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Abstract

Heat stress is one of the greatest challenges for the global livestock industries as increased environmental temperature and
humidity compromises animal production during summer leading to devastating economic consequences. Over the last 30 years,
significant developments have been achieved in cooling and provision of shade and shelter to mitigate heat stress reducing some
of the losses associated with heat stress in farm animals. However, the recent increase in the incidence of heat waves which are
also becoming more severe and lasting longer, due to climate change, further accentuates the problem of heat stress. Economic
losses associated with heat stress are both direct due to loss in production and animal life, and indirect due to poorer quality
products as a result of poor animal health and welfare. Animal health is affected due to impaired immune responses and increased
reactive oxygen species production and/or deficiency of antioxidants during heat stress leading to an imbalance between oxidant
and antioxidants and resultant oxidative stress. Research over the last 20 years has achieved partial success in understanding the
intricacies of heat stress impacts on oxidative stress and immune responses and developing interventions to ameliorate impacts of
heat stress, improving immune responses and farm animal health. This paper reviews the body of knowledge on heat stress
impacts on immune response in farm animals. The impacts of heat stress on both cell-mediated and humoral immune responses
have been discussed identifying the shift in immune response from cell-mediated towards humoral response, thereby weakening
the immune status of the animal. Both species and breed differences have been identified as influencing how heat stress impacts
the immune status of farm animals. In addition, crosstalk signaling between the immune system and oxidative stress has been
considered and the role of antioxidants as potential nutritional strategies to mitigate heat stress has been discussed.

Keywords Antioxidant - Cytokines - Heat stress - Heat shock proteins - Immune responses - Livestock - Oxidative stress -
Toll-like receptors

Introduction

Global temperature is predicted to increase by 1.5 °C because
of continued global warming between 2030 and 2052 (IPCC
2014). Climate change over recent decades has impacted the
global ecosystem which is indicative of the sensitivity of our
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ecosystems to climate change. A range of challenges have
been predicted to occur for the livestock industries that will
be affected by these changes in environmental temperature
(Osei-Amponsah et al. 2019). Increased environmental tem-
perature and high relative humidity during summer can com-
promise the thermoregulatory mechanisms of ruminants af-
fecting heat loss and leading to increased heat load on animals,
resulting in heat stress (HS). While farm animals experience
several stressors throughout their lifetime, HS is the most fre-
quent and difficult to manage (Aggarwal and Upadhyay 2012,
Joy et al. 2020). In farm animals, as with other homeotherms,
the balance between heat produced (metabolic activities) and
heat lost from body is crucial to maintain core body tempera-
ture (Berman 2011) and HS results when this balance is dis-
turbed because the animal is not able to dissipate heat to the
environment (Bernabucci et al. 2014). Environmentally in-
duced periods of HS compromise animal welfare and decrease

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00484-021-02083-3&domain=pdf
http://orcid.org/0000-0003-1150-379X
mailto:fdunshea@unimelb.edu.au

1232

Int J Biometeorol (2021) 65:1231-1244

animal productivity leading to devastating economic conse-
quences for animal agriculture across the globe (Bernabucci
et al. 2010). While there have been considerable advances in
management, housing, and cooling technologies (Schiitz et al.
2011; Schiitz et al. 2014) to mitigate HS impacts, HS still
remains an incredibly costly issue for livestock production.
For instance, in the USA alone, it was reported that heat stress
caused losses of $ US 900 million/year for dairy production
and > $ US 300 million/year for both beef and swine produc-
tion almost two decades ago (St-Pierre et al. 2003). Most
recently, these losses have been estimated to $ US 1.5 billion
for dairy and $ US 1 billion for the swine industry (Key and
Sneeringer 2014; Mayorga et al. 2020). Annual heat-related
production losses in the Australian feedlot industry were esti-
mated to be $ AUD 16.5 million/year (MLA 2010). This
clearly highlights the need to develop strategies to reduce
the impact of HS on animal agriculture. Animal agriculture
in developing countries is predicted to sustain the future of
global food production. However, many challenges are faced
by livestock producers in these countries, with climatic factors
being most crucial and limiting, especially in the tropical and
subtropical countries (Berman 2011; Renaudeau et al. 2012)
as HS is known to negatively influence animal performance
and animal health.

Animal health may be affected directly by HS causing met-
abolic alterations (Rhoads et al. 2009), oxidative stress
(Chauhan et al. 2014a; Chauhan et al. 2014c¢), and immune
suppression, and may ultimately lead to death (Lacetera
2018). For example, there was a high mortality in dairy cattle
(30,000 cows) during the 2006 heat wave in California
(California Department of Food and Agriculture 2006) and
similarly a heat wave in lowa during 2011 caused an estimated
4000 beef cattle deaths (Drovers 201 1; Baumgard and Rhoads
2013). The immune responses play a most important role in an
animal’s defense against invading pathogens. However, the
immune responses in animals are profoundly altered from
the prenatal stage to the productive phases (Dahl et al. 2020)
by HS which is a consequence of the imbalance between heat
gained and heat lost from the body leading to core body tem-
perature exceeding the range specified for normal activity
(Bernabucci et al. 2010).

Heat stress has been reported to shift the adaptive immune
function of the animal from the normal cell mediated to hu-
moral immunity (Sophia et al. 2016) and such a shift would
therefore weaken the immune status of the animal increasing
their susceptibility to several pathogens (Vandana et al. 2019).
In addition, HS hampers the immune capabilities of the animal
to tackle emerging and re-emerging pathogens and vector-
borne diseases (Sophia et al. 2016). Furthermore, the immune
response and the health status of an animal is influenced by
oxidative stress (OS) (decreased antioxidant status/increased
production of free radicals) (Sordillo and Aitken 2009) and
HS has been reported to cause oxidative stress (OS) in dairy
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cattle (Bernabucci et al. 2002), sheep (Chauhan et al. 2014a;
Chauhan et al. 2016), pigs (Liu et al. 2016), and poultry
(Mujahid et al. 2005; Shakeri et al. 2019; Shakeri et al.
2020a), increasing their susceptibility to several pathogens
and production diseases. Therefore, dietary antioxidant sup-
plementation offers an avenue to mitigate HS and improve the
immune response during HS. In this paper, we review various
immunological markers such as Toll-like receptor-2 (TLR2),
TLR3, TLR4, TLRS, interleukin-8 (IL-8), IL-10, and tumor
necrosis factor-a (TNF-o), affected by HS in farm animals.
Furthermore, various signaling pathways such as TLR,
NF-kB, interferon signaling, mitogen-activated protein kinase
(MAPK), and stress induction of heat shock protein (HSP) and
associated changes in immune system of large ruminants have
been discussed. In addition, the impact of HS on oxidative
balance and potential implications for animal health are con-
sidered. Finally, potential nutritional strategies to mitigate
these negative impacts to improve animal health are
presented.

Impacts of heat stress on immune responses
in farm animals

Heat stress has detrimental effects on the immune system of
livestock by altering the immune function and increasing sus-
ceptibility to diseases (Lacetera et al. 2006; do Amaral et al.
2009). Heat stress increases the secretion of glucocorticoids
which acts as inhibitor of the pro-inflammatory cytokines such
as TNF-«, IL-6, IL-8 initiating the innate immune responses
by the inhibition of the p38 MAPK pathway which maintains
the stability of the immune system in animals (Abraham et al.
2006). While there are common responses across species,
there are also some species-specific variations in responses
to HS. The detailed species-specific effects of HS on immune
response in farm animals are discussed in subsequent sections.

Heat stress effects on immunity in cattle and buffalo

Recent research has shown that HS inhibits the pro-
inflammatory cytokines required to initiate the innate immune
response in the post partem period and in lactating cows, re-
spectively (Safa et al. 2019; Sun et al. 2018). Previous exper-
iments on thermal stress in in utero heat stressed calves have
reported a decrease in relative weights of immune organs like
the spleen and thymus (Ahmed 2017) which can potentially
affect the immune response. Heat stress in general has been
implicated to weaken the animal immune action to microbial
intrusion by shifting the adaptive immune function to humoral
immunity from cell-mediated immunity. Studies in both dry
and lactating dairy cows suggest that HS suppresses the innate
immune function by decreasing some of the vital immune
responses, such as decreased proliferation of immune cells,



Int J Biometeorol (2021) 65:1231-1244

1233

cytokine production, and migration of lymphocytes to the ud-
der and cell viability, and increasing the incidence of produc-
tion diseases such as mastitis and metritis in dairy cattle
(Steele 2016).

Heat stress has been suggested to negatively influence the
health status of lactating and dry dairy cows and their calves
(Dahl and Collier 2017). Previous studies in lactating cows
have demonstrated the negative effects of HS on leukocyte
migration to mammary gland following a chemotactic chal-
lenge (Elvinger et al. 1992). Increased ambient temperature
and humidity are known to cause significant endocrine pertur-
bations to facilitate increased heat loss from the body.
However, these endocrine alterations may influence immune
functions. For example, the coexistence of both prolactin and
cortisol exerts negative impact on immune-associated genes
notably with the help of HSPs during chronic heat stress
(Collier et al. 2008).

Serum concentrations of TNF-oc and IL-10 were increased
in healthy uniparous mid-lactation Holstein cows during ex-
posure to HS (Zhang et al. 2014). Furthermore, the expression
pattern of the IL-10 was increased in HS and varied between
the breeds and the level of exposure in the peripheral blood
mononuclear cells of transition Sahiwal and Karan Fries cows
incubated in vitro (Sheikh et al. 2016). Tao et al. (2013) re-
ported increased TNF-x expression in heat HS cows during
the transition period. Furthermore, clusters of infiltrating cells
were observed in the mucosa and submucosa of German
Holstein cows during HS (Koch et al. 2019). Thus, in this
study, HS triggered the migration of infiltrating cells into the
mucosa and submucosa cells while the jejunal morphology
remained unaltered (Koch et al. 2019).

The immune system-related pathway analysis in German
Holstein cows subjected to HS revealed upregulation of dis-
tinct cytokines such as IL5, IL4, IL6, IL2, and TGFBI1 and
lipoprotein polysaccharide (LPS) which are responsible for
the activation of the signaling pathway (Koch et al. 2019).
The LPS, a constituent of bacterial cell walls, enters the mu-
cosa more readily during HS because of gut damage due to OS
and hypoxia (Cronje 2005) and activates the immune response
via TLRs (Koch et al. 2019). Thompson et al. (2014) reported
increased IL-10 expression and no change in the expression
levels of IL1-3, IL6, IL8, or TNF-« in HS multiparous
Holstein dairy cows followed by Streptococcus uberis chal-
lenge by intra mammary infusion. Bharati et al. (2017) report-
ed that HS-associated changes in expression patterns of TLR
2, TLR4, IL-2, and IL-6 could possibly play a vital role in
assessing the greater thermo-tolerance of Tharparkar cattle.

Generally, the immune status of the Murrah buffalo calves
was lower during HS exposure mediated by the increased
concentration of blood cortisol (Mishra et al. 2011). In another
study in Murrah buffalo calves, Mishra et al. (2011) reported a
multifold increase in serum HSP70 concentrations during ex-
posure to HS resulting in modulation of the immune response

in buffaloes. In another study, Mukherjee et al. (2011) report-
ed increased concentration of HSP70 both in vivo as well as in
lymphocytes. These authors also observed that the increased
concentration of HSP70 did not cause immune protection at
physiological levels. Furthermore, these authors also observed
that exposing lymphocytes to high temperatures in vitro can
depress the cell-mediated immunity response in buffaloes
(Mukherjee et al. 2011).

Heat stress effects on immunity in sheep

Gomes da Silva et al. (1992) assessed the impact of HS in
Polwarth sheep and observed a reduction in the blood neutro-
phil and eosinophil count when compared to their control
counterparts. In another study conducted by Wojtas et al.
(2014), Merino sheep were subjected to simulated HS in cli-
matic chambers and observed a reduction in white blood cell
count.

Heat shock proteins are biological markers that act as pro-
tein chaperones and that increase during various stress condi-
tions and also play a vital role in antigen processing and pre-
sentation, especially the HSP70 and 90 (Archana et al. 2017).
Increased HSP expression could be inferred as an adaption in
antigen processing and presentation in addition to greater po-
tential of activating the innate and acquired immune system
directly (Colaco et al. 2013). Apart from this, HSP70 inhibits
the nuclear factor-kB signaling cascade activated by LPL,
thus reducing IL-6 production (Chen et al. 2006). HSP70
has also been proven to increase cellular IL-13 secretion
thereby facilitating the transport of antigens to T cells
(Zininga et al. 2018). RNA-Seq analysis of heat stressed Hu
sheep revealed increased expression of IL1R1, IL1R2, and
HSPA2 (which belongs to HSP70 family) in the liver samples
when compared to their respective control group (Lu et al.
2019). These data thereby suggest the potential role of these
genes in immunoregulatory process of sheep. Cortisol supple-
mentation in hyperthermia-induced in vitro sheep peripheral
blood mononuclear cell (PBMC)—cultured cells reduced the
concentration of IL-6, IL-1f3, and IL-10 reflecting the immune
modulatory role of cortisol in sheep (Caroprese et al. 2018).

Heat stress effects on immunity in goats

A study conducted by Sophia et al. (2016) showed greater
expression pattern of TLR1 in Osmanabadi goats when ex-
posed to HS. Furthermore, Tirumurugaan et al. (2010) report-
ed that TLR1 was over expressed in organs such as the uterus,
skin, lymph node, PBMC, and lungs of Kanni goats during
HS. All the TLR mRNAs (1-10) showed increased expression
in the lymph node while the spleen showed lower expression
of TLR 6 and TLR 10 mRNAs (Tirumurugaan et al. 2010).
Furthermore, PBMC and lung expressed increase in all TLR
mRNAs except TLR 10 mRNA (Tirumurugaan et al. 2010).
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Furthermore, Tirumurugaan et al. (2010) also reported that
tissues such as uterus, lung, and skin, which generally exhibit
lower amounts of TLR 2, had higher amounts of TLR 6
mRNAs.

Malabari goats were reported to be extremely resilient to
HS in terms of being able to maintain the innate immune
response (Vandana et al. 2019). This was evident in the
studies conducted by Vandana et al. (2019) in Malabari
goats wherein the immune response genes TLR3, TLR7,
TLRS8, TLRY, and TLR10 had no significant expression
despite the animals being subjected to HS. Furthermore,
the study also indicated the sensitivity of TLR1, TLR4,
TLRS, and TLR6 genes to HS effects and the lower ex-
pression of these genes indicates the partially compro-
mised immune status in HS Malabari goats (Vandana
et al. 2019). The TLR-2 expression pattern was considered
an important biological marker for reflecting the immune
competency during HS in goats (Vandana et al. 2019). In
the same study, the IL-18, TNF-«, IFN-f3, and IFN-y ex-
pression patterns all were downregulated in Malabari goats
exposed to HS (Rashamol et al. 2019). Furthermore, the
histopathological changes of mesenteric lymph node
showed a paucity of lymphocyte distribution in follicular
areas as well as decreased density of lymphocytes in the
germinal centers of the HS group suggests that the animal’s
immunity will be compromised during chronic HS
(Rashamol et al. 2019).

Another study by Madhusoodan et al. (2019) reported low-
er expression of TLR 2 in Salam Black goats during HS. The
expression pattern of IL 2, IL 6, IL 18, TNF-«, and IFN-f3 in
hepatic tissue was lower in Salem Black goats during HS
(Madhusoodan et al. 2019) and these data indicate the com-
promised growth and immune status of Salem Black goats
probably occurs to support life-sustaining activities to adapt
to HS challenges. In addition, Paul et al. (2015) concluded that
TLR1, which was highly expressed during summer in Black
Bengal goats, contributed to the immune suppressive effect of
HS in these goats. Paul et al. (2015) similarly concluded that
the HS-induced increase in TLR 2 expression in Black Bengal
goats resulted in immunosuppressive effects in this breed.
Furthermore, Paul et al. (2015) concluded that HS induced
TLR2 expression to increased innate immune response to
pathogen-associated molecular patterns by differentially me-
diated immune response by promoting both TLR expression
and signaling in immune cells during summer. A study by
Savitha et al. (2019) indicated that the expression of TLR1,
TLR4, TLRS, TLR6, and TLR10 genes did not significantly
change in Osmanabadi goats but were significantly increased
in Salam Black goats during HS. The higher expression of
most of the cell surface TLRs in the Salam Black goats as
compared to Osmanabadi goats indicates the superior resilient
capacity of Salem Black goats to maintain immune status even
during exposure to adverse environmental condition.
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Heat stress effects on immunity in pigs

In two different studies assessing the impact of HS in Bama
miniature pigs, the total white blood cells decreased while the
percentage of eosinophils and monocytes were increased (Ju
etal. 2011; Juetal. 2014). Furthermore, the CD8 T cells were
also found to be at higher concentration in HS pigs. It has also
been established that the alteration in the ratio of CD4 and
CD8 T cell could reflect the compromised immune status
during HS (Ju et al. 2011). These authors also established that
the expression of both TLR2 and TLR4 increased while the
expression of IL-2 and IFN-y were decreased in PBMC ob-
tained from HS pigs (Ju et al. 2014). In another study, Chu and
Song (2018) reported that the blood concentrations of plate-
lets, IgG, IgM, and IFN-y decreased while leukocyte concen-
trations increased during summer as compared to other sea-
sons in finishing pigs. Plasma TNF-«, IL-6, and IL-8 concen-
trations were unchanged. Thus, decrease in the IFN-y cyto-
kine and no change in the IL-6 indicates compromised Thl
type immune response (Chu and Song 2018). A similar obser-
vation of a reduction in IgG concentrations during HS was
also observed by Morrow-Tesch et al. (1994).

In a study conducted in crossbred pigs, Cui et al. (2016)
reported compromised immune response after exposure to
chronic HS. These authors also observed that the HS-
induced compromised immune response in these pigs oc-
curred irrespective of their nutritional status. In a similar study
conducted in pigs, Pearce et al. (2013) observed increased
stress and immune-related proteins such as stress-induced
phosphoprotein 1, neurofibrominl, and Igy-chain in ileum
while observing decreased levels of protein Rho-GDP inhib-
itor 1, cofilin 1, and peptidyl-prolyl-cis-trans isomerase A ex-
pression in pigs exposed to HS. Huo et al. (2019) reported
higher levels of HSP70 expression in both the spleen and
intestinal mucosa of pigs and they attributed this to immune
modulation in these animals after exposing them to HS.
Likewise, in the same study, increased concentration of T cells
was reported both in the spleen and small intestine attributing
to inhibition of apoptosis during HS (Huo et al. 2019). These
authors also observed increase in the number of CD3+ T cells
after chronic HS exposure indicating the proliferation and dif-
ferentiation of T cells. In addition, altered balance between the
CD4 and CD8 ratio reflected serious immune dysfunction
during chronic HS in pigs (Huo et al. 2019).

Heat stress effects on immunity in poultry

Heat stress has been identified to be the most critical limiting
factor in poultry, affecting their vigor and vitality (Rostagno
2020). Apart from causing productive losses, HS also impairs
the immune response of poultry. Thaxton et al. (1968) were
the first to illustrate the detrimental effects of HS on develop-
ment of the immune responses in chicken when they
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established that as an adoptive mechanism the pullets would
develop innate as well as humoral immunity when exposed to
HS. This was later validated by McDaniel et al. (2004) who
correlated the damaged cells with the expression of immune
responses in HS birds. Innate responses are the first line of
defense exhibited by animals on exposure to HS (Bagath et al.
2019). Upon failure of the primary innate immune responses,
birds were found to facilitate an array of secondary responses
through migration of blood cells. In broiler chicks, HS-
induced responses significantly influenced the innate immune
responses pertaining to the higher heterophil-lymphocyte ra-
tio, abdominal exudative cell phagocytic activities, and serum
anti-SRBC titer (Tirawattanawanich et al. 2011). In agreement
with this, Hirakawa et al. (2020) stated that extreme tempera-
tures resulted in limited synthesis of lymphocytes along with
suppression in phagocytic activities of leukocytes.

There are diverse reports on the development of humoral
immune responses pertaining to exposure of poultry to higher
ambient temperatures. Mashaly et al. (2004) reported that HS
depressed the production of antibodies in chickens with the
lowest production of IgM and IgG factors. This agreed with
the observation of Bartlett and Smith (2003) that the humoral
responses such as serum total antibody, IgM, and IgG concen-
trations were lower during HS. A reduction in antibody pro-
duction can be attributed to the release of cytokines during
HS, resulting in stimulation of hypothalamus to release corti-
cotrophin releasing hormone, culminating with an increase in
corticosterone secretion with an intermediate production of
adrenocorticotropic hormone (Mashaly et al. 2004). Gross
(1992) identified that presence of corticosterone hampers an-
tibody production, resulting in impairment of the immune
system. As birds attempt to maintain homeostasis during
HS, a reduction in the expression of cytokine genes like IL-
12, IFN-y, IgA and TLR 2 occurs (Ohtsu et al. 2015;
Quinteiro-Filho et al. 2017). Such reductions are of concem
as the birds would therefore be prone to pathogens which
could lead to deadly disease outbreaks in poultry.

Potential immunological biomarkers for heat
stress in livestock

This section of the review provides an overview on the various
immunological indicators to reflect the HS impact on the im-
mune response in livestock. In depth research efforts in a few
indigenous (to India) goat breeds established TLR2 expres-
sion in the spleen, liver, and mesenteric lymph node as a
potential biomarker to reflect immunological changes during
HS (Sophia et al. 2017; Vandana et al. 2019). Similar HS-
induced higher expression of TLR2 was also reported in
Tharparkar cattle in PBMC (Bharati et al. 2017) indicating
that TLR2 could serve as potential biomarker for heat
stress—associated changes in farm animals. There are also a

few studies which suggested that TLR3 (spleen, mesenteric
lymph node), TLR8, and TLR9 (mesenteric lymph node)
could be reliable indicators of the severity of the effects of
HS on immune responses in spleen farm animals (Sophia
et al. 2017; Savitha et al. 2019).

Heat stressed lactating cows (Zhang et al. 2014) and pigs
(Pearce et al. 2013 Ganesan et al. 2018, Gabler et al. 2018)
exhibited lower leucocyte TNF-o or blood TNF-o expression,
respectively. Likewise, both Malabari and Osmanabadi goats
subjected to HS also displayed downregulation of TNF-o
mRNA expression in mesenteric lymph node and hepatic tis-
sues, respectively (Rashamol et al. 2019; Madhusoodan et al.
2019). However, Chauhan et al. (2014a) reported increased
expression of TNF-« in skeletal muscle from HS Merino x
Poll Dorset crossbred ewes. This indicates that level of TNF-o
could be a reliable immunological marker to reflect immuno-
logical changes during HS exposure in livestock although
there may be differences in expression in different tissues.

Interleukin-8, another pro-inflammatory cytokine, was de-
creased during HS in pigs in one study (Pearce et al. 2013) but
not in another (Ju et al. 2014). On the other hand, HS com-
bined with the transition period in dairy cows was associated
with an increase in IL-8 expression (Tao et al. 2013).
Similarly, IL13 was also reduced during HS in pigs (Pearce
et al. 2013). During the transition period, heat-treated PBMC
of Karan Fries cows showed increase in IL-10 concentrations
compared to Sahiwal cattle (Sheikh et al. 2016). Similarly,
in vivo studies in ewes (Caroprese et al. 2014) and cows
(Thompson et al. 2014) subjected to HS showed increase in
the circulating IL-10 concentrations. In contrast, in vitro stud-
ies showed that IL-10 production was negatively affected in
both cattle and sheep PMBC cultures under HS (Zhang et al.
2014; Caroprese et al. 2018). Other interleukins such as [L34,
IL27RA, IL6R, IL10RB, and IL1R1 were found be decreased
in bovine mammary tissues of cows subjected to heat stress
(Dado-Senn et al. 2018). In another study in goats, the expres-
sion of hepatic IL-2, IL-6, IL-18, mRNA was downregulated
in Salem Black goats exposed to HS indicating compromised
immune status (Madhusoodan et al. 2019). These results indi-
cate that all the above discussed interleukins could serve as
biomarkers to reflect changes associated with immune system
in livestock.

Heat stress in crossbred ewes increased the skeletal muscle
nuclear factor kappa B (NF-«B) (Chauhan et al. 2014a,
2014b, 2014c). Similarly, Ganesan and co-workers showed
that the phosphorylated NF-kB was in abundance in the mus-
cle of pigs subjected to HS (Ganesan et al. 2018). In a study on
Malabari goats, Rashamol et al. (2019) reported decreased
mesenteric lymph node interferon-3, and interferon-y
mRNA expression. Likewise, in another study in Salem
Black goats, the expression of hepatic interferon-3 mRNA
was downregulated during HS (Madhusoodan et al. 2019).
In contrast, Chen et al. (2018b) reported greater expression
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of IFN-y during HS in Chinese Holstein dairy cows. Thus,
IFN-y could also be considered an important HS marker to
reflect immunological changes in livestock although the di-
versity of responses needs to be clarified. The gene expression
patterns of all above discussed genes are important in PBMC
than tissues. This is because the level of invasiveness is not
very severe in PBMC as compared to the target tissues which
require slaughtering the animals. Therefore, from animal wel-
fare and ethical point of view, targeting PBMC than tissues
would be more appropriate and meaningful.

Immune pathways affected during heat stress
in farm animals

Very limited research reports are available relating directly the
impact of HS on immune pathways in farm animals. However,
a few studies have correlated the immune system and other
immune-related pathways with HS in farm animals. The path-
ways that are associated with HS-related impacts on immune
response include (i) cytokines and inflammatory response; (ii)
TNF-a and NF-kB signaling pathways; (iii) MAPK, FAS
(Fas cell surface death receptor), and stress induction of HSP
regulation; and (iv) apoptosis modulation by HSP70 in the
bovine mammary epithelial cells (Kapila et al. 2016). In an-
other study in Holstein calves, whole blood cells subjected to
HS showed activation of B cell receptor, T cell receptor,
antigen-presenting TNF, TLR, interferon, MAPK, NF-«B,
and JNK signaling pathways (Srikanth et al. 2017). Direct
HS in the lactating bovine model showed impaired intestinal
barrier leading to penetration of the bacterial and toxic com-
pound triggering the immune, cytokine, LPS, and phagocytic-
related pathways (Koch et al. 2019). This study (Buffington
et al. 1983) showed higher expression of CD163, CD68S,
MCRI1 (CD206), CD14, and FCGR2B (CD32) genes related
to macrophage/phagocyte/myeloid cells in dairy cows.
Similarly, another study established an important upstream
regulator for signaling pathway in infiltrating cells and in-
volvement of cytokines like IL4, IL5, IL6, TGFB1, and LPS
in the jejunal mucosa scrapings of HS cows (Koch et al.
2019).

Nutritional interventions to mitigate heat
stress

Climate change and heat stress adaptation and mitigation strat-
egies are required to reducing and managing the risks and
economic losses to farm animal productivity. There are three
main strategies for mitigation of HS, altering the animal’s
environment, genetic selection for heat tolerance, and feeding
strategies to reduce metabolic heat production or amelioration
of negative impacts of HS, which were recognized about 35
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years ago (Beede and Collier 1986). Comprehensive research
and development has been done in the past on the physical
modification of an animal’s environment (Collier et al. 1981;
Buffington et al. 1983; Knapp and Grummer 1991; Armstrong
1994; Blackshaw and Blackshaw 1994; Hemsworth et al.
1995; Correa-Calderon et al. 2004; Berman 2005; Collier
et al. 2006; Kendall et al. 2006; Smith et al. 2006; Tucker
et al. 2008; Khongdee et al. 2010; Schiitz et al. 2011; Schiitz
et al. 2014) by providing shade or direct/tunnel cooling of
animals. For the short term, nutritional strategies for amelio-
ration of HS would be most feasible and more rapidly incor-
porated strategies to be implemented as the genetic develop-
ment of heat-tolerant breeds will be a long-term process (Osei-
Amponsah et al. 2019). New insights into promising nutrition-
al strategies have been developed recently for the alleviation
of HS in farm animals and have been reviewed before
(Dunshea et al. 2013; Rhoads et al. 2013; Cottrell et al.
2015; Gonzalez-Rivas et al. 2020; Zhang et al. 2020). Here
we would focus mainly on antioxidant and betaine supple-
mentation to mitigate HS improving oxidative balance and
potential benefits for immune responses in farm animals.

Oxidative stress and immune responses

Heat stress has been implicated to cause OS in livestock
(Bernabucci et al. 2002; Mujahid et al. 2005; Chauhan et al.
2014b; Liu et al. 2016) and OS is one of the contributing
factors of dysfunctional inflammatory responses in lactating
dairy cows, more so during the periparturient period (Sordillo
and Aitken 2009; Sordillo and Mavangira 2014). Dairy cattle
are more susceptible to diseases (both severity and incidence
are greater) during the periparturient period because of im-
paired immune mechanisms and inflammatory responses
(Sordillo et al. 2011) caused by negative energy balance and
changes in nutrient metabolism. Heat stress leads to negative
energy balance due to reduced feed intake (Rhoads et al.
2009) and OS due to decreased antioxidant concentrations in
dairy cattle during the transition period (Bernabucci et al.
2005). In transition dairy cows, OS may be the cause or effect
of the decreased serum antioxidant levels, such as vitamin E
(Vit E) and vitamin A (Vit A), reported earlier (Lean et al.
2013). Moreover, redistribution of blood supply away from
visceral organs to extremities to increase heat dissipation from
the body on exposure to HS leads to hypoxia in the gastroin-
testinal tract (GIT) (Cronje 2005; Lambert 2009) which trig-
gers OS leading to oxidative damage of GIT epithelial cells
causing leaky gut, which in turn can cause undesired inflam-
matory response (Liu et al. 2016). Inflammation is an impor-
tant aspect of the immune response and refers to the various
biological processes recruited by the body, in particular vas-
cular tissue, to defend against invading pathogens or harmful
stimuli (Chen et al. 2018a). However, immune responses may
be impaired due to excessive or chronic, inflammatory
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responses leading to excessive reactive oxygen species (ROS)
production. Although some ROS production is required to
achieve the normal functions of cells, the excessive ROS gen-
eration can overwhelm the antioxidant defenses of cells lead-
ing to oxidative damage of tissue as a result of OS (Sordillo
and Aitken 2009). Thus, there is crosstalk between nutrient
metabolism, inflammation, and OS (Sordillo and Mavangira
2014) which is exacerbated by HS and therefore, additional
feeding of antioxidant has been demonstrated to improve the
cellular immune function (Rimbach et al. 2002; Rooke et al.
2004), by maintaining plasma and tissue antioxidant concen-
trations and reducing OS (Zhang et al. 2020).

Oxidative stress is defined as the imbalance of ROS gen-
eration and cellular antioxidant defense which may lead to
oxidative damage of cellular DNA, proteins, and lipids and
may result in apoptosis (Lykkesfeldt and Svendsen 2007).
Oxidants are compounds capable of oxidizing target mole-
cules and include free radicals (HO", NOr, O, ) or the highly
reactive molecules hydrogen peroxide, peroxynitrite, and
hypochlorus acid (Mates et al. 1999; Chauhan et al. 2014c).
In general, natural antioxidant system counteracts the genera-
tion of free radicals or ROS under physiological conditions
(Miller et al. 1993; Castillo et al. 2001). As mentioned previ-
ously, HS has been implicated in increased or induced OS
(Bernabucci et al. 2002; Mujahid et al. 2005; Sivakumar
et al. 2010) possibly leading to mitochondrial oxidative dam-
age, as the mitochondria are generally accepted as the largest
source of ROS (Rhoads et al. 2013). Whenever the equilibri-
um between oxidants and antioxidants is disturbed, progres-
sive oxidation of biological molecules (proteins, lipids, DNA,
etc.) occurs and OS is established and this may affect the
health status directly via lipid peroxidation and indirectly via
physiological perturbations and alteration of metabolic path-
ways or both (Miller et al. 1993; Davies 2000). The double
bonds in polyunsaturated fatty acids (PUFA) are very suscep-
tible to oxidative damage caused by free radicals and may lead
to chain reaction of lipid peroxidation (Williams 2000). In
lactating dairy cows, the effects of OS are more important as
lactation itself presents a big challenge to maintain homeosta-
sis (Bell 1995; Castillo et al. 2006). Dairy cows have been
reported to have higher OS during the periparturient period
than advanced pregnant cows and this could increase the sus-
ceptibility of transition cows to production diseases such as
mastitis and retained placenta (Sharma et al. 2011).

In small ruminants such as goats, the hot season has more
pronounced effects on the oxidative status of lactating animals
than nutritional factors, for example, plasma ROS concentra-
tions and levels of antioxidant enzymes (superoxide dismutase
and glutathione peroxidase were increased during the hot sea-
son compared to spring (Di Trana et al. 2006)). However, OS
in dairy goats can also be affected by plane of nutrition during
the peripartum period (Celi et al. 2010). In sheep, OS and
oxidative modification of lipids have been implicated in

pathogenesis of pregnancy toxemia (Al-Qudah 2011) and
there is a reduced total antioxidant status in pregnant animals
(Rezapour and Taghinejad-Roudbaneh 2011). The production
of free radicals is directly related to energy metabolism and
decreased aerobic metabolism would mean reduced mito-
chondrial generation of oxygen molecules and reduced ROS
generation (Jamme et al. 1995). As mentioned before, ROS in
low concentrations is required to achieve normal cellular func-
tions, including cell differentiation, cell immunity and defense
mechanism, cell signaling, protein phosphorylation, and apo-
ptosis (Miller et al. 1993; Agarwal et al. 2005). In contrast,
high concentrations of ROS overwhelms the antioxidant sys-
tem resulting in OS (Mates et al. 1999); therefore antioxidant,
supplementation is required to maintain normal cellular func-
tion and animal health.

Antioxidant supplementation and immune responses

Antioxidants are the compounds that can scavenge free radi-
cals and thus prevent/reduce oxidative damage (Halliwell
2007). Superoxide dismutase, glutathione peroxidase,
thioredoxin reductase, and catalase are some of the most im-
portant high molecular weight antioxidant enzymes which
play important roles to maintain cellular oxidant and antioxi-
dant functions (Lykkesfeldt and Svendsen 2007). On the other
hand, nutrients such as Vit E, Vit C, glutathione, beta-caro-
tene, and selenium (Se) are low molecular weight non-
enzymatic antioxidants which can either directly scavenge
the free radicals or are integral component of antioxidant en-
zymes. Vitamin E plays the most important role in maintain-
ing the cellular membrane integrity by preventing chain reac-
tion and lipid oxidation, as it is lipid soluble and present in the
membranes (Watson 1998). In addition, Vit E is essential for
various productive (animal growth) and reproductive func-
tions, and prevention of various diseases (McDowell et al.
1996). It plays a very important role in chronic diseases by
reduction of ROS and reactive nitrogen species (RNS), gen-
erated as byproducts of normal aerobic metabolism, specifi-
cally formed during respiratory, phagocytic, and microsomal
cytochrome P450 metabolism (Rooke et al. 2004). Immune
cells are more likely to suffer oxidative damage as they pro-
duce large amount of ROS (respiratory burst) for
phagocytising and killing pathogens. Furthermore, higher
PUFA content of plasma membranes of immune cells makes
them more sensitive to oxidative damage. Under normal phys-
iological conditions, there is a homeostatic balance between
oxidants and antioxidants. However, increased metabolic re-
actions in response to increased physiological demand or en-
vironmental stressors lead to excessive generation and accu-
mulation of free radicals disturbing redox balance resulting in
OS and increased susceptibility to diseases (Bernabucci et al.
2005; Castillo et al. 2005; Sordillo and Aitken 2009).
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Given the fact that HS affects farm animal health because of
the increased OS (Mitchell and Russo 1983; Bernabucci et al.
2002), supplementation of antioxidants to control OS holds
promise for improving animal health during HS. Vitamin E
and Se supplementation have been well studied and the bene-
ficial effects of the combined supplementation of the two are
well known. These beneficial effects are explained by the syn-
ergistic action of Vit E and Se to reduce lipid oxidation and
prevent chain reaction of lipid peroxidation (Miller et al. 1993).
Selenium plays an important role in antioxidant functions of
glutathione peroxidase (GSH-Px) by participating in the oxi-
dant antioxidant reaction catalyzed by GSH-PX (Rotruck et al.
1973) and protects against oxidative damage by reducing lipid
hydroperoxides and H,O, to water (Hefnawy and Tortora-
Perez 2010). Se and Vit E thus play a major role to prevent
oxidative damage by neutralizing ROS and maintain integrity
of biological membranes. The combined supplementation of
Vit E and Se has been reported to reduce the incidence of
various production diseases such as endometritis, retained fetal
membranes, and improved reproduction in various investiga-
tions in dairy cows (Hogan et al. 1993; Miller et al. 1993;
Pavlata et al. 2004; Brozos et al. 2009; Moeini et al. 2009).
Pre-partum (before calving) supplementation of Se (Smg/
100 kg of body weight) and dl-alpha-tocopheryl acetate (25
1U/100 kg of body weight) improved colostrum as well as milk
production; however, no additional effects of the improved Se
status on the passive immunity and growth of calves were
found (Lacetera et al. 1996). Conversely, pre-partum adminis-
tration of Vit E (5 mg/kg body weight) and Se (0.1 mg/kg body
weight) was reported to increase the activity of GSH-Px (139.5
vs. 86.3 U/ml of PCV) and concentration of blood neutrophils
in subsequent lactation in dairy sheep (Morgante et al. 1999).
Similarly, pre-partum (3 weeks before calving) administration
of 1100 TU of Vit E (dl-alpha-tocopherol acetate) and Se
(30 mg of sodium selenite) was reported to improve the oxida-
tive status of crossbred dairy cattle and reduce the erythrocyte
peroxide levels (Gupta et al. 2005). Earlier studies by Smith
et al. (1997) had demonstrated the increased concentration of
alpha-tocopherol acetate in the polymorphonucleocytes (PMN)
following supplementation of Vit E and Se during transition
period which helped to maintain the bactericidal action of PMN
around parturition. Additionally, Vit E and Se supplementation
have also been reported to reduce the incidence of reproductive
disorders such as still births (dead calves carried to full term or
calf mortalities within 24 h of birth) in dairy cows (Waller et al.
2007) and reduced OS indices in buffaloes affected by dystocia
(difficulty in calving requiring assistance to deliver the calf)
(Sathya et al. 2007).

In HS, dietary Vit E feeding has resulted in improved im-
mune function in poultry (Niu et al. 2009b). Our laboratory has
recently investigated Vit E and Se supplementation in various
farm animals exposed to HS, and we found that dietary Se (1.0
ppm) and Vit E (200 IU kg ') greater than those usually
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recommended for pigs reduced intestinal leakiness caused by
HS-induced oxidative damage (Liu et al. 2016). Similarly, in
sheep, inclusion of dietary Vit E and Se above recommended
levels modulated the Jongissimus muscle expression of HSP,
pro-inflammatory cytokine, and NF-kB transcription factor,
protecting against HS and reducing OS (Chauhan et al.
2014a). Se supplementation alone was also reported to improve
the immune functions in broilers (Niu et al. 2009a) and quails
(Sahin et al. 2008) when exposed to HS. Another study by Liao
et al. (2012) in broiler chicks reported that dietary supplemen-
tation of Se (0.30 mg/kg) improved immune responses and
lowered mortality compared to chicks fed diets with low Se
(0.027 mg of Se/kg). Research in the last two decades has
clearly elucidated the importance and beneficial effects of Se
supplementation for immunomodulation (Finch and Turner
1996; Spears and Weiss 2008) and immune functions (Politis
et al. 1995; Rooke et al. 2004; Spears and Weiss 2008). For
example, supplementation of Se in sheep increased blood and
colostrum Se concentrations and resulted in greater Se levels in
lamb blood and liver along with enhanced absorption of IgG.
Similarly, feeding forage enriched with Se in beef cattle
improved the antibody titers of mature cows, and growth
rates of calves along with blood Se. Hall and Gow (2013) fed
recently weaned beef calves an alfalfa hay, harvested from
sodium selenate (0,22.5, 45, or 89.9 g Se/ha) fertilized fields,
based diet for 7 weeks and found that the calves fed highest vs
the lowest level of alfalfa (enriched with Se) had higher anti-
body titters following immunization with J-5 Escherichia coli
bacterin. Additionally, calves previously fed highest Se-
enriched alfalfa hay showed higher slaughter weights and re-
ported less mortality in calves. These results are quite encour-
aging and suggest that immune responses and growth perfor-
mance of ruminants fed fodder crops grown in Se deficit soils
can be improved by Se enrichment of such fodder crops. The
concentration of Se used in these protective studies has been
often higher than allowed in some jurisdictions (e.g., EU) and
so efforts have been directed at finding plant-derived antioxi-
dants that may provide protection against HS. In this context,
we have recently shown that a sugarcane molasses—derived
extract that is rich in polyphenols can alleviate OS and increase
growth rate of broiler chickens suffering OS (Shakeri et al.
2019). Another plant-derived compound that has among anti-
oxidant properties, as well as other actions, is betaine derived
from sugar beet.

Betaine supplementation and farm animal health

Betaine is a glycine derivative and protects cells against os-
motic and temperature stresses. Betaine functions as an
osmolyte and methyl donor and has been used as a feed addi-
tive in livestock to improve the performance (Eklund et al.
2005). Betaine lowers the maintenance requirements and met-
abolic heat production and recently has been used as an
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effective nutritional strategy to mitigate HS as Cottrell et al.
(2015). In a very recent study, we (Dunshea et al. 2019) found
that feeding 15 g/day natural betaine in the concentrate ration
for approximately 3 weeks improved the milk production in
dairy cattle grazing summer pastures in Australia. Similarly,
another very recent study in dairy cattle in China demonstrat-
ed that betaine supplementation (15g/day per cow) improved
the production performance, rumen health, and antioxidant
profile of dairy cows exposed to HS (Shah et al. 2020). An
earlier study from our group in feedlot cattle showed energy-
sparing effects of betaine feeding especially in animals with-
out access to shade during summer (DiGiacomo et al. 2014).
Similarly, dietary betaine supplementation at 2 g betaine/day
improves physiological responses of ewes exposed to HS
(DiGiacomo et al. 2016). A study in pigs also demonstrated
that betaine supplementation (0.125%) mitigated the increase
in intestinal permeability following HS as demonstrated by a
reduced permeability in the ileum (Gabler et al. 2013). More
recently, our group investigated the impacts of betaine supple-
mentation in finishing Ross-308 broilers and demonstrated
that supplementation of betaine (0.1%) mitigated some of
the negative effects of HS and improved intestinal barrier
function and gut health (Shakeri et al. 2020a). Thus, several
studies conducted by our lab and few others have consistently
demonstrated the beneficial effects of betaine supplementation
in animals exposed to heat stress. While the improved rumen
and gut health, and production performance of animals have
been demonstrated in most of these studies which indirectly
reflects the improved animal health, immune responses have
not been the focus of these studies and therefore, further stud-
ies investigating the beneficial effects of betaine supplemen-
tation on immune response and animal health during HS are
needed.

Summary and conclusion

Climate change and global warming are likely to exacerbate
the problem of HS as heat waves are getting hotter, longer, and
more frequent. A range of challenges have been predicted to
occur for the livestock industries that will be affected by these
changes in environmental temperature, including the in-
creased incidence of diseases and animal mortality as the im-
mune responses in farm animals are negatively influenced by
HS. This may cause serious economic repercussions for the
global livestock industries. Both cell-mediated and humoral
immune responses are affected during exposure to HS in farm
animals. However, there are both species and breed variations
for the adverse effects of HS on immune response in farm
animals. Recent research has suggested that potential bio-
markers such as some TLRs and cytokines can be used to
measure HS-associated changes in the immune system in live-
stock. Furthermore, TLR pathways, NF-kB pathway,

interferon signaling, stress induction of HSP regulation, and
MAPK signaling pathways have been identified as key path-
ways associated with compromised immune responses in farm
animals during HS. Emerging data from our groups suggest
that HS leads to OS in farm animals, which is previously well
known to be associated with various metabolic diseases, es-
pecially in animals exposed to hot conditions during the tran-
sition period. Nutritional interventions, supplementing antiox-
idants reducing oxidative stress and betaine reducing energy
requirements, to manage HS are beneficial. However, addi-
tional research is needed to elucidate the impacts of such nu-
tritional interventions on immune responses in farm animals.
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