’ forehead temperature was
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recorded using a thermal camera (FLIR T1050sc, FLIR Systems Inc.;
Wilsonville, OR, USA) with < 20 mK sensitivity and a wide temperature
range (-40 °C to 2000 °C). The accuracy of the thermal camera was + 2
°C or + 2 % of reading at 25 °C for temperatures up to 1200 °C, and the
emissivity was 0.985 (Osei-Amponsah et al., 2020; Joy et al., 2021). The
camera was kept 0.5 m from the lamb’s head while capturing the image.
Images were processed using FLIR’s ResearchIR Max software (FLIR
Systems, 2015, Wilsonville, OR, USA) to record the average face, eye
and ear temperature. Thermal images were captured three times per day
at 0800 h, 1200 h and 1600 h.

2.2. Blood gas and electrolyte measurement

Blood samples were collected by jugular venipuncture at 1400 h at
the end of each treatment period (day one, three or five). Inmediately
after each blood sample, 1 ml of whole blood was withdrawn and used
for blood gas analysis. Blood pH, glucose, lactate, partial pressure of
oxygen (pO2) and carbon dioxide (pCO3), concentration of hydrogen
carbonate (cHCO3), Ca?*, CI~, K™ and Na* was measured using an Epoc
system (Alere Inc., Waltham, MA, USA) version 3.29.0 system software
(Sensor Configuration 33.0, Alere Inc., Waltham, MA, USA; (Joy et al.,
2020). The remaining blood was collected in heparinized tubes (367874,
BD Vacutainer, Franklin Lakes, NJ, USA) and centrifuged at 3000x g for
15 mins at 0-4 °C. The supernatant (plasma) was stored at —20 °C prior
to antioxidant analysis.

2.3. Lamb slaughter and muscle and intestinal sample collection

At the end of the treatment period, lambs were slaughtered by a
licensed mobile butcher after 12 h fasting (water access was allowed), as
reported previously (Zhang et al., 2022). All slaughter procedures were
followed per commercial methods, including captive bolt stunning
before exsanguination. After slaughter, a 10 g muscle sample of LT and a
2 x 2 cm ileum tissue sample was collected and snap-frozen in liquid
nitrogen then stored at —80 °C prior to further analysis for biomarkers of
oxidative stress.

2.4. Oxidative stress biomarkers

The oxidative stress biomarkers, total antioxidant capacity (TAC) of
plasma, ileum and Longissimus thoracis et lumborum (LTL) muscle and
concertation of oxidized (GSSG) and reduced glutathione (GSH) of ileum
and LTL were measured using commercial assay kits, as per manufac-
turers’ instructions (703002, 709001; Cayman, Ann Arbor, MI, USA).
Frozen LT muscle and ileum samples were ground using a tissue grinder
with liquid nitrogen (20 s, 30 times/s), then homogenized in Tris-HCL
buffer (supplied by the assay kit). After homogenization, samples were
centrifuged at 10000 g for 15 min at 4 °C. The supernatant and plasma
were used to measure GSSG and total antioxidant capacity (Liu et al.,
2016). The measurement of GSH was conducted using the same super-
natant f with the addition of 1 M 2-vinylpridine (Sigma-Aldrich, USA).

2.5. Intestinal histology sampling and assessment

After slaughter, the ileum tissue sample was washed with Tril-HCL
(7.0) and then stored in 40 % formalin for one week until cutting and
fixation with paraffin. Histology slides were processed by the Melbourne
Histology Platform, the University of Melbourne (Nolte et al., 2016) and
scanned using Pannoramic SCAN II (3D Histech) with Carl Zeiss
Plan-Apochromat 20 x/NA 0.8, Point Grey Grasshopper 3 CCD mono-
chrome camera and LED-based RGB illumination unit. The histology
platform operated independently within this project, ensuring unbiased
results by assigning a random ID to each sample for evaluation. Images
was stored and processed using Panoramic Scanner (3.0.2 -SCAN150).
The histology and pathological changes were assessed by the Phenomics
Australia Histopathology and Slide Scanning Service at the University of
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Melbourne. Samples were graded at a scale of 0-3 by scoring matrix for
the gut (Wlwel, 1990; Nolte et al., 2016), which included crypt archi-
tecture (normal, irregular, moderate crypt loss, severe crypt loss), tissue
damage (no damage, discrete lesion, mucosal erosion, extensive mucosal
damage/ ulceration), inflammatory cell infiltration (occasional infil-
tration, increasing leukocyte in lamina propria, confluence of leukocytes
extending into submucosa, transmural extension of inflammatory infil-
trate), and enterocyte hyperplasia (none, mild, moderate, severe).

2.6. Statistical analysis

Statistical analysis was performed using linear mixed model pro-
cedures in GenStat 18th edition (2015). For analyzing body tempera-
ture, the fixed effects were environmental temperature (HW and TN),
duration of temperature treatment (one, three or five days), and time of
the day (0800, 1200, 1600 h). For blood gas, histology and oxidative
stress parameters, temperature (HW and TN) and treatment duration
(one, three or five days) were the fixed factors. Replications and sheep/
carcass ID were used as random terms for both analyses in the model.
Results were reported as means and standard errors of difference. Means
were separated using LSD and considered to differ significantly when P
< 0.05.
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Fig. 1. Lamb body temperature (face, eye and ear average temperature)
(0800 h, 1200 h, 1600 h) of the last experiment day (Day five) under different
temperatures (thermoneutral, TN vs heatwaves, HW) and heat exposure dura-
tions (one, three and five days; n = 12 per group). a-b (compared with different
treatments), and x-y (compared with different measurement times) means in a
point with different letters are significantly different at a 5 % level of LSD.
Values are mean + SED. 1Temp. = Temperature. Face, temp. P < 0.001; day P
< 0.001; temp.xday P < 0.001. Eye, temp. P < 0.001; day P = 0.011; temp. x
day P < 0.001. Ear, temp. P < 0.001; day P = 0.101; temp. xday P < 0.001.
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3. Results
3.1. Body temperature

The results of lambs’ body temperature were recorded from the face,
eye and ear by a thermal camera, as shown in Fig. 1. The average face
temperature increased (P < 0.001) in HW compared to TN lambs. There
was a significant interaction between temperature and experiment days
for face, eye and ear temperatures such that eye and ear temperatures of
one and three days HW were significantly higher than TN at 1600 h, and
the temperature of five days was higher (P < 0.05) than TN since 0800 h.
The forehead temperatures at three and five days HS treatments at
0800 h were greater (P < 0.05) than three and five days TN groups,
respectively.

3.2. Blood gas parameters

As shown in Table 1, one, three and five days HW increased (P <
0.05), the blood pH and decreased (P < 0.05) the pCO,, Na™, HCO3 and
Cl'. The interaction between temperature and experimental duration
was not significant for all blood gas parameters. Among different
experiment days, pH, pCO; and Cl” were greater (P < 0.05) for three
compared to one day HW treatments.

3.3. Intestinal histology

According to the pathology scores (Table 2), one to five days HW had
no impact (P > 0.05) on ileum histology structure, which reflects the
extent of tissue damage, inflammatory cell infiltration, crypt architec-
ture and enterocyte hyperplasia. Heatwave durations increased enter-
ocyte hyperplasia from one to five days but had no significant impact (P
> 0.05) on other indicators, and the interaction between temperature
and experimental days was not significant.

3.4. Oxidative stress biomarkers

As shown in Table 3, one to five days HW significantly increased (P <
0.05) TAC of LT muscle but had no impact (P > 0.05) on TAC of plasma
and ileum, and GSSG: GSH of ileum and muscle. Different HW durations
did not significantly alter (P > 0.05) oxidative stress parameters except
to decrease (P < 0.05) TAC in plasma from one to five days. There was no
significant interaction between temperature and experiment days
among TAC and GSSG: GSH of both ileum and muscle tissues. The TAC
of one day HW was greater (P < 0.05) than the TN treatment, but this
difference was no longer significant as the HW days extended to three
and five days.

4. Discussion

This study investigated the effect of short duration HW on sheep
physiology and oxidative metabolism with potential implications on
intestinal histology. Our results published before (Zhang et al., 2022)
and presented here have shown that while short-duration HW cause
significant increases in core body temperature and alters blood
biochemistry, lambs can cope with short-duration HW and maintain
oxidative balance and intestinal integrity.

The Temperature-Humidity Index (THI) is a widely recognized
metric for assessing heat stress, calculated by combining ambient tem-
perature and relative humidity data. In this study, chamber room’s
average THI of HWs reached 30.1 during the daytime and 23.9 at night.
This pattern suggests that the lambs were subjected to high-temperature
conditions throughout the day, with insufficient nighttime relief to
offload the accumulated heat effectively (the THI data has been pub-
lished before Zhang et al., 2022). As per the THI developed exclusively
for sheep, a THI lower than 22.2 is classified as thermoneutral, a THI of
22.2-23.3 is moderate HS, a THI of 23.3-25.6 is classified as severe HS,
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Table 1
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The effect of temperature (thermoneutral, TN vs heatwave, HW) and heat exposure duration (one vs three vs five days) on blood gas and electrolyte parameters of 2nd
cross female lambs (n = 12 per group). a-c Means in the row with the different letters are significantly different at the 5 % level of LSD. TN/HW1 to 5 represents one to

five days HW duration.

1 day 3 days 5 days P-value

TN1 HW1 TN3 HW3 TN5 HW5 SED" Temp.” D TxD*
pH 7.482° 7.57¢ 7.48% 7.52b 7.46% 7.55%¢ 0.018 <0.001 0.096 0.20
pCO,, mmHg 38.7° 27.8° 39.0° 33.0° 39.2¢ 28.2° 1.96 <0.001 0.12 0.14
Glucose, mmol*L™* 4.08 4.32 4.18 3.96 4.01 4.08 0.183 0.73 0.45 0.23
Lactate, mmol*L™ 0.92 1.10 1.11 2.07 1.14 1.22 0.460 0.14 0.21 0.34
Na, mmol*L™* 147.4° 144.1, 147.2° 144.0° 147.5° 143.72 0.54 <0.001 0.90 0.70
pO,, mmHg 36.6 38.2 34.3 35.1 34.8 34.8 3.65 0.49 0.68 0.96
Cat*, mmol*L™ 1.34% 1.30° 1.36y 1.32, 1.36° 1.34% 0.024 0.016 0.22 0.72
cHCO3, mmol*L* 28.9° 25.4% 28.3% 26.8° 28.1% 23.9° 0.92 <0.001 0.046 0.11
CI', mmol*L™ 109.0> 107.7° 109.3¢ 106.1° 109.3¢ 108.3> 0.700 <0.001 0.10 0.071
K*, mmol*L? 4.41 4.36 4.33 4.39 4.38 4.18 0.153 0.48 0.63 0.47

# SED = Standard error of means.
b Temp. = Temperature.
¢ TxD = Temperature x day

Table 2

The effect of temperature (thermoneutral, TN vs heatwave, HW) and heat exposure duration (one vs three vs five days) on the histology and pathology score of 2nd
cross female lambs (n = 12 per group). a-b Means in the row with the different letters are significantly different at 5 % level of LSD. TN/HWT1 to 5 represent one to five

days HW duration.

1 day 3 days 5 days P-value

TN1 HW1 TN3 HW3 TN5 HW5 SED® P-Temp.” P-Day P-TxD®
Tissue damage 1.67 1.50 1.67 1.33 1.67 1.00 0.301 0.21 0.28 0.16
Inflammatory cell infiltration 2.00 1.67 1.50 1.50 1.50 1.50 0.281 0.50 0.17 0.63
Crypt Architecture 1.00 1.00 1.00 1.00 1.00 0.83 0.096 0.33 0.38 0.38
Enterocyte hyperplasia 1.33% 1.172 1.50% 1.50% 1.67%° 1.83° 0.271 1.00 0.047 0.69

# SED = Standard error of means.
b Temp. = Temperature.
¢ TxD = Temperaturexday

Table 3

The effect of temperature (thermoneutral, TN vs heatwave, HW) and heat exposure duration (one vs three vs five days) on total antioxidant capacity (TAC) and GSSG:
GSH of 2nd cross lambs (n = 12 per group). a-b Means in the row with the different letters are significantly different at the 5 % level of LSD. TN/HW1 to 5 represent one

to five days HW duration.

1 day 3 days 5 days P-value

TN1 HW1 TN3 HW3 TN5 HW5 SED* P-Temp.” P-Day P-TxD®
TAC plasmas FM/ml 6.99 6.85% 6.33% 6.63" 6.39% 6.23 0.346 0.94 0.047 0.60
TAC iteum, HM/g 4.58 417 3.95 4.05 4.05 4.18 0.350 0.79 0.27 0.45
GSSG: GSH jjeum, tM/g 0.375 0.437 0.467 0.504 0.387 0.385 0.1018 0.60 0.37 0.90
TAC 11, pM/g 0.690% 1.138° 0.728% 0.935% 0.731%° 1.009%° 0.2541 0.040 0.91 0.79
GSSG: GSH 111, pM/g 0.312 0.306 0.320 0.311 0.312 0.306 0.0604 0.81 0.97 0.78

2 SED = Standard error of the of means.
b Temp. = Temperature.
¢ TxD = Temperaturexday

and when THI exceeds 25.6 it is considered extremely severe HS (Marai
et al., 2007).

Body temperature is a common indicator used to assess an animal’s
thermal balance in HS studies. Like other homeothermic animals, sheep
maintain their core body temperature within a narrow range specified
for the species under normal conditions (Aggarwal and Upadhyay,
2013), and a rise or decrease of 1 °C of core body temperature is enough
to cause significant reductions in animal performance (McDowell et al.,
1996; Silanikove, 2000; Garner et al., 2017). As reported before (Zhang
et al., 2022), the animal body temperature (rectal and skin temperature)
was significantly influenced by short-duration exposure to heat (one to
five days HWs). The current thermal body temperature data again
confirmed that one, three and five days HWs significantly increase the
animal body temperature. In this study, the overall increase in body
temperature of lambs following exposure to heat stress is also in
agreement with our previous longer-term studies, which reported a

significant increase in sheep rectal and skin temperatures following
exposure to one to two weeks HS (Chauhan et al., 2015; Joy et al., 2020).
Compared with one and three days of HW treatment, higher baseline
temperatures (face, ear and eye) recorded during the morning of day five
of exposure shows that heat accumulation occurs with the repeated
exposure as lambs cannot offload heat gained over each exposure day.
This typically happens with a HW during natural summer conditions, as
hot days are often followed by hot nights (Macias-Cruz et al., 2016).
However, this heat accumulation difference among HW treatment did
not result in variation in blood gas results in this study.

After one, three and five days of exposure to the simulated HW,
lambs showed increased blood pH and decreased pCO5 compared to TN
treatments, demonstrating that lambs exposed to HW (one, three and
five days) developed respiratory alkalosis as a result of hyperventilation
and the subsequent decrease in pCO; due to increased elimination of
COq (Srikandakumar et al., 2003b). The higher RR after one to five days
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HW treatment in this study (Zhang et al., 2022) also confirms the
decrease of pCO; in plasma. Along with the reduction in pCOg, the
concentration of HCO3 also decreased in this experiment as the excessive
CO4, exhaled is mainly derived from carbonic acid (HoCO3), which dis-
sociates to form CO, and H,0 (Srikandakumar et al., 2003a). The HCO3
is converted to HyCO3 by receiving H' from the buffer systems, such as
hemoglobin, plasma proteins and extracellular fluid phosphates to
maintain homeostasis. So the HCO3 concentration also decreases with
CO4, concentration in the blood due to the buffering mechanism as HCO3
and pCO, are kept relatively constant at a ratio of 20:1, which has been
demonstrated by previous studies in cows, sheep and poultry (Schneider
etal., 1988; Wojtas et al., 2014; Barrett et al., 2019). In a previous sheep
HS study, Sivakumar et al. (2010) reported that the pCO5 and HCO3
significantly decreased after 21 days of HS exposure (38-42 °C, 30 %
RH) compared to TN (23-27 °C), and a similar decrease was observed in
buffaloes (Korde et al., 2007). However, Srikandakumar et al. (2003b)
reported an increase in blood HCO3 in Merino and Omani sheep from
winter (22.2-24.4 oC, 60-100 % RH) to summer seasons (35.6-43.0 °C,
35-95 % RH) which could be because the role of kidney’ in acid-base
balance. For every molecule of HCO3 absorbed, one molecule of H'
must be secreted by the renal tubules (Bobulescu and Moe, 2006). This
mechanism may account for the increased amount of plasma HCO3 and
the resultant tendency towards alkalosis as seen in heat-stressed
animals.

Exposure to one to five days of heatwave (HW) conditions was found
to decrease the concentrations of blood electrolytes Na™, Ca®", and CI.
This study observations are in line with existing studies that report
similar reductions in blood electrolytes under HS conditions (Schneider
et al., 1988; Ait et al., 1995; Macias-Cruz et al., 2016). This alteration in
electrolyte balance is a multifaceted physiological response to HS such
as the increase in water consumption, endocrine changes, alterations in
renal function, and shifts in electrolyte fluxes across cellular membranes
(Sejian et al., 2018). Although the water consumption was not measured
in this study, the increase of water intake with similar breed and facility
has been reported by Aleena et al., (2020). On the other hand, higher
water intake would result the electrolyte losses via increased urinary
excretion. For other possible reason, the stress-induced activation of the
sympathetic nervous system and subsequent release of catecholamines
can lead to transient shifts of electrolytes into cells, further complicating
the interpretation of plasma electrolyte concentrations (Borges et al.,
2003; Kregel et al., 1996).

Previous study also suggests that heat stress can disrupt the integrity
of the gastrointestinal barrier, potentially leading to altered absorption
and leakage of electrolytes, thereby contributing to the observed
changes in blood electrolyte concentrations (Lambert, 2009). However,
the change of intestinal integrity was not observed in this study.

When exposed to high ambient temperatures, sheep try to reduce
body heat production and dissipate the extra heat to maintain their core
temperature. To achieve this thermal balance, there is increased redis-
tribution of blood supply to the periphery and a reduction in blood flow
to visceral organs such as intestines (Kregel et al., 1988). This can
potentially result in hypoxia of intestinal tissue, cellular ATP depletion,
acidosis and cellular dysfunction, which in severe cases may result in
necrosis and shedding of intestinal epithelial cells, and increased intes-
tinal permeability (Hall et al., 2001; Yu et al., 2010). These histological
changes have been reported to be associated with oxidative stress and
mitogen-activated protein kinase (MAPK) pathway activation (Yu et al.,
2012). The MAPK pathway would be activated by oxidative stress,
which is a signaling pathway that plays a crucial role in cellular re-
sponses to stress, including inflammation, apoptosis, and cell differen-
tiation (Roth, 2017). The MAPK pathway’s activation under heat stress
condition indicates a cellular attempt to counteract the effects of
oxidative stress and restore cellular homeostasis (He et al., 2015).
However, persistent activation of this pathway can lead to adverse
cellular outcomes, including the promotion of inflammatory processes
and further contributing to the cycle of cellular damage, dysfunction,
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and tissue pathology observed in the intestinal epithelium under heat
stress conditions (Yu et al., 2012; Tang et al., 2021).

Despite the severity of the HW protocol employed, in this experi-
ment, we did not observe any significant changes in ileal tissue structure
in lambs exposed to one to five days of HW. The histological assessments
also did not show any substantial changes in villus structure and mito-
chondrial swelling indicating that short duration exposure (one to five
days) does not cause oxidative damage to intestinal epithelium. Anti-
oxidants assist in the prevention of oxidative damage to tissues. Gluta-
thione (GSH) is an essential scavenger of reactive oxygen species (ROS)
and the ratio of its concentration in oxidised form (GSSG) to reduced
form (GSH) in tissues can be used as one of the biomarkers of tissue
oxidation state and antioxidant levels (Zitka et al., 2012). In this study
we did not observe any significant change in GSSG:GSH ratio in intes-
tinal tissue, further confirming that short duration exposure to HS does
not affect the oxidative status of intestinal tissues and sheep can main-
tain the intestinal membrane integrity as was indicated by histological
investigations.

While the HW did not affect intestinal tissue, muscle tissue showed
more sensitivity to HS. In this study, HW treatment had a significant
impact on the TAC of LTL muscle but did not influence the TAC of ileum
and plasma. Similar results were observed by Chauhan et al. (2014) that
HS (28 - 40 °C) reduced the expression of superoxide dismutase-2 (SOD-
2) and HSP70 in LTL muscle but did not change the SOD and glutathione
peroxidase (GPx) level of plasma. However, it should be noted that the
higher TAC of muscle did not result in the difference in meat quality
performance. In this study, we did not observe the influence of HWs on
meat colour, water holding capacity and texture in 4 days retail display
(Zhang et al., 2022). Results of oxidative stress and meat quality showed
that lambs’ LTL muscle was able to adapt one to five days HW, as HW did
not alter the GSSG:GSH ration between TN and HWs treatment) and
change the meat quality. Results from this study suggest that short
duration exposure to HS does not affect the oxidative status of sheep as
they cope with such conditions by making physiological adaptations.
However, long-term HS (more than one month) is known to significantly
influence the oxidative status of sheep. For example, Belhadj Slimen
et al. (2019) and Rathwa et al. (2017) reported that seasonal HS
significantly increased blood SOD and GPx concentrations in sheep.
While the results of the impact of chronic HS on sheep oxidative stress
are consistent, reports of the impact of short duration HS on the
oxidative status of sheep are inconsistent. Kumar et al. (2011) reported
that HS (June — July, THI > 79 (equation adapted from Thom (1959))
reduced the blood SOD and increased GPx concentration compared with
pre-summer months (March — April, THI = 69.5). On the other hand, our
previous study reported that one week of HS exposure (28 — 40 °C) had
no impact on plasma SOD and GPx concentrations when compared with
TN (18-21 °C) environments (Chauhan et al., 2014a; Chauhan et al.,
2014b). Based on the results from the current experiment and previously
published data, it is evident that short duration (< one week) HS or HW
do not affect sheep oxidative status and intestinal integrity, despite the
significant perturbations in their physiological parameters which is
reflective of the animals’ adaptive response to HS.

5. Conclusion

Short-duration HWs ranging from one to five days, elevates the body
temperature (measured at the face, eye, and ear) of second cross lambs.
This elevation accumulates as the exposure to HW extends from one to
five days, leading to a gradual increase in resting body temperature.
Furthermore, exposure of lambs to HW also impact blood gas and
electrolyte balance, such as higher pH and lower pCO’, cNa¥, cCa®",
c¢CHCO3 and cCl', which is reflective of animals’ response to HW con-
dition. However, an absence of any changes in GSSG:GSH ratio of muscle
and ileum coupled with no observable differences in intestinal histology,
clearly shows that short duration HWs do not affect the tissue oxidative
balance. In conclusion, short-duration HWs (from one to five days) do
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not cause oxidative stress and intestinal damage in lambs despite the
significant perturbations in their physiological parameters and blood gas
balance which is reflective of adaptive response of lambs to HS.
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