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A B S T R A C T

A meta-analysis was performed from 66 references retained from a total of 147 ones. The aim was to study the
relationship between the THI and some physiologic, metabolic and oxidative responses in sheep. The effects of
the breed, physiological state and heat relieving strategies were investigated as well. PCA, GLM, one nested
ANOVA and global correlations were used to assess the fixed effects.

Respiration rate, rectal temperature and heart pulse vary significantly in response to THI increase. However,
the magnitude of this variance is defined by the breed and the physiological state of the animal. Moreover,
Mechanical heat relieving strategies allowed alleviating the drastic effects of hyperthermia on sheep physiologic
responses, whereas some nutritional heat abatement strategies increased metabolic heat load and respiration
rate. Antioxidant and mineral supplementations were able to protect animals from heat stress.

Environmental-induced hyperthermia reduced feed intake, body weight, circulating glucose and cholesterol
levels, and increased lipid and protein catabolism. Significant increase of cortisol hormone was recorded. Indeed,
ambient- induced hyperthermia resulted in oxidative stress marked by a decrease of Se contents, enhanced SOD
activity, high oxidative stress index, increased protein oxidation, reactive oxygen species production and MDA
levels. We report here for the first time that respiration is a second source of free radicals generation in sheep
under environmental-induced heat stress.

Heat stress disturbs rectal temperature, respiration and heart rates, exacerbates the post absorptive meta-
bolism as well as the antioxidant status of sheep. Therefore, animals increase their maintenance requirements at
the expense of production needs, which become not priorities at all.

1. Introduction

Climate change is one of the most serious challenges facing human
and animal in the next decades. The Intergovernmental Panel on
Climate Change (IPCC) reported an important global warming trend
from 1983 to 2012. This period was the warmest of the last 1400 years
in the Northern Hemisphere. By the year 2100, an increase in global
surface temperature by 3.7–4.8 °C was predicted (IPCC, 2014).

Sheep have a wide geographical distribution extending from Europe
to Siberia and from Alaska to South America. They are thought to be
domesticated around 9.500 years ago (Zeder, 2008). They play an im-
portant role in the impoverished families’ economy, especially in rural
areas (Okoruwa, 2014; Ben Salem and Smith, 2008) by providing meat,
milk, wool, skin, horn, manure for fertilization, dung for fuel, and fiber
(Ben Salem, 2010). Environmental-induced heat stress is a significant

financial burden to sheep livestock worldwide. It jeopardizes their
production, reproduction, growth and welfare (Belhadj Slimen et al.,
2016). Hence, sheep acclimation to heat stress in order to maintain
their likelihood production performances, and therefore the farmer's
income, is a major concern of researchers nowadays. This concern im-
poses to improve our knowledge of ovine physiological, metabolic and
oxidative responses in the aim to propose efficient solutions. Further-
more, it is important to compare the different strategies suggested to
alleviate environmental-induced hyperthermia, and therefore report
glowing recommendations. These are the major aims of this meta-
analytic study.

https://doi.org/10.1016/j.livsci.2019.09.026
Received 10 April 2019; Received in revised form 30 August 2019; Accepted 23 September 2019

⁎ Corresponding author at: Department of Animal Sciences, National Agronomic Institute of Tunisia, 43 Av Charles Nicolle 1082 Tunis, Tunisia.
E-mail address: belhadj_slimen_imen@yahoo.fr (I. Belhadj Slimen).

Livestock Science 229 (2019) 179–187

Available online 24 September 2019
1871-1413/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/18711413
https://www.elsevier.com/locate/livsci
https://doi.org/10.1016/j.livsci.2019.09.026
https://doi.org/10.1016/j.livsci.2019.09.026
mailto:belhadj_slimen_imen@yahoo.fr
https://doi.org/10.1016/j.livsci.2019.09.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.livsci.2019.09.026&domain=pdf


2. Materials and methods

2.1. Data sourcing

Journals in electronic databases (Pubmed, Elsevier, CABI and Web
of Science) were consulted for relevant studies. Search keywords were
the terms “sheep”, “ewes”, “lambs”, “rams”, “heat stress”, “hy-
perthermia”, “metabolism”, “glucose”, “oxidative stress”, “MDA” and
“ROS” as well as their combinations. Published papers up to the pub-
lication year 1966 were considered. A Total of 147 articles were saved
for a further selection of suitable ones for the meta-analytic study.

2.2. Inclusion and exclusion criteria

To be included in the database, pooled studies need to meet the
following criteria: (i) Papers were published in the English language, in
peer-reviewed journals; (ii) sheep were used as experimental animals;
(iii) for each experimental group, the temperature humidity index (THI)
or the ambient temperature and the relative humidity were reported;
(iv) for each experimental group, the breed and the physiological state
were indicated; (v) for each experimental group, the applied heat stress
relieving strategy must be detailed.

For studies describing more than one trial, each trial was considered
as a separate one. Moreover, for studies comparing more than one
group to a control group, each group was included separately.

2.3. THI calculation and classification

THI was computed from papers reporting experimental tempera-
tures and relative humidity values as described by Thom (1959):

= × + × −− +THI 0.8 TC ((RH/100) (TC 14.3)) 46.4

Where TC is the ambient temperature ( °C) and RH is the relative
humidity (%).

The thermal neutral zone defined by Fuquay (1981) corresponded
to THI values below 72. Values ranging from 72 to 77 corresponded to a
mild heat stress, those between 78 and 89 corresponded to a moderate
stress, and those above 90 indicated a severe heat stress.

2.4. Breed, physiological state and heat relieving strategies classifications

The different ovine breeds included in the data set were classified
according to their geographical climate zones (Table 1). We referred to
Köppen climate classification which is one of the most widely used
climate classification systems (Köppen, 1884). According to this study,
climate classification scheme divides climates into five main groups:
tropical, dry, moderate, continental and polar.

Tropical climates are characterized by a non-arid climate in which
all twelve months have mean temperatures of at least 18 °C or higher.
Dry climates (arid and semiarid) are characterized by the fact that

precipitation is less than potential evapotranspiration. In the moderate
zones, the solar radiation arrives with a smaller angle, and the average
temperatures here are much cooler than in the subtropics. The seasons
and the day length differ significantly in the course of a year.
Continental climates are found on continents in the Northern
Hemisphere between 40 and 70° latitude. Climate in these areas is
controlled by the fact that these zones are not located near oceans
where temperatures are moderate. This type of climate has at least one
month averaging below 0 °C (32°F) and at least one month averaging
above 10 °C. Finally, polar climate has every month of the year with an
average temperature below 10 °C.

The physiological state of ovine breeds was also included in the
database. Four main physiological states were considered: pregnancy,
growth, lactation and rest (mature rams which are not used for sperm
collection, as well as non-lactating and non-pregnant ewes).

In the different retained papers, sheep were subjected to five main
heat relieving strategies. Mechanical relieving strategies included all
the cooling treatments such as housing, offering shade, ventilation,
showering, shearing as well as their combinations. Nutritional strate-
gies cluster supplementation with antioxidants (vitamin E, vitamin C,
Se), proteins (fish meal, urea, L-Tyrosine), fat (poly-insaturated fatty
acids, Ascophyllum nodosum, olive pulp, flaxeed), energy (grain diet,
concentrate), fibers (Accacia, lucerne hay, wheat straw) and minerals.
In addition, there is a group of sheep which are subjected to nutritional
restrictions. Control groups include animals at thermal neutral condi-
tions and heat stressed ones.

2.5. Statistical analyses

A database covering physiological, metabolic and oxidative re-
sponses of sheep to THI variations was generated from published peer
reviewed papers under Microsoft Excel 2007.

A statistical meta-analysis approach was used to analyze the data
selected and assembled in the database (Sauvant et al., 2008; St-
Pierre, 2001). Firstly, three principal component analyses (PCA) were
carried out to assess the global distribution of the breed, the physio-
logical state and the relieving strategies based on the THI and some
physiological and metabolic responses. PCA was carried out in seven
quantitative factors (THI, rectal temperature, respiration rate, heart
rate, glucose, total cholesterol and free fatty acids) and three supple-
mentary qualitative ones (breed, physiological state and the relieving
strategies), using FactoMineR (Lê et al., 2008), an R package. The used
general model based on correlation matrix is:

= =

= = =

PCA X quanti sup c Xi Xj quali sup c Yi Yj grap

h TRUE axes c ncp

( , . ( : ), . ( : ),

, (1, 2), 10)

Where: X is the data frame with n rows and p columns, ncp is the
number of dimensions kept in the results, quanti.sup is a vector in-
dicating the indexes of the quantitative supplementary variables,

Table 1
Ovine breeds’ classification based on their climate zone.

Climate zone Breeds

Tropical climate zone (T) Bangladesh, Santa Inês, Bergamasca, Morada Nova
Dry climate zone (D) Afshari, Iranian sheep, Egyptian Baladi, Ossimi, Awassi, Sudanian rams, Victorian sheep, Barki, Dorper, Najdi,

Hamari, Niamey, Omani, Jeddah
Moderate climate zone (M) Merino, Polish Merino, Merino×Poll Dorset, Corriedale× Suffolk, Suffolk× Southdown, Malpura, Comisana,

Corriedale, Assaf, Dorset, Hampshire Down, Ile-de France, Texel, Rambouillet, Dorset× Finn×Rambouilette,
Chokla, Magra, Marwari, Suffolk, Sarda

Continental climate zone (C) Canadian Arcott, Ujumqin, Blackbelly, Pelibuey
Cross breeds
Sheep from Moderate climate zone× Sheep from

Continental climate zone (M× C)
Finn×Dorset×Rambouillet, Katahdin× Pelibuey, Blackbelly x Dorset

Sheep from Dry climate zone x Sheep from Tropical
climate zone (D× T)

Dorper×Pelibuey
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quali.sup is a vector indicating the indexes of the categorical supple-
mentary variables, graph: boolean, if TRUE a graph is displayed, axes is a
length 2 vector specifying the components to plot.

Secondly, and in order to obtain more detailed information about
the statistically significant factors (breed, physiological state, heat re-
lieving strategies, as well as their interactions) affecting the sheep
physiological responses (rectal temperature (RT), respiration rate (RR)
and heart rate (HR)) under different THI levels, a General Linear Model
(GLM) was carried out. The used model was:

= + + + + + + + +

+ + +

Y μ THI B PS T THI B THI PS THI T B PS

B T PS T E

* * * *

* *

ijkl i j k l i j i k i l j k

j l k l ijkl

Where Yijkl is the adjusted physiologic response of the nth ob-
servation; µ is the overall mean, Si is the fixed effect of the ith THI
(i=mild, moderate, severe heat stress), EAj is the fixed effect of the jth
breed (j = tropical, dry, moderate, continental and polar breed), PSk is
the fixed effect of the kth physiological state (k = pregnancy, growth,
lactation and rest), TBl is the fixed effect of the lth treatment (l = HS
+Nutritional Trt, HS, HS+Mecanical Trt, HS+Nutritional Restriction,
TN) and Eijkl is the random error attributed to the nth recording.

Furthermore, One-way Analysis of Variance (ANOVA) was used to
assess and understand how some sheep metabolic (glucose, free fatty
acids (FFA), total proteins (Total Prot.), total cholesterol (Total Ch.),
Triglycerides (Trigly), Cortisol) and oxidative (Malondialdehyde
(MDA), Selenium (Se), Superoxide dismutase (SOD), Reactive Oxygen
Species (ROS), Oxidative stress index (OSI), Protein oxidation) re-
sponses vary based on the THI classes (Thermal neutral: THI 〈 72; Heat
stress: THI 〉 72). The used normal linear model for sheep metabolic and
oxidative responses investigation is:

= + +Y μ THI εi i i

Where: Yi is the adjusted metabolic / oxidative response of the nth
observation; µ is the overall mean, THIi is the fixed effect of the ith THI
class and ɛi are normally distributed zero-mean random errors.

Indeed, global correlations were used to assess the relationship
between THI, RR and RT in one hand, and some metabolic responses
(glucose, FFA, Total proteins, Total cholesterol, Triglycerides, cortisol)
in the other hand. The aim is to understand how THI affects these
metabolic variables, and if their variation is correlated to that of phy-
siologic responses (RR, RT).

GLM, one way ANOVA and global correlations were done using Proc
Mixed, Proc Reg and Proc Corr in SAS 9.2 (SAS Institute Inc, Cary, NC,
USA).

3. Results

3.1. Description of the data set

The Data Set included a total of 66 studies, reporting experimental
results (n=398) belonging to 4 THI classes, 49 of both pure and cross
breeds, 38 heat stress relieving strategies and 4 physiological states.
The remaining 81 papers were excluded for criteria mismatch.

Physiological responses included rectal temperature (RT, n=340),
respiration rate (RR, n=317) and heart rate (HR, n=157). Metabolic
responses regrouped dry matter intake (DMI, n=97), average daily
gain (ADG, n=62), water intake (WI, n=55), glucose (n=149), free
fatty acids (FFA, n=57), total proteins (n=92), total cholesterol
(n=47), triglycerides (n=38) and cortisol (n=51). Oxidative re-
sponses variables included MDA (n=13), total Se (n=18), Superoxide
Dismutase activity (SOD, n=11), Reactive Oxygen Species (ROS,
n=18), Oxidative stress index (OSI, n=10) as well as protein oxida-
tion products (n=10).

3.2. Physiological responses variation according to the breed, the
physiological state and the applied heat stress relieving strategies

Three PCA were conducted to analyze correlations and distributions
of some physiologic and metabolic variables as they are affected by the
breed and the physiological state of the sheep, as well as the applied
heat abatement strategy. The analysis was limited to the first and the
second PC axes since they explained about 70% of the observed var-
iance. The variables’ correlations and contributions to both PC1 and
PC2 are presented in Table 2.

Fig. 1(a) shows that sheep from tropical climatic zones (T) are more
adapted to environmental-induced heat stress, in contrast to those from
dry (D) and moderate climate zones (M). Although D*T cross seems to
enhance heat tolerance of these breeds, M*C cross seems to decrease
sheep adaptability to this environmental stress.

Regarding the physiological state, growing lambs, pregnant and
lactating ewes are more susceptible to environmental heat stress than
sheep at rest (Fig. 1(b)). The formers are distinguished by their high
heart rates and low cholesterol levels, whereas the latter group is de-
scribed by lower heart pulse and high circulating cholesterol contents.

The third plot (Fig. 1(c)) reveals that ovine groups subjected to
mechanical relieving strategies had similar rectal temperature (RT),
respiration rate (RR) and metabolic parameters compared to sheep in
thermal neutral conditions. Nutritional relieving strategies enhanced
slightly these responses whereas water and nutritional restrictions ag-
gravated the heat stress responses.

As shows Table 3, GLM analysis revealed that the main factors af-
fecting significantly physiological responses of heat stressed sheep are:
the THI, the breed, the physiological state and the applied relieving
strategies, as well as their interactions. Although respiration rate de-
pends mainly on the THI value, this seems to be not true for the pulse
rate which was significantly affected by the breed and the physiological
state, and finally the applied heat abatement strategy. Rectal tem-
perature depended on all these factors excepting the physiological state
(Table 3).

Rectal temperature varies significantly in response to THI. The
lowest values were recorded at THI 〈 72, both for pregnant ewes and
animals at rest, reared under tropical climate zones, as well as for an-
imals subjected to thermal neutral and mechanical heat stress relieving
strategies. The highest ones were registered at THI 〉 72, for both
growing lambs and lactating ewes, animals reared under moderate and
dry climate zones, in addition to those subjected to some nutritional
heat stress relieving strategies (Table 4, Fig. 2).

Table 2
Variables correlations and contributions to PC 1 and PC2 axes.

Variable Variables’ correlations Variables’ contributions
PC 1 PC 2 PC 1 PC 2

PCA 1: Breed effect

THI 0.84 0.05 33.33 0.16
Respiration rate 0.83 0.18 33.19 2.06
Rectal temperature 0.79 0.14 30.11 1.40
Glucose −0.12 0.88 0.73 49.71
Free Fatty Acids 0.23 −0.86 2.62 46.65

PCA 2: Physiological state effect

THI 0.87 −0.23 28.48 3.75
Respiration rate 0.81 0.18 24.43 2.37
Heart rate 0.18 0.82 1.31 48.08
Rectal temperature 0.75 0.08 21.08 0.47
Glucose 0.03 0.76 0.03 41.54
Total cholesterol −0.81 0.23 24.64 3.76

PCA 3: Relieving strategies effect

THI 0.74 0.00 22.93 0.00
Respiration rate 0.90 0.08 33.77 0.67
Rectal temperature 0.76 0.19 23.63 3.48
Glucose −0.03 0.96 0.05 88.28
Free Fatty Acids 0.69 −0.28 19.61 7.54
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Fig. 1. (a) PCA plot of some physiologic and metabolic responses of heat stressed sheep as affected by their breeds. C: breeds from continental climate zones; D:
breeds from dry climate zones; M: breeds from moderate climate zones; T: breeds from tropical climate zones; D*T: cross breeds from dry and temperate climate
zones; M*C: cross breeds from moderate and continental climate zones, RT: rectal temperature, THI: Temperature Humidity Index, RR: respiration rate. (b) PCA plot
of some physiologic and metabolic responses of heat stressed sheep as affected by their physiological state. RT: rectal temperature, THI: Temperature Humidity Index,
RR: respiration rate, HR: heart rate. (c) (c) PCA plot of some physiologic and metabolic responses of heat stressed sheep as affected by the heat relieving strategies.
HS: heat stress; Trt: Relieving strategy; TN: Thermal neutral conditions, RT: rectal temperature, THI: Temperature Humidity Index, RR: respiration rate, FFA: free
fatty acids.
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The highest respiration rates were recorded at THI > 72, for lac-
tating ewes, breeds from dry, continental and moderate climate zones
as well as their respective crosses, sheep subjected to nutritional re-
lieving strategies followed by the group subjected to nutritional re-
striction. The lowest frequencies corresponded to THI below 72. They
were registered for breeds from tropical climate zones, animals at rest
and those reared under thermal neutral conditions or subjected to
mechanical heat relieving strategies.

The heart pulse declines from 98.81 at THI 〈 72 to 88.55 at THI 〉
77. The highest values were recorded for animals reared under tropical
climate zones, growing lambs and pregnant ewes, and sheep at thermal
neutral conditions. The lowest ones were noted for sheep reared under
moderate climate zones, those at rest and those subjected to nutritional
restriction (Table 4).

3.3. Effect of THI variation on sheep metabolic and oxidative responses

Heat stress resulted in a significant decrease of dry matter intake
(DMI, p=0.0001) and average daily gain (ADG, p < 0.0001), and an
increase of water intake (p=0.0006). Decreased feed intake is asso-
ciated with significant variations of levels of glucose, FFA, total pro-
teins, cholesterol and triglycerides, as well as cortisol (Table 5). Sig-
nificant correlations were revealed between these studied metabolic
variables, THI, RR and RT (Table 6).

Furthermore, environmental-induced heat stress increases sig-
nificantly the production of ROS from 8.25±1.11mg H2O2/dL when
THI < 72 to 11.25± 0.65 when THI values exceed 72. This increase is
accompanied by an elevation of the oxidative stress index, the oxidation
products, the protein oxidation as well as the polyunsaturated fatty
acids oxidation marked by the MAD production. The SOD activity in-
creases as well. Endogenous Se concentrations decline markedly in re-
sponse to THI increase (Table 5).

Although OSI and protein oxidation were positively correlated to
THI (p < 0.001) and RT (p=0.0009), total Se declines with increased
THI values (p=0.0746). MDA levels were positively correlated with
RR (p=0.0197) and RT (p=0.096). Interestingly, total Se and SOD
activity were negatively correlated to glucose levels (r=−0.721,
p=0.018 and r=−1.000, p < 0.0001, respectively). Furthermore,
protein oxidation was highly correlated to OSI and ROS (r=0.991,
p < 0.0001 and r=0.981, p < 0.0001, respectively) (Table 6).

4. Discussion

4.1. Breed, physiological state and heat relieving strategies’ effects

Noteworthy, genetic differences in sheep's susceptibility to elevated
THI have been observed in our study. Marai et al. (2007) reviewed
some physiological responses of heat stressed sheep breeds and re-
ported variations of rectal temperature between 38.2 and 41.1 °C,
fluctuations of respiration rates from 31.2 to 271 breath per min, and
heart frequencies between 65.3 and 102 pulses per min.

It is true that the capacity of body temperature regulation involves
different mechanisms of heat elimination. But this capacity is also an
adaptive process developed by sheep (Castanheira et al., 2010). Rectal
temperature and respiration frequency are commonly used to assess
heat tolerance. The increased respiration frequency contributes to body
heat dissipation (Finch, 1986). Our findings suggest that breeds from
moderate and dry climate zones are the most affected by heat stress, in
contrary to those from tropical climate zones. The formers showed the
highest rectal temperatures and respiration rates, while the latter had
the lowest values. In this trend, Romero et al. (2013) compared the
capacity of Pelibuey, a continental breed, and Suffolk, a breed be-
longing to moderate climate zones, to regulate their body temperature
under environmental hyperthermia. They concluded that Pelibuey
sheep were less susceptible to environmental hyperthermia.
Ross et al. (1985) revealed that Blackbelly sheep maintain lower rectal
temperatures and respiratory frequency than the Dorset and Suffolk
breeds.

It seems that the low respiration frequencies do not allow effective
body heat dissipation, which increases their heat susceptibility.
Interestingly, breathing is not only a mechanistic and behavioral action,
it is also genetically controlled. Using inbred different strains of mice,
several researchers suggested that genetic regulation controls respira-
tion frequency. Tankersly et al. (1994) described significant breathing
pattern variations among eight inbred strains of mice. Three years later,
Tankersly et al. (1997) presented data suggesting that at least two genes
may be implied in the differences in respiratory breathing pattern. The
following year, the same team identified that a region in the mouse
chromosome 3 is possibly responsible for a large part of these ventila-
tion variations (Tankersly et al., 1998).

Genetic and phenotypic correlations between rectal temperature

Table 3
The GLM p-values for rectal temperature, respiration rate and heart rate.

Rectal
temperature (RT)

Respiration rate
(RR)

Heart rate
(HR)

Model < 0.0001 < 0.0001 < 0.0001
R2 0.485 0.529 0.783
Breed 0.001 0.201 <0.0001
Physiological State 0.072 0.913 <0.0001
Relieving strategies 0.018 0.927 0.071
THI 0.004 0.023 0.105
Breed*THI 0.572 0.035 0.036
Physiological State*THI 0.470 0.967 0.090
Relieving strategy*THI 0.020 0.443 0.279
Breed* Physiological State 0.230 0.507 0.021
Breed* Relieving strategy 0.0004 <0.0001 0.004
Physiological State *

Relieving strategy
0.012 0.073 0.146

Table 4
Lsmeans of the One way ANOVA procedure: comparison of RT, RR and HR for
different THI classes, different breeds, physiological states and heat abatement
strategies.

Rectal
temperature (RT
°C)

Respiration rate
(RR)

Heart rate
(HR)

THI
<0 72 39.06b 64.92b 98.81a

72–77 39.29b 75.09b 98.49a

78–77 39.53a 101.84a 87.22b

> 90 39.60a 104.30a 89.89b

Breed
M 39.38a 97.80abc 84.74c

D 39.37a 68.64c 87.54b

M*C 39.35a 125.88a N.A.
C 39.30b 109.76ab N.A.
D*T 39.28b 85.50cd N.A.
T 39.03c 57.97d 105.51a

Physiological state
Growth 39.58a 94.31b 110.84a

Lactation 39.51a 114.92a –
Rest 39.33b 84.46b 85.93c

Pregnancy 39.27b 83.06b 103.11b

Heat relieving strategies (RS)
HS+Nutritional RS 39.73a 111.43a 87.46b

HS 39.46b 99.89a 94.92ab

HS+Mecanical RS 39.24bc 72.51b 91.48ab

HS+Nutritional
Restriction

39.21c 102.97a 58.60c

TN 39.09c 66.16b 98.41a

N.A.: Not available.
M: sheep from Moderate climate zones, T: sheep from Tropical climate zones, D:
sheep from Dry climate zones, C: sheep from Continental climate zones, M*C:
Cross breed between M and C climate zones, D*T: Cross breed between D and T
climate zones.
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and productive and reproductive traits have been reported (Spiers et al.,
2004). Therefore, selection for heat tolerance, and not high production,
may improve animal welfare in hot climates. Our results suggest that
crosses between breeds from dry and tropical climate zones (D*T) seem
to improve heat tolerance of breeds from dry climate zones, thereby
improving their ventilation capacities.

The highest values of RT and RR were recorded for lactating ewes
and growing lambs. Sheep at rest are less affected by heat stress. The
observed increase of RT may be due to the metabolic heat production
associated to growth, pregnancy and lactation. All of these physiolo-
gical states increase metabolic rate and exacerbates the problem of
body temperature regulation during heat stress (Hansen, 2009). RR
increases consequently to maximize heat dissipation from body core. In
fact, it is known that heat stress increases maintenance requirements,
reduces the metabolic rates and alters the post-absorptive metabolism,
regardless of the decrease in feed intake. Consequently, growth,

production, reproduction and health are not priorities (Belhadj Slimen
et al., 2016; Collier et al., 2008). Reduction of energy intake coupled
with elevated energy expenditure for maintenance, associated to ad-
ditional energy requirements for growth, gestation and lactation lower
energy balance and cause negative energy balance (Rhoads et al., 2009;
Shwartz et al., 2009).

Regarding heat stress relieving strategies, our results showed that
sheep at thermal neutral conditions had the lowest rectal temperatures
and respiration frequencies, and the highest heart rates. Mechanical
relieving strategies succeeded to alleviate the drastic effects of heat
stress on these physiological responses. RT and RR of heat stressed
sheep subjected to mechanical relieving strategies are comparable to
those in thermal neutral conditions. These findings may be explained by
the decreased THI values after the application of these relieving stra-
tegies, which allowed reducing the heat load, and therefore decrease of
RT and RR. Ventilation leads to affecting thermal exchanges between

Fig. 2. Variation of rectal temperature in response to different heat alleviating strategies.

Table 5
Variation of some metabolic and oxidative parameters according to THI class.

Glucose
(mg/dl)

FFA
(mmol/L)

Total Prot.
(g/dl)

Total Ch.
(mg/dl)

Trigly.
(mg/dl)

Cortisol
(ng/mL)

MDA
(nmol/
mL)

Total Se
(µg/L)

SOD (U/
mL)

ROS (mg
H2O2/dL)

OSI (arbitrary
unit)

Protein
Oxidation
(mol/L)

p-value <0.0001 0.0172 0.3447 0.0003 0.0034 0.0073 0.0004 0.1606 0.0095 0.0014 0.0440 0.0682
THI < 72 64.304a

± 9.75
0.28b

± 0.15
6.71
± 0.75

84.15a

± 19.56
44.04a

± 12.28
4.10b

± 2.28
2.39b±
0.00

105.44±
34.00

103.10b±
12.59

8.25b±
1.11

3.05b±0.50 25.65± 8.60

THI > 72 56.959b

± 8.45
0.41a

± 0.20
6.56
± 0.77

60.82b

± 8.70
25.53b

± 10.03
165.96a

± 26.48
6.05a±
0.61

79.52±
20.00

149.65a±
11.13

11.25a±
0.65

3.92a± 0.41 40.20± 7.60

FFA: free fatty acids, Total Prot.: Total proteins, Total Ch.: Total cholesterol, Trigly.: Triglycerides, MDA: malondialdehyde, Se: Selenium, SOD: Superoxide dismutase,
ROS: Reactive oxygen species, OSI: Oxidative stress index.
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the animal's body surface and his environment, thus reduces physio-
logic heat stress markers (Wojtas et al., 2014; Koluman and
Daskiran, 2011).

Management and nutritional practices are considered as main
strategies to improve welfare and production performances of lactating
animals under high ambient temperatures. Our data suggest that nu-
tritional relieving strategies, especially fat and protein supplementa-
tion, allowed increase of RT, RR and HR. The increase of HR indicates
an enhanced metabolism rate due to the increase of substrates available
for the neoglucogenesis. Although fat and protein supplementation
allow reducing fermentary heat production in the rumen, they increase
metabolic heat production, thus result in an increased RT and RR.
Liu et al. (2008) revealed a positive effect of fat supplementation on the
regulation of body temperature, plasma enzymes, electrolyte and hor-
mones. Caroprese et al. (2011) reported that whole flaxseed supple-
mentation enhanced humoral immune and thermoregulatory responses
of ewes during hot season.

Our results shows that concentrate and non-fermentable protein
supplementation alleviate the heat stress effects on RT, which is in
accordance with those of Can et al. (2005) how showed that fish meal, a
dietary protein source, did not alter rectal body temperature, blood
glucose, urea, and total protein levels. They recommended therefore the
use of this source to improve the finishing performance of Awassi lambs
especially first 40 d of the finishing period under heat stress. Regarding
concentrate supplementation, it allows not only increasing feed intake,
but also reducing the rumen fill, thus the fermentary heat production
(Dahlanuddin et al., 1996; Oldick and Firkins, 1997). In fact, and
contrarily to fibers, concentrate supplementation increases propionate/
acetate ration in the rumen. And it is known that propionate is less heat
producing than acetate, thus the fermentary heat production declines.
However, it is recommended to pay attention to the acidosis risk.

Sejian and his co-authors (2012) revealed that mineral mixture and
antioxidant supplementation were able to protect Malpura ewes against
heat stress. In this study, simultaneously supplementation of minerals
and antioxidants allowed alleviating the adverse effects of heat stress on
feed and water intake, RR, RT, hemoglobin (Hb), plasma glucose, total
proteins, triiodothyronine (T3) and thyroxine (T4), as well as plasma
cortisol. Supplementation of heat-stressed animals with mineral re-
sources is required to correct their negative mineral balance, because
heat stress induces a significant decrease in the dry matter intake in
addition to the increase in excretion of urine and sweat-containing
minerals (Marai et al., 2008). Vitamin E and selenium are essential
nutrients that function as antioxidants to minimize cellular damage
caused by endogenous peroxides (El-Shahat and Abdel Monem, 2011).
In this trend, we reported recently thermoprotective effects of anti-
oxidants extracted from Opuntia cacti on sheep lymphocytes
(Belhadj Slimen et al., 2019).

Nutritional restriction allowed decreasing RT as well as heart rate
(HR) of hyperthermic sheep. Reduced RT may result from decreased
metabolic heat production as a consequence of feed restriction. The
pulse rate reflects primarily the homeostasis of circulation along with
the general metabolic status. The decreased pulse rate in the combined
stress group might be due to a decrease in the metabolic rate as a result
of restricted feeding. This view was in agreement with the findings of a
previous investigator reporting that heart rate is correlated to metabolic
heat production (Barkai et al., 2002). Aharoni et al. (2003) suggested
that heart rate decreases during thermal stress as a general effort of the
animal to decrease heat production. This reduction could be achieved
by the animal either by intake reduction or by activity reduction or
both.

4.2. Metabolic and oxidative responses

Nowadays, it is clear that heat stress alters metabolism in-
dependently of nutrient intake, which decline was shown to account
only for 30–50% of milk yield reduction in hyperthermic dairy cowsTa
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(Wheelock et al., 2010; Rhoads et al., 2009) and 50% of the blunted
growth of heat stressed chickens (Zuo et al., 2014; Geraert et al., 1996).
There is evidence that environmental-induced heat stress exacerbates
production performances through impairing the post absorptive meta-
bolism.

Our finding suggest that heat stress decreases circulating glucose
levels in heat stressed sheep, and corroborate those of
Achmadi et al. (1993) in sheep, O'Brien et al. (2010) in calves,
Lin et al. (2000) in broilers. Heat stress was shown to increase energy
maintenance requirements. Our data describe negative correlations
between FFA, total proteins and cholesterol with RR, indicating there-
fore an increased protein and lipid catabolism to meet exceeded
maintenance requirements. Despite the increase of FFA levels, hy-
perthermic animals increase their hepatic glucose output, in addition to
their intestinal (Pearce et al., 2013; Garriga et al., 2006) and renal
(Ikari et al., 2005) glucose absorption. These findings reflect increased
reliance on glucose as a substrate, and explain therefore the increase of
glycolysis (Febbraio, 2001), glycogenolysis and gluconeogenesis
(Collins et al., 1980).

At the cellular level, mitochondrial adénosine triphosphate (ATP)
synthesis is impaired under heat stress. It was reported that heat stress
inactivates complex I of the mitochondrial electron transport chain and
causes its dissociation into smaller components (Downs and
Heckathorn, 1998), leading to the depletion of ATP syntheses
(Pobezhimova et al., 1996). At the Cori cycle level, many authors re-
ported an increase ratio of lactate/pyruvate and NADH/NAD+ during
heat stress. These data allow concluding that lactate is used as an al-
ternative fuel to produce glucose via the Cori cycle, perhaps to ensure
glucose requirements of tissues that are obligate glucose users
(Belhadj Slimen et al., 2014).

Cortisol hormone plays a very important role in many physiological
functions, especially energy production, thermal regulation, lactogen-
esis, and regulation of milk production. Several studies showed that the
cortisol hormone level increased significantly under high ambient
temperature (Yousef et al., 1997). The Hypothalamic-Pituitary-Adrenal
Axis (HPAA) mediates stress responses in combination with the auto-
nomic nervous system and behavioural adaptation [84]. The preoptic
area, situated in the hypothalamus receives neuronal signals from the
thermoreceptors of the sensory neuronal terminations localized in the
skin, spinal dorsal horn, parabrachial nuclei and viscera (Gupta et al.,
1979; Craig, 2002; Nakamura andMorisson, 2010; Morisson and
Nakamura, 2011). These signals are conveyed to the anterior pituitary
via corticotropin releasing hormone (CRH) and arginine vasopressin
(AVP). The synergistic action of CRH and AVP stimulate the secretion of
Adreno CorticoTrophic Hormone (ACTH) from the anterior pituitary
gland. ACTH in turn stimulates the release of glucocorticoids from the
adrenal cortex, of which cortisol is the primary glucocorticoid in sheep.
Glucocorticoids allow the regulation of the catabolic responses to stress,
such as the modulation of carbohydrate, protein and lipid metabolism
(Hough et al., 2013). The effects of glucocorticoids on carbohydrate
metabolism mostly involve the stimulation of gluconeogenesis and
glycogen synthesis in the liver, while simultaneously increasing the
substrate availability to these pathways by stimulating lipolysis and the
release of glycogenic amino acids from peripheral tissues (Hough et al.,
2013). Consequently, the decline we found of cholesterol levels in heat
stressed sheep may be explained by its mobilization for cortisol
synthesis. Moreover, the calculated increase of FFA and the decline of
total proteins can be interpreted by a substrate catabolism to be used for
the neoglucogenesis.

Heat stress was suggested to be responsible of inducing oxidative
stress during summer in livestock animals (Ganaie et al., 2013; Nizar
et al., 2013). Our findings show clearly that heat stress increases SOD
activity, oxidative stress index, ROS production as well as protein oxi-
dation. The observed decrease of Se under THI > 72 reveals en-
dogenous antioxidant mobilization to neutralize free radicals. In fact,
several authors reported increased catalase and SOD activity in addition

to elevated oxidative stress biomarkers in hyperthermic sheep
(Chauhan et al., 2014; Alhidary and Abdelrahman, 2016).

Interestingly, MDA levels were positively correlated with RR. These
findings allow suggesting that heat-induced oxidative stress has both
cellular and respiratory origins. At the cellular level, heat stress leads to
an overproduction of transition metal ions (TMI) through increasing the
rate of iron release from ferritin. TMI can make electron donations to
oxygen, forming superoxide anion and/or hydrogen peroxide (H2O2)
(Agarwal and Prabhakaran, 2005). As it is highly reactive, superoxide
anion is the precursor of most ROS and a mediator in oxidative chain
reactions. H2O2 is further reduced to the extremely reactive hydroxyl
radical (OH.) via the Fenton reaction. Our previous findings showed
that increased levels of H2O2 under heat stress are positively correlated
with lymphocytes mortality in sheep (Belhadj Slimen et al., 2019).

Indeed, when the steady state concentration of ROS is disturbed,
mitochondria are the first cellular compartment to be damaged. In fact,
it was previously shown that the disturbance of the steady state level of
ROS production induces the inactivation of the respiratory chain.
Hence, the adenosine triphosphate (ATP) synthesis declines
(Zhao et al., 2006). As a result, the cellular energy production is
downregulated because of the altered oxidative phosphorylation
pathway.

At the respiratory tract level, it was shown that increase of pul-
monary ventilation causes oxidative stress (Shannahan et al., 2010;
Hammerschmidt et al., 2003), marked by the increase of H2O2 level in
sheep exhaled breath (Chauhan et al., 2015). Respiratory oxidative
stress leads to erythrocyte deformation, which enhances ROS produc-
tion and mediates their dissemination in the body (Mohanty et al.,
2014). These reports may explain the positive significant correlation
calculated between MDA and RR, and allow suggesting for the first time
that respiratory ventilation is a second source of free radicals liberation
in sheep under environmental heat stress conditions. However, further
investigations are needed.

In conclusion, environmental-induced heat stress exacerbates not
only sheep physiological responses, but also their energy and oxidative
metabolism. The reduced feed intake accounts partly in the declined
energy metabolism. The oxidative stress seems to be responsible of
these metabolic disorders, which alter further the ovine production
performances. Consequently, adequate nutritional strategy should be
followed to meet the energy requirements of heat stressed sheep and to
remedy the shortcoming of the heat-induced oxidative stress. In this
way, rations rich in low fermentable proteins and fats may be ad-
ministrated, in combination with controlled quantities of concentrate to
avoid acidosis. Fibers must have good quality. And without any doubt,
mineral and antioxidant supplementation is necessary. Interestingly,
water should be afforded ad libidum and at convenient temperature.

Moreover, our results show that heat stress is breed-dependent.
Since breeds from tropical and dry climate zones are the most adapted,
crosses with heat stress sensitive breeds may improve the performances
of the latter animals. Housing management is also extremely important:
sheep should be kept in shade in a fresh airy space. This is that reducing
environment THI allows decreasing or alleviating the heat stress drastic
effects. Finally, it is important to manage the periods of reproduction
and lactation far from the heat stress period, to reduce the stress level
and the maintenance energy requirements of ewes.
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