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Abstract 
Prolactin has traditionally been associated with milk production, but recent studies identify prolactin as having many other functions. These 
include a role in pelage growth, sweating, immune function, metabolism, and water/electrolyte balance. A signature of heat stress HS is a rise 
in prolactin concentrations so the question arises as to whether this hormone has a particular function in relation to response to or mitigation of 
HS. Thus, prolactin plays a multifaceted role in the physiological and behavioral responses of livestock to HS, contributing to their ability to cope 
with warmer temperatures and maintain homeostasis. A major advance in recent years is the identification of the SLICK gene in cattle, being a 
mutation in the prolactin receptor. It is responsible for a phenotype of short, shiny coat. SLICK confers heat resilience and offers a realistic means 
of mitigating HS by introgression into cattle without the mutation. The purpose of this article is to ascertain what functions prolactin may have in 
the response to HS. It appears that prolactin may be involved in many of the physiological processes that are affected by HS, but it is clear that 
definitive evidence of cause/effect is yet to be discerned.

Lay Summary 
Prolactin is generally regarded as a pituitary hormone that stimulates mammary gland development and milk production but it is now recognized 
that it has many other functions. Elevated concentrations of prolactin in blood are a signature of heat stress and we have reviewed its likely 
involvement in a range of processes that are influenced by this stressor and the possible role of prolactin in the same. Prolactin acts on cells via 
a specific receptor and the recent description of a mutation in the receptor (called “slick”), which mitigates the impact of heat stress, highlights 
the role of prolactin in response to heat stress.
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Abbreviations: BAT, brown adipose tissue; BEST2, bestrophin-2; BMR, basal metabolic rate; CB154, bromocriptine; FOXA1, forkhead box protein A1; FTO, fat 
mass and obesity-associated gene; GPX7, glutathione peroxidase 7; GSTM2, glutathione S-transferase Mu 2; GSTM4, glutathione S-transferase Mu 4; HPD, 
hypothalamo-pituitary disconnection; HS, heat stress; HSP, heat shock proteins; IFN-γ, interferon-γ; IL, interleukin; ITPR2, inositol 1,4,5-Trisphosphate Receptor 
Type 2; IVGTT, intravenous glucose tolerance test; JAK, Janus kinase; L-DOPA, levodopa; MAPK, mitogen-activated protein kinase; ME, median eminence; NEAT, 
non-exercise activity thermogenesis; NF-κB, nuclear factor-κB; PCLB1, phospholipase C Beta 1; PIT-1, pituitary-specific transcription factor; PRL, prolactin; 
ROS, reactive oxygen species; SKP2, S-phase kinase-associated protein 2; SLC9A4, solute carrier family 9 member A4; SLC23A1, solute carrier family 23 member 
1; SNP, single-nucleotide polymorphism; SOC, suppressor of cytokine signaling; SOD7, superoxide dismutase type 1; STAT, signal transducer and activator of 
transcription; THI, temperature-humidity index; TNF-α, tumor necrosis factor-α; TRH, thyrotropin-releasing hormone; UCP1, uncoupling protein1.

Introduction
Prolactin (PRL) is a somewhat enigmatic hormone, origi-
nally identified as a protein that was lactogenic in pigeons 
(Riddle et al., 1932). For many years, the role of PRL in the 
development of the mammary glands and lactogenesis was 
studied without particular reference to its broader functions 
(Falconer, 1980). It is now apparent that PRL is produced by 
many organs in the body (Freeman et al., 2000; Marano and 
Ben-Jonathan, 2014) and serves as many as 300 functions 
(Bernard et al., 2019) including a range of homeostatic and 
homeorhetic functions. In addition to the direct effects of PRL, 
it was first proposed (Bauman and Currie, 1980) that PRL 
was one of a few candidate homeostatic hormones that might 
exert some of their effects through changing tissue respon-
siveness to other signals. The following review focusses on 
the role of PRL in the response to heat stress (HS), especially 
in domestic ruminants. To fully understand this particular  

function, it is necessary to consider factors regulating PRL 
secretion to indicate its wider roles in the regulation of the 
immune system, metabolic function, and sweating as well as 
taking into consideration the diurnal and circannual rhythms 
of PRL secretion.

Prolactin as a Hormone
Prolactin (PRL) is a single-chain polypeptide protein hormone, 
encoded by a single gene and secreted in a pulsatile manner 
by the lactotropes of the anterior pituitary gland (McNeilly 
and Chard, 1974). Prolactin and shorter PRL variants are 
expressed in a range of non-pituitary tissues and the extent 
to which PRL exerts effect depends on these variants and the 
means of control over expression of the same (Foitzik et al., 
2009). As pointed out by these authors, the pituitary-specific 
transcription factor, PIT-1, is essential for PRL production in 
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anterior pituitary lactotropes, but synthesis in extrapituitary 
tissues is independent of PIT-1. Thus, stimulation of produc-
tion that may occur under HS will rely on PIT-1 in the pitu-
itary and alternative transcription factors in extrapituitary 
tissues (reviewed in (Foitzik et al., 2009).

There are many excellent reviews on the production of PRL 
and its control and the reader is referred to two in particular 
(Freeman et al., 2000; Goffin et al., 2002)

Control of Prolactin Secretion
In sheep, as in other seasonal species, PRL secretion is depen-
dent upon photoperiod, such that it is greater during long 
days than during short days (Ravault, 1976; Kennaway et al., 
1983). Photoperiodism is driven by the pattern of melatonin 
secretion, which is diurnal; being greater during hours of 
darkness (Kennaway et al., 1983). The control of the secre-
tion of PRL is somewhat different to that of other anterior 
pituitary hormones in that there is no known specific releas-
ing factor for the hormone, as there is for gonadotropins, 
GH, thyroid stimulating hormone, and adrenocorticotropin. 
In fact, whereas the secretion of hormones such as gonado-
tropins is eliminated by disconnection of the pituitary gland 
from the hypothalamus (hypothalamo-pituitary disconnec-
tion—HPD), PRL concentrations are actually greater follow-
ing the procedure, indicating that it is under tonic inhibitory 
tone (Thomas et al., 1986). The surgical procedure of HPD 
involves extirpation of the tissue above the median eminence 
(ME) and the placement of a barrier between the ME and the 
hypothalamus. Preserving the ME and the anterior pituitary 
as a unit enables the preservation of vital blood supply to the 
latter (Clarke et al., 1983).

Interestingly, the influence of photoperiod on the secretion 
of PRL is preserved following HPD, leading to the notion that 
factors arising from the pars tuberalis of the ME are involved 
in the photoperiodic effect (Lincoln and Clarke, 1994). The 
pars tuberalis, which is the outer zone of the ME, contains 
cells that express melatonin receptors (Morgan et al., 1989), 
so the hypothesis seems reasonable. Since the photoperiodic 
effect on PRL secretion is dependent upon the diurnal pattern 
of melatonin secretion, elimination of the melatonin signal 
(by superior cervical ganglionectomy) prevented the change 
in secretion following the transition from short-day to long-
day photoperiod in Soay rams (Lincoln et al., 2006).

Despite there being evidence that various factors stimulate 
PRL secretion, these are not specific (Thomas et al., 1987, 
1988a). For example, thyrotropin-releasing hormone (TRH) 
is a potent releasor of PRL (Thomas et al., 1988b), albeit the 
specific releasing factor for thyrotropin. Although TRH can 
evoke a brisk elevation in PRL secretion, the pulsatile secre-
tion of this hypothalamic peptide into the hypophysial portal 
blood of the sheep does not correlate with pulsatile secretion 
of PRL (Thomas et al., 1988b). It seems most likely that posi-
tive drive for PRL secretion is due to several factors although 
it is intriguing to note that following HPD, pulsatile secretion 
of the hormone persists.

A large body of evidence indicates that the secretion of 
dopamine from the hypothalamus exerts inhibitory control 
on the lactotropes (Freeman et al., 2000), although mea-
surement of dopamine in the long hypophysial portal blood 
of sheep did not provide evidence for this (Thomas et al., 
1989b). Alternatively, it is possible that dopamine could reach 
the anterior pituitary gland via the short portal vessels and 

the posterior lobe of the pituitary. Certainly, there is over-
whelming evidence that agonists and antagonists of the D2 
dopamine receptor respectively suppress or enhance the secre-
tion of PRL in sheep (Thomas et al., 1989a) as in other spe-
cies but this could be due, at least in part, to an effect at the 
concentration of the hypothalamus rather than the pituitary 
gland (Curlewis et al., 1993).

Influence of Photoperiod and Environmental 
Temperature on PRL Concentrations
As indicated above, PRL affects many bodily functions (Free-
man et al., 2000), such as regulating the immune system. The 
focus of our review, however, is the role that PRL plays in 
HS in ungulates with special consideration on the effect of 
HS and the consequential rise in PRL concentrations. As indi-
cated above, PRL concentrations in blood are strongly influ-
enced by photoperiod, being greater during long days. Because 
summer is the time of long days as well as warmer ambient 
temperatures, it is difficult to separate these two factors (pho-
toperiod and temperature) as being causative of the increased 
PRL concentrations. One way to separate these two factors 
would be to determine whether elevated temperatures per 
se affect the function of the pituitary lactotropes in animals 
during long days in controlled experiments. A rise in circulat-
ing PRL concentrations is a signature of HS in a wide range 
of species, including ungulates (Alamer, 2011) (Figure 1). As 
such, it includes an increase in the synthesis and secretion of 
PRL, including the PRL response to TRH. As to whether there 
is a combined effect of temperature and photoperiod, a par-
ticular experimental approach is required, testing the effect of 
variation in temperatures in long- and short-day photoperiod. 
It is not a trivial consideration as to whether HS increases 
PRL secretion equally in both long day and short-day photo-
period because in the advent of climate change, warmer ambi-
ent temperatures may be experienced during winter months 
(short days). Whereas most studies on grazing species indicate 
the time of year the experimental work was done, this does 
not allow any determination of whether the effect of or the 
response to HS differs under differing external photoperiods. 
This is notwithstanding the fact that experiments conducted 
on animals taken at a particular time of year and performed 
under artificial conditions (e.g., in climate chambers) can con-
trol photoperiod and temperature in the short term. Carry-
over effects of the seasonal photoperiod may prevail over the 
short-term photoperiod imposed in climate chambers. Time 
of day is another consideration, since PRL concentrations are 
increased at night (Karasek et al., 1990). The nighttime rise in 
PRL may be linked to the nocturnal rise in melatonin but as 
to whether this is cause or effect remains unclear (Karasek et 
al., 2004). Exercise also evokes a rise in PRL concentrations, 
due to hyperthermia (Radomski et al., 1998). Both need to 
be taken into consideration, when evaluating the role of PRL 
in HS.

Prolactin Receptor
Prolactin acts through a single membrane-bound receptor that 
belongs to the Class 1 cytokine receptor superfamily and its 
characteristics are detailed in extensive reviews (Bole-Feysot et 
al., 1998; Freeman et al., 2000; Harris et al., 2004). Cloning of 
the rat PRL receptor was originally published in 1998 (Boutin et 
al., 1988) and it was soon found to exist in multiple isoforms, 
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encoded by a single gene displaying multiple promoter usage and 
3’-exon splicing el. (Kelly et al., 1989; Ormandy et al., 1998). 
Whereas there are various isoforms of the receptor, the extra-
cellular domain is conserved and the isoforms vary in the length 
and composition of the cytoplasmic domains, leading to what 
are referred to as short and long isoforms (Kelly et al., 1991, 
1993; Bole-Feysot et al., 1998). Binding of PRL to the long form 
of the receptor activates STAT5 through membrane-associated 
JAK2, but the short form of the receptor may signal through 
other pathways, such as MAPK (Harris et al., 2004).

The PRL receptor is widely distributed throughout vari-
ous tissues in the body, being highly expressed in the mam-
mary gland, ovary, and the brain. In addition, the receptor is 
expressed in the pituitary gland, heart, lung, thymus, spleen, 
liver, pancreas, kidney, adrenal gland, uterus, skeletal muscle, 
and skin (Nagano and Kelly, 1994; Bole-Feysot et al., 1998; 
Foitzik et al., 2009).

Prolactin, Hair/Wool Growth and Shedding
Prolactin transcripts and protein are found in the hair follicle, 
in mice (Craven et al., 2001) and humans (Foitzik et al., 2003, 
2006). Of particular interest is the observation that PRL bind-
ing was localized to the dermal papillae of wool follicles and 
in sebaceous and apocrine sweat glands in ovine skin (Choy et 
al., 1995; Nixon et al., 2002) discussed in detail below.

Wool growth in domesticated sheep breeds that do not 
shed their wool is consistent throughout the year, but in shed-
ding breeds which are largely considered to be ‘primitive’ and 
not subjected to artificial selection pressure show a distinct 
annual cycle of wool growth, shedding their wool on an 
annual basis (Lincoln, 1990). So-called “wild” or “ancient” 
breeds, such as Soay and Mouflon are relatively unselected 
and display the shedding property. One might consider the 
Wiltshire and Dorper breeds, which display annual shedding, 
to be ‘domesticated’ being selected for performance traits. The 
name of the former breed is somewhat misleading because the 
origin is in the in the Mediterranean or Middle East being 
brought to England by the Romans. Dorper is a composite 
breed developed in South Africa being a cross between Dorset 
Horn and Persian Blackface breeds, the latter conferring the 
shedding property. In shedding breeds, such as Mouflon and 
Wiltshire Horn, the molt is linked to the circannual change 
in PRL concentrations (Lincoln, 1990; Pearson et al., 1996). 
Other composite breeds such as the Easycare (Welsh Moun-
tain × Wiltshire Horn) and Aussie White (White Dorper × Van 
Rooy × Poll Dorset × Texel) display shedding, due to their 
inheritance of a dominant autosomal gene (Pollott, 2011). A 
GWAS study of Easy-care sheep identified 4 SNP that may 
be associated with shedding (Matika et al., 2013) but the 
authors were cautious to point out that the SNP may not fully 
explain the genetics of shedding. Cyclic changes in photope-
riod altered plasma PRL concentrations, wool follicle activity, 
and PRL receptor expression in a related fashion, suggesting 
that PRL functions to alter seasonal patterns of wool growth 
(Nixon et al., 2002). Other studies in goats yielded dichoto-
mous results. Thus, the culture of hair follicles from Cashmere 
goats showed that PRL stimulated the elongation of the hair 
shafts. In two studies (Ibraheem et al., 1994; Puchala et al., 
2003) infused PRL into the superficial branches of the deep 
circumflex iliac artery and vein of Angora goats with saline 
infusion as control, showing that the PRL reduced mohair 
fiber growth. The latter study is consistent with the weight of 
evidence that seasonal increase in PRL concentrations reduces 
hair/wool growth but more work is required to understand 
the exact means by which PRL exerts such an effect. As a gen-
eral rule, the weight of evidence is that molting in shedding 
breeds occurs when PRL concentrations rise with increasing 
seasonal daylength (Lincoln, 1990; Pearson et al., 1996).

In cattle, the relationship between hair growth and PRL 
was somewhat elucidated by a seminal study by Littlejohn 
et al (Littlejohn et al., 2014). Thus, a mutation in the PRL 
gene per se produces a hairy phenotype in cattle, whereas a 
mutation in the PRL receptor produces the SLICK phenotype 
discussed below. If it is accepted that PRL inhibits hair/wool 
growth, how is it possible that a mutation in the receptor 
leads to the SLICK phenotype? One answer may be that the 
mutation confers a gain-of-function, enhancing the effect of 
PRL to reduce hair growth.

Sweating
The sweat glands can be characterized to be of two types, 
being eccrine and apocrine and a detailed description of 
the anatomy of the two types is provided by Bligh (Bligh, 
1967). Whereas eccrine glands produce watery sweat from 
non-hairy regions humans and some other species, domes-
ticated animals, including horses, cows, sheep, and goats, in 
the human and some domesticated species including horses, 

Figure 1. Panel A: Mean (± SEM) plasma PRL concentrations in heifers 
kept in thermal comfort (TC ●) (18 °C), thermal comfort with restricted 
feeding (TCRF) or increased ambient temperature (HAT) (32 °C) in 
climate chambers and measured across the estrous cycle. *P < 0.05 
and **P < 0.01 between HAT and TC. Adapted from Ronchi et al. 2001 
(Ronchi et al., 2001), with permission. Panel B: Mean (± SEM) PRL 
concentrations in Dorper (△) and Crossbred-Merino (O) lambs in climate 
chambers and subjected to either thermoneutral (TN; 18-21 °C) or cyclic 
HS (HS; 28°- 40 °C Values with different letters differ significantly (breed; 
P < 0.05, treatment; P < 0.001; day; P < 0.001). Reproduced from Joy et 
al. (2020), with permission.
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cows, sheep, and goats produce sweat from apocrine glands. 
Eccrine glands develop during the fetal life of humans, whereas 
apocrine glands develop at the time of puberty. In humans,  
eccrine glands open to the skin surface and are numerous. 
Apocrine glands open into hair sheath, are localized to specific 
regions, and produce a protein/lipid-rich sweat. Eccrine glands 
produce a watery sweat and are most involved in thermoregula-
tion by evaporative cooling in humans (Baker, 2019).

Eccrine glands are under cholinergic control, whereas 
apocrine glands are under the control of circulating adren-
alin, which is increased with exercise and under HS (Evans, 
1966). Patterns of sweating in sheep, goats, and cattle are 
summarized by Bligh (Bligh, 1967). Horses produce copi-
ous amounts of sweat in response to elevated ambient tem-
perature or exercise, but the same is not true for the other 
above-mentioned species. Detailed studies by Evans (Evans, 
1966) and others cited by the same, showed that the apo-
crine glands of the horse were not innervated by adrenergic 
nerves but respond to adrenalin, leading to the conclusion 
that under conditions such as exercise, a rise in circulating 
adrenalin stimulates sweating. Interestingly, pigs possess apo-
crine glands that respond to adrenergic stimulation, but the 
openings of the glands are generally blocked by keratin and 
sweating is not observed, except in the snout, in which eccrine 
glands are found (Ingram, 1967).

The extent to which PRL acts to regulate sweating in 
domestic animals is an issue of ongoing investigation. Pro-
lactin or PRL-like immunoreactivity was localized to sweat 
glands in human skin, being localized in clear cells that are 
considered to regulate fluid secretion (Walker et al., 1989). 
Elucidation of such a display was prompted by the earlier 
demonstration that PRL regulates osmoregulation in tele-
ost fish (Loretz and Bern, 1982). In humans, it was shown 
that PRL can change the chloride ion concentration in sweat 
(Robertson et al., 1986), but such a mechanism is not rele-
vant to the domestic species in which eccrine glands do not 
predominate. As mentioned above, PRL binding was local-
ized to the dermal papillae of wool follicles and in sebaceous 
and apocrine sweat glands in ovine skin (Choy et al., 1995)  
(Figure 2). Until it can be demonstrated that PRL regulates 
sweating from apocrine glands in domesticated species, it is 
impossible to ascribe a function of the hormone. On the other 
hand, it would be interesting to ascertain whether PRL reg-
ulates the copious exercise-induced sweating demonstrated 
by horses and in cattle, which also display significant sweat 
response to warm/hot ambient temperatures (Dikmen et al., 
2008).

Breed Diversity and the SLICK Gene
Bos Indicus (Indicine) cattle originated in the Indian sub-
continent but have now spread throughout the World (Utsu-
nomiya et al., 2019), resulting in several sub-species. These 
animals are relatively thermotolerant for various reasons 
(Turner and Schleger 1960; Hansen, 2004) including short 
hair, large skin folds, increased heat dissipation from the body 
to the skin and lowered metabolic rate, although reports of 
their possessing more sweat glands and having a greater 
sweating rate are controversial. The genetic basis of thermo-
tolerance in Bos Indicus or breeds derived from the same has 
been a subject of considerable investigation (Hansen, 2004; 
Pires et al., 2021). In 2004, Hansen (Hansen, 2004) wrote 
“Almost nothing is known about specific genes controlling 
heat resistance in zebu cattle and, indeed, our understanding 
of the physiological basis for thermotolerance in these cattle 
is still incomplete.” Since then, however, considerable progress 
has been made (vide infra).

Extensive genetic differences are now evident between Bos 
Taurus and Bos Indicus (Bolormaa et al., 2013), the former 
being relatively less thermotolerant. A recent paper compared 
copy number variation (CNV) between Bos Taurus and Bos 
Indicus highlighting essential genome diversity between the 
two (Hu et al., 2020). For example, this study revealed a 1.74 
Mbp indicine-specific sequence that could only be mapped to 
Bos Indicus. The differentially expressed genes are thought to 
be functionally involved in heat tolerance, metabolism, and 
other traits associated with adaption to warmer climates.

In addition to the widespread differences between Bos Tau-
rus and Bos Indicus, it is apparent that cattle of composite 
breeds are thermotolerant and have short, shiny coats (Olson 
et al., 2003; Dikmen et al., 2008, 2014). Thus, a mutation 
of a dominant gene, mapping to chromosome 20 in Senepol-
derived cattle, in a region of the chromosome that includes 
coding for the PRL receptor (Mariasegaram et al., 2007) was 
found to associate with the SLICK phenotype.

Breeds Displaying the SLICK Phenotype
Senepol
The Senepol breed originated in St Croix, a county of the US 
Virgin Islands in the early 1900s, through a breeding objec-
tive of Henry Nelthropp and family to develop a hornless, 
early maturing breed with a mild disposition and adaptability 
to tropical climes (Flori et al., 2012). The cross was between 
cows presumed to N’Dama originating from Senegal and 
local Red Poll bulls originating animals of Great Britain. The 
true genetic origin of the N’Dama breed has been questioned 
although the presence of the SLICK gene was verified in 
Senepol (Flori et al., 2012). The breed, sourced from various 
populations, was found to be 90% European ancestry and 
10% Zebu, strongly suggesting that the original cross did not 
incorporate N’Dama to any significant extent. These authors 
also identified a region on Chromosome 20, that conferred 
thermo-tolerance.

A significant advance was the identification of a point 
mutation in the PRL receptor gene that was associated with 
the SLICK phenotype in Senepol cattle. Thus, based on the 
reasonable premise (Mariasegaram et al., 2007; Flori et al., 
2012; Huson et al., 2014), Littlejohn et al (Littlejohn et al., 
2014) interrogated the genetic makeup of Senepol cattle dis-
playing the SLICK phenotype. They identified a single base 

Figure 2. Staining of prolactin receptor in apocrine sweat gland (AG) 
and sebaceous gland (SG) in interfollicular epidermis (E) of ovine skin 
using silver-enhanced immunogold immunohistochemistry. Dark staining 
indicates the presence of the receptor. Bar represents 50 μm. Taken from 
Choy et al (1997), with permission.
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deletion in Exon 10 of the PRL receptor gene that intro-
duces a premature stop codon (p.Leu462*) and loss of 120  
C-terminal amino acids from the long isoform of the receptor.

Examining other breeds (including Bos Indicus), it was 
apparent that the mutation was unique to Senepol, so the 
short-haired Indocine phenotype and its association with 
thermotolerance appears not to be due to the mutation iden-
tified in Senepol. As the authors pointed out, the link between 
the mutation and thermotolerance remained to be elucidated. 
More recently, as discussed below, other mutations in the PRL 
receptor, which do not occur in SLICK Senepol, have been 
reported in SLICK-coated Limonero cattle (Porto-Neto et al., 
2018) (vide infra). An open question remains as to how the 
mutation(s) in the PRL receptor actually confers thermotoler-
ance in Senepol cattle. Notably, however, this breed does not 
display any difference compared to wild-type animals in the 
number of sweat glands in the skin. Thus, Sosa et al. (2022) 
found no difference in the total area of sections of skin occu-
pied by sweat glands between cows heterozygous for SLICK 
and those without the mutation. It was concluded that the 
SLICK mutation might affect the function of the sweat glands 
because of the greater level of immunoreactive FOXA1 found 
in the sweat gland epithelium. Sweat glands express FOXA1 
which regulates the Bestrophin-2 gene (BEST2), the latter 
being necessary for the secretory function of the sweat glands 
(Cui et al., 2012). As indicated above, this may represent a 
gain-of-function that is yet to be defined. Additional exper-
iments are warranted to determine whether the amount of 
FOXA1 in the sweat gland epithelium affects sweat gland 
function and whether, as speculated by Foitzik et al. (Foitzik 
et al., 2009), the sweat gland is one of the physiological tar-
gets of PRL in cattle, as in sheep (Choy et al., 1995, 1997). 
As to how sweating is regulated in SLICK, and indeed other 
animals/species, requires further elucidation.

It must be noted that, whereas the SLICK gene (PRL 
receptor mutation) has been the subject of considerable 
focus, many other genes are likely to be important in the 
development of thermotolerance as well as within Senopol; 
SKP2 (S-phase kinase-associated protein 2) for example 
(Huson et al., 2014).

Criollo/Limonero
Another breed of interest is the Venezuelan Criollo or Criollo 
Limonero, which is Bos Taurus. The breed is descended from 
cattle of southern Spain (Andalusia), taken to South America. 
Over 400 years, these cattle have adapted to the Venezuelan 
climate. The breed was threatened by extinction, but a herd 
was maintained at the Instituto Nacional de Investigaciones 
Agropecuarias, Zulia, Venezuela. The reason Criollo Lim-
onero seems well-adapted to the tropical climate of Venezu-
ela is thought to be related to their hair type and blood flow 
physiology. Selection has favored the slick hair type, with 
relatively greater heat dissipation from the skin. Criollo Lim-
onero displays features such as loose skin, similar to zebu, 
which may confer thermotolerance (Landaeta-Hernández et 
al., 2011). Sweat glands in Slick-haired animals of this breed 
were greater in size than in normal-haired animals of the 
same breed and the shape of the glands was different; the 
Slick-haired had glands with a wider lumen, thick walls, and 
abundant cells whereas the normal-haired animals had long, 
thin sweat glands (ibid). As indicated above, the Limonero 
displays mutations other than that identified in Senepol, 
which raises the question as to whether Slick phenotype is 

due to one or more mutations, all within the PRL receptor 
gene (Porto-Neto et al., 2018).

Carora
The Carora breed originates from a cross between Crio-
llo and Brown Swiss cattle in Venezuela, in the 1930s with 
selection favoring the SLICK gene phenotype (Cerutti et al., 
2006). Carora also possesses the SLICK mutation, derived 
from Criollo.

Introgression of the PRL Gene
As pointed out by Hansen (Hansen, 2020), the transfer of 
genes such as SLICK, offers a good means of mitigating HS 
in animals of high productivity, without the disadvantages of 
cross-breeding, which can compromise the same. This is pref-
erable to selecting animals with lower core body temperatures 
because of the correlation between body temperature and 
milk yield (Dikmen et al., 2012). Introgression of other genes 
that confer heat resilience may also confer heat resilience, but 
the current information on the transfer of SLICK reinforces 
the notion that PRL signaling plays a fundamental role in the 
consequences and mitigation of HS.

Other Candidate Genes for Heat Resilience
It is clear that the genomes of Indocine and Taurine cattle are 
very different, although there is some degree of overlap (Naji 
et al., 2021). Given that thermotolerance is clearly greater in 
Indocine cattle, there is further opportunity to exploit this by 
further interrogation of the genome and identification of par-
ticular genes that confer heat resilience. The studies of Kim et 
al (Kim et al., 2016) examined genotypes of Barki sheep and 
goats in a hot arid region of the western desert in Egypt, as 
well as the genotypes of a number of breeds from temperate 
climes. Selection signatures relating to adaption to a hot dry 
environment were found, including those for traits relating 
to thermo-tolerance, body size and development, metabolism, 
and immune function. Thus, natural or artificial selection in 
such an environment may favor particular genes that warrant 
further attention.

Interestingly, there are genes common to sheep and cattle 
that have been identified as being associated with heat resil-
ience, such as PCLB1 (Kim et al., 2016; Taye et al., 2017; Fre-
itas et al., 2021). Freitas et al (Freitas et al., 2021) examined 
3 breeds of Chinese cattle and identified mutations in several 
genes that related to thermotolerance, based on haplotyping, 
including SLC9A4 and ITPR2 (involved in thermal sweat-
ing), PLCB1 (which hydrolyzes phospholipids into fatty acids 
and other lipophilic molecules), and FTO (which regulates 
metabolism). Selection pressure for these genes may confer 
thermotolerance. Taye et al. (2017) examined the genomes of 
five breeds of African cattle and identified several genes, using 
haplotype diversity, that may relate to heat resilience and 
that may have been subjected to positive selection pressure. 
These included SOD1, GPX7, GSTM2, GSTM4, SLC23A1, 
SLC23A1 PLCB1, and FTO. Interestingly, Kim et al. (2016) 
also identified PLCB1 as a gene under selection in Barki sheep 
and goats (vide supra), raising the possibility that selection 
for these genes may be used as a marker for thermotolerance, 
although further work is required to consolidate the notion. 
Nevertheless, the studies discussed above raise the possibility 
that a single blood sample and harvest of white blood cells 
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could enable the screening of many animals to identify spe-
cific candidate genes.

Other Mechanisms Whereby Prolactin may 
Function during HS
Prolactin, leptin, and food intake
A universal response to HS is a reduction in food intake, seen 
in mice (Morera et al., 2012), cows (Baile and Forbes, 1974; 
Rhoads et al., 2013), sheep (Joy et al., 2020) pigs (Cervantes 
et al., 2016), and goats (Lu, 1989). Nevertheless, in thermo-
tolerant animals, a reduction in food intake is not seen, since 
reduction under HS was evident in merino cross-bred sheep, 
subjected to cyclic HS for 2 wk (38 to 40 °C between 0800 h 
and 1700 h daily) but not in thermotolerant Dorper sheep 
(Joy et al., 2020). Neither was food intake reduced in Bos 
Indicus cattle when the ambient temperature was raised from 
20 °C to 32 °C for 5 d, whereas a marked reduction was seen 
in Bos Taurus (Beatty et al., 2004).

As to how the effect of HS on food intake is due to PRL 
action is not clearly delineated, but there is good circumstan-
tial evidence that the anorectic hormone leptin may play a 
role. For example, PRL (produced by pituitary grafts or 
administered PRL) stimulates leptin gene expression in white 
adipose tissue and increases circulating concentrations of 
leptin in female rats (Gualillo et al., 1999), so an effect of HS 
to increase leptin concentrations, through PRL action, would 
hardly be surprising. Interestingly, other studies conducted in 
vitro on adipose tissue from male and female rats showed 
that PRL inhibited lipolysis and reduced leptin secretion (in 
epididymal fat cells), in concert with upregulation of the long 
and short forms of the PRL receptor (Brandebourg et al., 
2007). Strangely, these authors did not cite the earlier study 
of Gualillo et al (Gualillo et al., 1999). In mice, an increase in 
plasma leptin concentrations is observed under HS (Morera 
et al., 2012) although the same was not the case for pigs (Cer-
vantes et al., 2016). Data from other domesticated animals 
is wanting. Plasma leptin concentrations increased slightly 
(albeit significantly) with HS in Salem Black goats but not in 
Osmanabadi goats, the former being relatively more thermo-
tolerant (Archana et al., 2018), but any association with food 
intake was not reported. There are minimal data for ovine or 
bovine as to how HS may affect leptin concentrations asso-
ciated with a reduction in food intake, but this would be a 
worthy area of investigation. The effect of HS on leptin and 
adiponectin concentrations is not clear for bovine; although 
the paper of Bernabucci et al (Bernabucci et al., 2010) is often 
cited, the study was of photoperiodic effects, so the influence 
of temperature/humidity is confounded. One recent publica-
tion showed no difference in the expression of the leptin gene 
in Caracu (Bos taurus) and Nelore (Bos indicus) bulls under 
HS (Pires et al., 2021). To the knowledge of the authors, there 
is no evidence that a reduction in food intake seen under HS 
is due to an increase in leptin concentrations. In this regard, 
it seems most likely that environmental effects on leptin con-
centrations are more important than breed differences in the 
same (Pires et al., 2021).

Prolactin and thermogenesis
Thermogenesis is a process through which facultative or adap-
tive processes lead to the generation of heat, particularly in 
brown adipose tissue (BAT) but also in muscle and beige adipo-
cytes (Fuller-Jackson et al., 2017). BAT is active in ruminants  

as in other species (Henry et al. 2017), especially prevalent in 
the brisket of sheep.

Thermogenesis is a form of energy expenditure that can be 
categorized as:-

•	 Basal Metabolic Rate (BMR)
•	 Physical Activity
•	 Non-exercise activity thermogenesis (NEAT)
•	 Adaptive Thermogenesis including diet-induced thermo-

genesis

Brown adipocytes are rich in mitochondria and express 
uncoupling protein1 (UCP1), which “uncouples” the electron 
chain in the mitochondria, leading to the generation of heat. 
The process is activated in cold environments, to maintain 
body temperature. BAT is innervated by the sympathetic ner-
vous system and thermogenesis is stimulated by noradrena-
lin, as well as adrenalin. BAT is also richly vascularized and 
thermogenesis is also stimulated by a range of hormones and 
substrates. It is clear from studies in sheep that thermogenesis 
is stimulated in muscle, as well as fat by feeding (diet-induced 
thermogenesis (Henry et al., 2008). Thermogenesis leads to 
an increase in core body temperature, so it is ostensibly rele-
vant to the condition of HS. Whereas this could be due to a 
rise in leptin concentrations, which stimulates thermogenesis 
(Henry et al., 2008) (Figure 3), elevated circulating concen-
trations of adrenalin are also seen under HS in cattle (Alvarez 
and Johnson, 1973). Differences in plasma concentrations of 
adrenalin and noradrenalin have been reported for different 
sheep breeds (Horton and Burgher, 1992), but how these fac-
tors would influence thermogenesis under HS is unknown.

As to whether PRL is important in regulating thermogen-
esis, one study on sheep kept at 43 to 44 °C showed that 
treatment with CB154 (bromocriptine), an inhibitor of PRL 
secretion caused a significant rise in core body temperature 
(Salah et al., 1995), although PRL concentrations were not 
measured and whether there was an effect on BAT thermo-
genesis was not indicated. Other studies also indicate that 
PRL can inhibit thermogenesis (Yahata and Kuroshima, 
1994). In particular, greater concentrations of PRL reduce 
concentrations of UCP1 in BAT during lactation in the rat 
(Chan and Swaminathan, 1990). Regarding the role of PRL 
in the regulation of thermogenesis in domestic animals, few 
studies have been done, but the rise in adrenalin that occurs 
under HS could be a stimulus.

Cortisol, prolactin and heat stress
Cortisol concentrations are often raised during HS (e.g., 
(Sivakumar et al., 2010), leading some authors (Endris and 
Feki, 2021) to assert that “cortisol is the primary biochemical 
marker for HS in ruminant livestock,” but see below. This 
may depend upon ambient temperature and humidity, the 
length of the stressful period, and the susceptibility of indi-
viduals to the environmental stress. Short-term elevation of 
cortisol concentrations in species such as sheep may be bene-
ficial in terms of an acute reaction but long-term elevation is 
considered detrimental (Hough et al., 2013). Importantly, HS 
(42 °C) of Malpura ewes increases cortisol concentrations, 
which is attenuated by antioxidant supplementation (Sejian 
et al., 2014) and the same is seen in goats subjected to HS 
(40 °C), in which increased concentrations of cortisol were 
lowered by antioxidant treatment (Sivakumar et al., 2010).
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Cortisol concentrations are a sensitive indicator of HS in 
humans, but only when “discomfort” is indicated indicated 
some habituation is also observed following repeated daily 
HS (Follenius et al., 1982). On the other hand, HS has been 
shown to cause a chronic elevation in cortisol concentra-
tions, as seen in sheep even at an ambient temperature of 
30 °C, that is not diminished over a period of weeks (Woj-
tas et al., 2013), potentially leading to a range of harmful 
effects (vide infra). The degree of increase in cortisol concen-
trations seen in sheep under HS is strongly correlated (r2 = 
0.48) to the temperature-humidity index (THI) (Slimen et 
al., 2019). Importantly, however, the increase in cortisol con-
centrations seen with HS (THI > 80) in dairy cows is slightly 
increased (albeit significant) in cows with greater sensitivity 
to the stress than in those with lesser sensitivity (based on 
rise in rectal temperature) (Chen et al., 2018). Despite there 
being many reports of a rise in plasma cortisol concentra-
tions under HS, there are also several examples where there 

is either no change (Chauhan et al., 2014b) or a reduction in 
concentrations. Thus, cortisol concentrations were seen to fall 
in neonatal pigs when the ambient temperature was raised 
from 18 °C to 34 °C (Carroll et al., 2001). In an early study 
of non-lactating Holstein cows, ambient temperatures of 40 
°C or 43 °C caused an acute rise in cortisol concentrations, 
which returned to near-normal within 3.5 h (Alvarez and 
Johnson, 1973). The same study also showed an acute rise 
and then a decline in plasma cortisol concentrations over 72 h 
at an ambient temperature of 35 °C. A more recent study of 
young Holstein heifers maintained in either thermal comfort 
(THI 65) or hotter temperature (THI 84) for 17 d (Ronchi 
et al., 2001), showing a decline in cortisol concentrations at 
the warmer temperature (Figure 1). Importantly, in the same 
study, PRL concentrations were seen to rise, when cortisol 
concentrations fell, suggesting that there is no positive cor-
relation in the concentrations of the two hormones.

The relationship that cortisol concentrations have to con-
centrations of PRL is not addressed in most studies, but it 
would be interesting to obtain a greater knowledge of the 
degree to which the concentrations of the two hormones are 
related during HS. For example, a study in goats showed a 
concomitant rise in both hormones during HS (Sivakumar 
et al., 2010), but any interaction between the two was not 
elucidated. A precedent for such a likely association is that a 
positive association between PRL and cortisol concentrations 
was seen in PCOS women, but indicated that more research is 
required to substantiate a causative role of the former on the 
latter (Glintborg et al., 2014).

Another factor that may be causative of increased corti-
sol concentrations under HS is the reduction in food intake, 
since concentrations increase with food restriction or fasting 
(Henry and Clarke, 2007). As indicated above, food intake 
may be affected by HS in some circumstances but not others, 
perhaps associated with a rise in PRL concentrations although 
the link with cortisol concentrations is not fully explored.

Metabolism, prolactin, and heat stress
A recent review indicates that PRL has a significant role in 
regulating metabolism (Pirchio et al., 2022). In particular, 
mild elevation in PRL concentrations has beneficial effects on 
metabolic function in humans, acting on the pancreas, liver, 
adipose tissue, and the hypothalamus (Macotela et al., 2022). 
In support of this concept, McCarty et al. (2009) found that 
thermal therapy had the potential to enhance insulin sensitiv-
ity in humans. Furthermore, HS has been found to improve 
biomarkers of insulin sensitivity in diabetic rats (Kokura et 
al., 2010) and in rats on a high-fat diet (Gupte et al., 2009). 
The association between increased glucose-induced insulin 
secretion and insulin sensitivity appears to be also the case 
in ruminants.

It is clearly apparent, that the rise in PRL concentrations 
that occurs with HS in domestic animals is associated with 
reduced food intake in most cases, although this is breed-
dependent, as indicated above. In addition, several metabolic 
processes are impacted. PRL regulates the production of 
leptin and adiponectin (vide supra), that respectively inhibit 
and stimulate food intake, thus influencing metabolic bal-
ance. Despite the reduction in feed intake, plasma insulin and 
glucose concentrations are generally unchanged or increased 
(Joy et al., 2020; Prathap et al., 2022; DiGiacomo et al., 
2023; Hung et al., 2023). Where plasma glucose has been 
reduced the decrease has either been quite small (Achmadi 

Figure 3. Tissue-specific post-prandial thermogenic profiles 
(means ± SEM) of gluteal fat, retroperitoneal fat, and skeletal muscle 
(n = 4/group). The hatched area indicates the time when food was 
offered. Reproduced from Henry et al (2008), with permission.
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et al., 1993) or there has been either a large reduction in feed 
intake and/or an increase in plasma insulin (Wheelock et al., 
2010; Hall et al., 2016). Also, a reduction in blood glucose is 
more likely to occur in lactating ruminants where there is a 
large glucose demand for synthesis of milk lactose (Wheelock 
et al., 2010; Hall et al., 2016). Therefore, it appears that HS 
influences glucose metabolism by increased insulin secretion 
and/or increased sensitivity in ruminants and pigs (reviewed 
in (Slimen et al., 2019)).

There is growing evidence that HS in ruminants and pigs 
increases insulin sensitivity. For example, Hung et al. (2023) 
found that warm/hot ambient temperatures increased basal 
plasma measures of insulin sensitivity. Also, the plasma 
insulin response to the intravenous glucose tolerance test 
(IVGTT) was decreased in sheep exposed to HS which is 
again indicative of improved insulin sensitivity in sheep. In 
support, Henry (2012) found that HS reduced insulin resis-
tance in sheep. Similarly, Sanz Fernandez et al. (2015) found 
that insulin sensitivity was increased during HS in pigs. These 
observations are consistent with other findings in pigs where 
HS reduced the acute insulin-releasing rate and hence slowed 
the glucose clearance rate after an IVGTT (Liu et al., 2017). 
Although DiGiacomo et al. (2023) found that insulin resis-
tance was increased in sheep during HS, the consensus is that 
insulin sensitivity increases during HS. Thus, enhanced insulin 
sensitivity may serve as a crucial aspect of the acclimation 
process during HS.

The augmentation of insulin sensitivity could correlate 
with reduced metabolic heat production, suggesting that 
preservation of insulin sensitivity is pivotal to thermoregula-
tion, particularly under HS conditions. Therefore, maintain-
ing glucose homeostasis presents a viable strategy to enhance 
adaptation to HS. Increased insulin sensitivity would ensure 
that heat-stressed animals would reduce adipose tissue lipid 
mobilization and diverting from the use of non-esterified fatty 
acids as a preferred energy substrate, despite the reduction in 
feed intake that generally occurs during HS. Rather, glucose 
would become the preferred energy substrate for peripheral 
tissues. HS causes a reduction in blood pCO2 and an increase 
in blood pO2, with a resultant decrease in base excess and an 
increase in blood pH in sheep (Gonzalez-Rivas et al., 2017; 
Joy et al., 2020). These changes in blood gas parameters are 
most likely a result of increased respiration rate and CO2 
exhalation during HS. The use of lipids as a metabolic sub-
strate during HS would result in a low respiratory quotient 
(Blaxter, 1962) and, therefore, further exacerbate the reduc-
tion in the blood base excess resulting in respiratory alkalosis. 
An increase in insulin sensitivity would inhibit lipolysis and 
fat mobilization whilst still ensuring hepatic gluconeogene-
sis since the effective dose to reduce plasma NEFA concen-
trations is within the physiological range and less than that 
which inhibits gluconeogenesis (Petterson et al. 1993, 1994).

In ruminants, however, rumination produces volatile fatty 
acids (VFA) which are taken up into the bloodstream to pro-
vide substrate for gluconeogenesis and PRL action in the liver, 
which is substantial (Kirsch et al., 2022). However, as pointed 
out by Ben-Jonathon et al. (Ben-Jonathan et al., 2006), sur-
prisingly little is known about how PRL acts in the liver, but 
since it acts to regulate enzymes and transporters in other tis-
sues, such as breast and adipose, one would expect the same 
in the liver. HS, however, mobilizes several reserves, which 
act as substrates for gluconeogenesis and could counteract 
the increase in insulin and insulin action. In particular, HS 

in ruminants causes increased blood concentrations of VFA, 
indicating increased protein and lipid catabolism, to meet 
increased energy demands (Salama et al., 2014; Slimen et al., 
2016). There are also associated changes in hepatic glucose 
output through altered glycolysis, glycogenolysis, and gluco-
neogenesis, which is well discussed by Baumgard and Rhoads 
(Baumgard and Rhoads, 2013). A particular observation of 
note is that the expression of the pyruvate carboxylase gene 
is increased due to HS in the livers of lactating dairy cows, 
which would enhance gluconeogenesis (Rhoads et al., 2011). 
The extent to which this is totally or partly due to PRL action 
on the liver is unknown but may be related indirectly to 
changes in insulin sensitivity. The role of PRL in the liver is 
thought to be largely protective (Kirsch et al., 2022) and over-
expression of the PRL receptor improves insulin sensitivity, 
whereas knockout of the receptor does the reverse, either in 
hepatocytes in vitro or in vivo (Yu et al., 2013). Many genes 
in the liver are either up- or down-regulated by the SLICK 
mutation in the PRL receptor, but none of these appear to 
relate to the gluconeogenic pathway (Sosa et al., 2022). 
Accordingly, increased PRL concentrations during HS could 
impact metabolism by direct action on the liver, but further 
work is required to demonstrate this.

The PRL receptor activates the JAK/STAT pathway of 
intracellular signaling, so any cell expressing the receptor 
and in which gene promoters possess the relevant cognate 
STAT binding site may be regulated by PRL (Bole-Feysot 
et al., 1998) clearly having implications in terms of control 
of metabolism. HSP70 induction by reactive oxygen spe-
cies (ROS) occurs through activation of the promoter by 
enhanced binding of STAT5 to the specific binding site on 
the promoter. PRL induction of JAK/STAT signaling may do 
the same, conferring protective properties to the cell, limit-
ing damage by ROS. Indeed, there is evidence for this in a 
PRL-dependent cell line (Blake et al., 1995). There is a close 
working relationship between heat shock factors (HSF) and 
HSP, which is delineated in a recent paper (Zhang et al., 2022) 
but it has not been studied in heat-stressed domesticated ani-
mals. In cattle, significant attention is paid to HSP70, which 
is the most abundant HSP (Beckham et al., 2004), which has 
been reviewed in relation to HS in cattle by Hansen (Hansen, 
2020). Prospects for gene introgression or gene editing as a 
strategy for reduction of the impact of HS on production and 
reproduction in cattle have been discussed (Hansen, 2020). A 
summary of how HSP may affect changes in function during 
HS is shown in Figure 4. The involvement of PRL in the HS 
response may be direct or via activation of HSP, with down-
stream consequence. There are two variants of HSP70 in 
cattle, being HSPA1A and HSPA1L and a mutation in the 
5’ untranslated region of the latter confers heat tolerance in 
bovine lymphocytes (Basiricò et al., 2011). Selection for such 
mutations may be a useful approach for the selection of heat 
tolerance in domestic animals.

The thyroid hormones are key regulators of metabolism 
(Mullur et al., 2014) and ambient temperature plays a key 
role in thyroid hormone function (Saber et al., 2009). Thyroid 
hormone concentrations are reduced by HS (Bernabucci et 
al., 2010). Although PRL and thyroid function are intimately 
linked, there is no available information as to how PRL might 
act on the thyroid to regulate function. Alternatively, thyroid 
function may affect PRL production, so altered levels during 
HS may be due, in part, to elevated concentrations of PRL 
under such conditions.
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Immune System and Heat Stress
It is well established that PRL acts on a number of cell types 
in the immune system (Bole-Feysot et al., 1998; Yu-Lee, 
2002; Borba et al., 2018). In particular, it was stated some 
time ago that “PRL can be viewed as an immunoper-
missive trophic neuropeptide whose specific target is the  
T-lymphocyte” (Chikanza and Panayi, 1991). Thus, PRL 
promotes the survival and function of T lymphocytes (Krish-
nan et al., 2003). The action of PRL on the immune system 
is, however, complicated since it has been observed to have 
pro- and anti-inflammatory action in rheumatoid arthritis 
(García-Rodrigo et al., 2023).

Furthermore, HS, in concert with elevated PRL concen-
trations, perturbs the immune system as seen in a study by 
do Amaral et al. (2010). Thus heat-stressed cows displayed 
increased PRL concentrations and lymphocytes from heat-
stressed animals showed lower proliferation, lower expression 
of genes for PRL-R, and greater expression of SOCS-1 and 
SOCS-3. Expression of tumor necrosis factor-α (TNF-α) was 
lower in heat-stressed cows, perhaps due to increased SOCS 
expression. The authors concluded that cooling of the cows 
improved immune function and that the effects of HS might 
be attributable to PRL function. Min et al. (2016) reported 
increased TNFα and IL6 production with HS in dairy cows, 
indicating activation of the inflammatory cytokines.

Another study showed that circulating concentrations of 
IL-1ß, IL-6, IFN-γ, and TNF-α were increased in dairy cows 
with an increase in THI (Chen et al., 2018), emphasizing 
that assessment of the HS effect necessitates consideration 
of more than one cell type; these circulating cytokines could 
have origin in multiple cell types. In sheep, a specific effect is 
seen in the expression of pro-inflammatory cytokines (TNFα 
and NFκB) which was markedly increased in skeletal muscle 
when exposed to extreme HS, an effect that was ameliorated 
by administration of selenium (Chauhan et al., 2014a).

Greater response of the immune system during HS could 
lower the susceptibility to disease and one recent study (Cart-
wright et al., 2021) examined the function of blood mono-
nuclear cells from dairy cattle classified as “high immune 
responders,” based on estimated breeding values. Cells from 

high immune responders had greater HSP70 values during HS 
than cells from average or “low immune responders” and dis-
played greater cell proliferation in vitro. A number of genes 
associated with HS and immunity have been identified in var-
ious tissues in GWAS studies (Lemal et al., 2023). Kim et al 
(Kim et al., 2016) studied sheep and goats in a hot arid envi-
ronment and a number of exotic breeds not in the same envi-
ronment, identifying IL2, IL7, IL21, and IL1R1 as candidate 
genes for selection. High immune responders could be selected 
to be more tolerant to HS but the role of PRL in the determi-
nation of breeding value would be interesting to explore in 
depth. Whilst the role of PRL in the immune response to HS 
may be important, it is also salient to acknowledge the role 
that cortisol plays in the regulation of the immune system 
(Lemal et al., 2023).

Endophytes, Heat Stress, and Prolactin
Endophytes in pasture plants, such as tall fescue and perennial 
ryegrass, produce ergot alkaloids, which can act as dopamine 
agonists (Aldrich et al., 1993; Aslanoglou et al., 2021). It is 
well established that consumption of ergot alkaloids from tall 
fescue and perennial ryegrass reduce circulating PRL concen-
trations while increasing rectal temperature and other signs of 
HS in sheep and cattle (Kerr et al., 1990; Porter and Thomp-
son, 1992; Rice et al., 1997; Henry et al., 2016, 2019; Valente 
et al., 2024). Indeed, one particular study (Kerr et al., 1990) 
found a strong negative correlation between plasma PRL and 
rectal temperature in cattle consuming endophyte-infected 
tall fescue hay that disappeared under basal conditions when 
cattle were not consuming endophytes. Also, the effect of 
ergot alkaloids on plasma PRL concentrations and physio-
logical responses such as rectal temperature and respiration 
rate are dose-dependent. Henry et al., (2016, 2019) found 
that plasma PRL concentrations were reduced by ergot alka-
loids and increased by HS. Interestingly, the reduction in PRL 
concentrations associated with ergot alkaloid consumption 
was partially reversed during HS. Although no cause and 
effect can be established, this indicates that the effects of HS 
on plasma PRL are still evident in animals where dopamine  

Figure 4. The effects of HS and the elevation of PRL concentrations may be direct or indirect, either by action on specific physiological processes. 
Through activation of the cognate receptor, PRL may act on multiple tissues and multiple physiological processes. This may be via activation of HSP.
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agonists inhibit plasma PRL concentrations. Valente et al. 
(2024) recently found that feeding a dopamine precursor 
(levodopa, L-DOPA) could partially reverse the effects of 
ergot alkaloid consumption on plasma PRL concentrations 
in mildly heat-stressed steers. Interestingly, the L-DOPA-
mediated increase in PRL in steers was associated with an 
increase in glucose clearance, lending support to the role of 
PRL in improving insulin sensitivity during HS, as indicated 
earlier. However, earlier research (Aldrich et al., 1993) did 
not observe a reversal in the reduction in plasma PRL con-
centrations in response to the consumption of ergot alkaloids 
in lambs fed a dopamine agonist even though feed intake was 
ameliorated.

Water and Electrolyte Balance
Numerous studies indicate an effect of HS on water and elec-
trolyte balance which will not be recapitulated herein (Ala-
mer, 2011; Taye et al., 2017). It is clear from these studies that 
this may involve PRL signaling, but more needs to be done to 
firmly establish the link between increased PRL concentra-
tions during HS and water and electrolyte balance.

Conclusion
As indicated above, PRL performs multiple functions in the 
body, affecting a range of physiological processes. It may also 
be accepted that elevation of PRL concentration is a signature 
of HS (Figure 5). The identification of the SLICK gene and its 
ability to mitigate the effects of HS has been a significant and 
important advance in our understanding of the mechanisms 
that promulgate the HS response, but the exact means by 
which this is effected remains to be elucidated. Introgression 
of the SLICK gene is clearly an exciting and feasible means 

of counteracting HS (Davis et al., 2017), emphasizing the key 
role of PRL signaling in this stressor. Nevertheless, it may be 
fruitful to identify genetic variants within or between popu-
lations that demonstrate greater and lesser PRL responses to 
HS and ascertain how this correlates with the degree of stress. 
For example, Dorper (blackface) sheep display a greater rise 
in PRL concentrations on hot days (compared to cool days) 
than whiteface Dorpers (Joy et al., 2022b), a preliminary find-
ing that requires substantiation and investigation as to how 
such a difference may confer heat resilience in the Dorper. 
With respect to differences between breeds, Dorper sheep dis-
play a greater increase in liver expression of interleukin2 and 
PRLR than do cross-bred merino sheep in response to HS, 
providing an example of difference between breeds that needs 
further investigation to ascertain how PRL plays a role (Joy 
et al., 2022a).

Another area of fruitful investigation is the use of nutri-
tional supplements to mitigate HS. Chromium and betaine 
have proved useful in pigs (Cottrell et al., 2015) and sele-
nium and vitamin E are efficacious in sheep (Chauhan et 
al., 2014a, 2015). Betaine and chromium have beneficial 
effects on cattle (DiGiacomo et al., 2014). As to how PRL 
action might be involved in the processes that lead to the 
alleviation of HS by such nutritional interventions could 
be informative.

Finally, it should be kept in mind that increased concen-
trations of PRL induced by stress in humans may be dimin-
ished by habituation, which could occur in cases where HS is 
prolonged (Fava and Guaraldi, 1987). Horowitz (Horowitz, 
2017) reviewed this particular issue, highlighting the role of 
epigenetics in Heat Acclimation-Mediated Cross-Tolerance, 
which explains how humans who move into hot climates may 
acclimate. As to how PRL might be involved in habituation 
has not been investigated.

Figure 5. HS increases circulating PRL concentrations which impact on a range of physiological processes. Effects of HS may be counteracted in 
various ways which may or may not be via PRL action. A range of means of mitigation of the effects of HS are shown.

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf020/8002202 by guest on 07 O

ctober 2025



Clarke et al. 11

Acknowledgment
We thank Ms Mandy Curd for editorial assistance.

Conflict of interest statement
IJC, SSC, and FDR declare no conflicts of interest.

Literature Cited
Achmadi, J., T. Yanagisawa, H. Sano, and Y. Terashima. 1993. 

Pancreatic insulin secretory response and insulin action in 
heat-exposed sheep given a concentrate or roughage diet. 
Domest Anim. Endocrinol. 10:279–287. doi:10.1016/0739-
7240(93)90032-7

Alamer, M. 2011. The role of prolactin in thermoregulation and water 
balance during heat stress in domestic ruminants. Asian J Anim Vet 
Adv 6:1153–1169. doi:10.3923/ajava.2011.1153.1169

Aldrich, C. G., M. T. Rhodes, J. L. Miner, M. S. Kerley, and J. A. Pater-
son. 1993. The effects of endophyte-infected tall fescue consump-
tion and use of a dopamine antagonist on intake, digestibility, body 
temperature, and blood constituents in sheep. J. Anim. Sci. 71:158–
163. doi:10.2527/1993.711158x

Alvarez, M. B., and H. D. Johnson. 1973. Environmental heat exposure 
on cattle plasma catecholamine and glucocorticoids. J. Dairy Sci. 
56:189–194. doi:10.3168/jds.S0022-0302(73)85145-8

Archana, P. R., V. Sejian, W. Ruban, M. Bagath, G. Krishnan, J. Aleena, 
G. B. Manjunathareddy, V. Beena, and R. Bhatta. 2018. Compar-
ative assessment of heat stress induced changes in carcass traits, 
plasma leptin profile and skeletal muscle myostatin and HSP70 
gene expression patterns between indigenous Osmanabadi and 
Salem Black goat breeds. Meat Sci. 141:66–80. doi:10.1016/j.
meatsci.2018.03.015

Aslanoglou, D., S. Bertera, M. Sanchez-Soto, R. Benjamin Free, J. Lee, 
W. Zong, X. Xue, S. Shrestha, M. Brissova, R. W. Logan, et al. 2021. 
Dopamine regulates pancreatic glucagon and insulin secretion via 
adrenergic and dopaminergic receptors. Transl. Psychiatry 11:59. 
doi:10.1038/s41398-020-01171-z

Baile, C. A., and J. M. Forbes. 1974. Control of feed intake and regu-
lation of energy balance in ruminants. Physiol. Rev. 54:160–214. 
doi:10.1152/physrev.1974.54.1.160

Baker, L. B. 2019. Physiology of sweat gland function: the roles of 
sweating and sweat composition in human health. Temp 6:211–
259. doi:10.1080/23328940.2019.1632145

Basiricò, L., P. Morera, V. Primi, N. Lacetera, A. Nardone, and U. Bern-
abucci. 2011. Cellular thermotolerance is associated with heat 
shock protein 70.1 genetic polymorphisms in Holstein lactating 
cows. Cell Stress Chaperones 16:441–448. doi:10.1007/s12192-
011-0257-7

Bauman, D. E., and W. B. Currie. 1980. Partitioning of nutrients during 
pregnancy and lactation: a review of mechanisms involving homeo-
stasis and homeorhesis. J. Dairy Sci. 63:1514–1529. doi:10.3168/
jds.s0022-0302(80)83111-0

Baumgard, L. H., and R. P. Rhoads. 2013. Effects of heat 
stress on postabsorptive metabolism and energetics. Annu. 
Rev. Anim. Biosci. 1:311–337. doi:10.1146/annurev-
animal-031412-103644

Beatty, D., A. Barnes, D. W. Pethick, E. Taylor, and F. R. Dunshea. 2004. 
Bos indicus cattle can maintain feed intake and fat reserves in 
response to heat stress better than box taurus cattle. J. Anim. Feed 
Sci. 13:619–622. doi:10.22358/jafs/74068/2004

Beckham, J. T., M. A. Mackanos, C. Crooke, T. Takahashi, C. 
O’Connell-Rodwell, C. H. Contag, and E. D. Jansen. 2004. Assess-
ment of cellular response to thermal laser injury through biolumi-
nescence imaging of heat shock protein 70. Photochem. Photobiol. 
79:76–85. doi:10.1111/j.1751-1097.2004.tb09860.x

Ben-Jonathan, N., E. R. Hugo, T. D. Brandebourg, and C. R. LaPensee. 
2006. Focus on prolactin as a metabolic hormone. Trends Endocri-
nol Metab 17:110–116. doi:10.1016/j.tem.2006.02.005

Bernabucci, U., N. Lacetera, L. H. Baumgard, R. P. Rhoads, B. Ron-
chi, and A. Nardone. 2010. Metabolic and hormonal acclimation 
to heat stress in domesticated ruminants. Animal 4:1167–1183. 
doi:10.1017/S175173111000090X

Bernard, V., J. Young, and N. Binart. 2019. Prolactin - a pleiotropic 
factor in health and disease. Nat. Rev. Endocrinol. 15:356–365. 
doi:10.1038/s41574-019-0194-6

Blake, M. J., A. R. Buckley, M. Y. Zhang, D. J. Buckley, and K. P. 
Lavoi. 1995. A novel heat-shock response in prolactin-dependent 
Nb2 node lymphoma-cells. J. Biol. Chem. 270:29614–29620. 
doi:10.1074/jbc.270.49.29614

Blaxter, K. L. 1962. The fasting metabolism of adult wether sheep. Br. J. 
Nutr. 16:615–626. doi:10.1079/bjn19620060

Bligh, J. 1967. Thesis concerning processes of secretion and discharge of 
sweat. Environ. Res. 1:28–45. doi:10.1016/0013-9351(67)90004-7

Bole-Feysot, C., V. Goffin, M. Edery, N. Binart, and P. A. Kelly. 1998. 
Prolactin (PRL) and its receptor: actions, signal transduction path-
ways and phenotypes observed in PRL receptor knockout mice. 
Endocr Rev. 19:225–268. doi:10.1210/edrv.19.3.0334

Bolormaa, S., J. E. Pryce, K. E. Kemper, B. J. Hayes, Y. D. Zhang, B. Tier, 
W. Barendse, A. Reverter, and M. E. Goddard. 2013. Detection of 
quantitative trait loci in and cattle using genome-wide association 
studies. Genet. Sel. Evol. 45:43. doi:10.1186/1297-9686-45-43

Borba, V. V., G. Zandman-Goddard, and Y. Shoenfeld. 2018. Pro-
lactin and autoimmunity. Front. Immunol. 9:73. doi:10.3389/
fimmu.2018.00073

Boutin, J. M., C. Jolicoeur, H. Okamura, J. Gagnon, M. Edery, M. Shi-
rota, D. Banville, I. Dusanter-Fourt, J. Djiane, and P. A. Kelly. 1988. 
Cloning and expression of the rat prolactin receptor, a member of 
the growth hormone/prolactin receptor gene family. Cell 53:69–77. 
doi:10.1016/0092-8674(88)90488-6

Brandebourg, T. D., J. L. Bown, and N. Ben-Jonathan. 2007. Prolactin 
upregulates its receptors and inhibits lipolysis and leptin release 
in male rat adipose tissue. Biochem. Biophys. Res. Commun. 
357:408–413. doi:10.1016/j.bbrc.2007.03.168

Carroll, J. A., R. L. Matteri, C. J. Dyer, L. A. Beausang, and M. E. Zan-
nelli. 2001. Impact of environmental temperature on response of 
neonatal pigs to an endotoxin challenge. Am. J. Vet. Res. 62:561–
566. doi:10.2460/ajvr.2001.62.561

Cartwright, S. L., M. McKechnie, J. Schmied, A. M. Livernois, and B. 
A. Mallard. 2021. Effect of in-vitro heat stress challenge on the 
function of blood mononuclear cells from dairy cattle ranked as 
high, average and low immune responders. BMC Vet. Res. 17:233. 
doi:10.1186/s12917-021-02940-8

Cerutti, F., J. C. Alvarez, and R. Rizzi. 2006. Development of the 
Carora breed. Proceedings of the 8th World Congress in Genetics 
Applied to Livestock Production, Belo Horizonte, Brazil. Commun. 
No. 00-06.

Cervantes, M., M. Cota, N. Arce, G. Castillo, E. Avelar, S. Espinoza, 
and A. Morales. 2016. Effect of heat stress on performance and 
expression of selected amino acid and glucose transporters, HSP90, 
leptin and ghrelin in growing pigs. J. Therm. Biol. 59:69–76. 
doi:10.1016/j.jtherbio.2016.04.014

Chan, E., and R. Swaminathan. 1990. Role of prolactin in lactation-
induced changes in brown adipose-tissue. Am. J. Physiol. 258:R51–
R56. doi:10.1152/ajpregu.1990.258.1.R51

Chauhan, S. S., P. Celi, F. T. Fahri, B. J. Leury, and F. R. Dunshea. 
2014a. Dietary antioxidants at supranutritional doses modulate 
skeletal muscle heat shock protein and inflammatory gene expres-
sion in sheep exposed to heat stress. J. Anim. Sci. 92:4897–4908. 
doi:10.2527/jas.2014-8047

Chauhan, S. S., P. Celi, B. J. Leury, I. J. Clarke, and F. R. Dunshea. 
2014b. Dietary antioxidants at supranutritional doses improve oxi-
dative status and reduce the negative effects of heat stress in sheep. 
J. Anim. Sci. 92:3364–3374. doi:10.2527/jas.2014-7714

Chauhan, S. S., P. Celi, B. J. Leury, and F. R. Dunshea. 2015. High 
dietary selenium and vitamin E supplementation ameliorates the 
impacts of heat load on oxidative status and acid-base balance in 
sheep. J. Anim. Sci. 93:3342–3354. doi:10.2527/jas.2014-8731

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf020/8002202 by guest on 07 O

ctober 2025

https://doi.org/10.1016/0739-7240(93)90032-7
https://doi.org/10.1016/0739-7240(93)90032-7
https://doi.org/10.3923/ajava.2011.1153.1169
https://doi.org/10.2527/1993.711158x
https://doi.org/10.3168/jds.S0022-0302(73)85145-8
https://doi.org/10.1016/j.meatsci.2018.03.015
https://doi.org/10.1016/j.meatsci.2018.03.015
https://doi.org/10.1038/s41398-020-01171-z
https://doi.org/10.1152/physrev.1974.54.1.160
https://doi.org/10.1080/23328940.2019.1632145
https://doi.org/10.1007/s12192-011-0257-7
https://doi.org/10.1007/s12192-011-0257-7
https://doi.org/10.3168/jds.s0022-0302(80)83111-0
https://doi.org/10.3168/jds.s0022-0302(80)83111-0
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.22358/jafs/74068/2004
doi.org/10.1111/j.1751-1097.2004.tb09860.x
doi.org/10.1111/j.1751-1097.2004.tb09860.x
https://doi.org/10.1016/j.tem.2006.02.005
https://doi.org/10.1017/S175173111000090X
https://doi.org/10.1038/s41574-019-0194-6
https://doi.org/10.1074/jbc.270.49.29614
https://doi.org/10.1079/bjn19620060
https://doi.org/10.1016/0013-9351(67)90004-7
https://doi.org/10.1210/edrv.19.3.0334
https://doi.org/10.1186/1297-9686-45-43
https://doi.org/10.3389/fimmu.2018.00073
https://doi.org/10.3389/fimmu.2018.00073
https://doi.org/10.1016/0092-8674(88)90488-6
https://doi.org/10.1016/j.bbrc.2007.03.168
https://doi.org/10.2460/ajvr.2001.62.561
https://doi.org/10.1186/s12917-021-02940-8
https://doi.org/10.1016/j.jtherbio.2016.04.014
https://doi.org/10.1152/ajpregu.1990.258.1.R51
https://doi.org/10.2527/jas.2014-8047
https://doi.org/10.2527/jas.2014-7714
https://doi.org/10.2527/jas.2014-8731


12 Journal of Animal Science, 2025, Vol. 103 

Chen, S. Y., J. Wang, D. D. Peng, G. Li, J. Chen, and X. H. Gu. 2018. 
Exposure to heat-stress environment affects the physiology, circula-
tion levels of cytokines, and microbiome in dairy cows. Sci Rep-Uk 
8:1–11. doi:10.1038/s41598-018-32886-1

Chikanza, I. C., and G. S. Panayi. 1991. Hypothalamic pituitary medi-
ated modulation of immune function - prolactin as a neuroimmune 
peptide. Br. J. Rheumatol. 30:203–207. doi:10.1093/rheumatol-
ogy/30.3.203

Choy, V. J., A. J. Nixon, and A. J. Pearson. 1995. Localization of 
receptors for prolactin in ovine skin. J. Endocrinol. 144:143–151. 
doi:10.1677/joe.0.1440143

Choy, V. J., A. J. Nixon, and A. J. Pearson. 1997. Distribution of 
prolactin receptor immunoreactivity in ovine skin and changes 
during the wool follicle growth cycle. J. Endocrinol. 155:265–275. 
doi:10.1677/joe.0.1550265

Clarke, I. J., J. T. Cummins, and D. M. de Kretser. 1983. Pituitary 
gland function after disconnection from direct hypothalamic 
influences in the sheep. Neuroendocrinology 36:376–384. 
doi:10.1159/000123484

Cottrell, J. J., F. Liu, A. T. Hung, K. DiGiacomo, S. S. Chauhan, B. J. 
Leury, J. B. Furness, P. Celi, and F. R. Dunshea. 2015. Nutritional 
strategies to alleviate heat stress in pigs. Anim Prod Sci 55:1391–
1402. doi:10.1071/an15255

Craven, A. J., C. J. Ormandy, F. G. Robertson, R. J. Wilkins, P. A. Kelly, 
A. J. Nixon, and A. J. Pearson. 2001. Prolactin signaling influ-
ences the timing mechanism of the hair follicle: analysis of hair 
growth cycles in prolactin receptor knockout mice. Endocrinology 
142:2533–2539. doi:10.1210/endo.142.6.8179

Cui, C. Y., V. Childress, Y. Piao, M. Michel, A. A. Johnson, M. Kuni-
sada, M. S. H. Ko, K. H. Kaestner, A. D. Marmorstein, and D. 
Schlessinger. 2012. Forkhead transcription factor FoxA1 regulates 
sweat secretion through Bestrophin 2 anion channel and Na-K-Cl 
cotransporter 1. Proc. Natl. Acad. Sci. U.S.A. 109:1199–1203. 
doi:10.1073/pnas.1117213109

Curlewis, J. D., I. J. Clarke, and A. S. McNeilly. 1993. Dopamine D1 
receptor analogues act centrally to stimulate prolactin secretion in 
ewes. J. Endocrinol. 137:457–464. doi:10.1677/joe.0.1370457

Davis, S. R., R. J. Spelman, and M. D. Littlejohn. 2017. Breeding and 
genetics symposium: breeding heat tolerant dairy cattle: the case 
for introgression of the “slick” prolactin receptor variant into dairy 
breeds. J. Anim. Sci. 95:1788–1800. doi:10.2527/jas.2016.0956

DiGiacomo, K., R. D. Warner, B. J. Leury, J. B. Gaughan, and F. R. 
Dunshea. 2014. Dietary betaine supplementation has energy- spar-
ing effects in feedlot cattle during summer, particularly in those 
without access to shade. Anim Prod Sci 54:450–458. doi:10.1071/
an13418

DiGiacomo, K., S. Simpson, B. J. Leury, and F. R. Dunshea. 2023. Dietary 
betaine impacts metabolic responses to moderate heat exposure in 
sheep. Animals (Basel) 13:1691. doi:10.3390/ani13101691

Dikmen, S., E. Alava, E. Pontes, J. M. Fear, B. Y. Dikmen, T. A. Olson, 
and P. J. Hansen. 2008. Differences in thermoregulatory abil-
ity between slick-haired and wild-type lactating Holstein cows 
in response to acute heat stress. J. Dairy Sci. 91:3395–3402. 
doi:10.3168/jds.2008-1072

Dikmen, S., J. B. Cole, D. J. Null, and P. J. Hansen. 2012. Heritabil-
ity of rectal temperature and genetic correlations with production 
and reproduction traits in dairy cattle. J. Dairy Sci. 95:3401–3405. 
doi:10.3168/jds.2011-4306

Dikmen, S., F. A. Khan, H. J. Huson, T. S. Sonstegard, J. I. Moss, G. E. 
Dahl, and P. J. Hansen. 2014. The hair locus derived from Senepol 
cattle confers thermotolerance to intensively managed lactating Hol-
stein cows. J. Dairy Sci. 97:5508–5520. doi:10.3168/jds.2014-8087

do Amaral, B. C., E. E. Connor, S. Tao, J. Hayen, J. Bubolz, and G. E. 
Dahl. 2010. Heat stress abatement during the dry period influences 
prolactin signaling in lymphocytes. Domest Anim. Endocrinol. 
38:38–45. doi:10.1016/j.domaniend.2009.07.005

Endris, M., and E. Feki. 2021. Review on effect of stress on animal 
productivity and response of animal to stressors. J Anim Vet Adv 
20:1–14. doi:10.36478/javaa.2021.1.14

Evans, C. L. 1966. Physiological mechanisms that underlie sweating in 
horse. Brit Vet J 122:117–120. doi:10.1016/S0007-1935(17)40702-
0

Falconer, I. R. 1980. Aspects of the biochemistry, physiology and endo-
crinology of lactation. Aust. J. Biol. Sci. 33:71–84. doi:10.1071/
BI9800071

Fava, M., and G. P. Guaraldi. 1987. Prolactin and stress. Stress Med 
3:211–216. doi:10.1002/smi.2460030311

Flori, L., M. I. Gonzatti, S. Thevenon, I. Chantal, J. Pinto, D. Berthier, P. 
M. Aso, and M. Gautier. 2012. A quasi-exclusive European ances-
try in the Senepol tropical cattle breed highlights the importance of 
the locus in tropical adaptation. PLoS One 7:e36133. doi:10.1371/
journal.pone.0036133

Foitzik, K., K. Krause, A. J. Nixon, C. A. Ford, U. Ohnemus, A. J. Pear-
son, and R. Paus. 2003. Prolactin and its receptor are expressed 
in murine hair follicle epithelium, show hair cycle-dependent 
expression, and induce catagen. Am. J. Pathol. 162:1611–1621. 
doi:10.1016/S0002-9440(10)64295-2

Foitzik, K., K. Krause, F. Conrad, M. Nakamura, W. Funk, and R. Paus. 
2006. Human scalp hair follicles are both a target and a source of 
prolactin, which serves as an autocrine and/or paracrine promoter 
of apoptosis-driven hair follicle regression. Am. J. Pathol. 168:748–
756. doi:10.2353/ajpath.2006.050468

Foitzik, K., E. A. Langan, and R. Paus. 2009. Prolactin and the skin: 
a dermatological perspective on an ancient pleiotropic peptide 
hormone. J. Invest. Dermatol. 129:1071–1087. doi:10.1038/
jid.2008.348

Follenius, M., G. Brandenberger, S. Oyono, and V. Candas. 1982. Corti-
sol as a sensitive index of heat-intolerance. Physiol. Behav. 29:509–
513. doi:10.1016/0031-9384(82)90274-8

Freeman, M. E., B. Kanyicska, A. Lerant, and G. Nagy. 2000. Prolac-
tin: structure, function, and regulation of secretion. Physiol. Rev. 
80:1523–1631. doi:10.1152/physrev.2000.80.4.1523

Freitas, P. H. F., Y. C. Wang, P. Yan, H. R. Oliveira, F. S. Schenkel, Y. 
Zhang, Q. Xu, and L. F. Brito. 2021. Genetic diversity and signa-
tures of selection for thermal stress in cattle and other two species 
adapted to divergent climatic conditions. Front. Genet. 12:1–25. 
doi:10.3389/fgene.2021.604823

Fuller-Jackson, J. P., I. J. Clarke, and B. A. Henry. 2017. Animal models 
for manipulation of thermogenesis. In: Conn, P. M. editor. Animal 
models for the study of human disease. no. 2nd ed. London: Aca-
demic Press; p. 281–312.

García-Rodrigo, J. F., G. Ortiz, O. F. Martínez-Díaz, J. Furuzawa-
Carballeda, X. Ruíz-Herrera, F. Macias, M. G. Ledesma-Colunga, 
G. M. de la Escalera, and C. Clapp. 2023. Prolactin inhibits 
or stimulates the inflammatory response of joint tissues in a  
cytokine-dependent manner. Endocrinology 164:1–14. 
doi:10.1210/endocr/bqad156

Glintborg, D., M. Altinok, H. Mumm, K. Buch, P. Ravn, and M. Ander-
sen. 2014. Prolactin is associated with metabolic risk and cortisol 
in 1007 women with polycystic ovary syndrome. Hum. Reprod. 
29:1773–1779. doi:10.1093/humrep/deu133

Goffin, V., N. Binart, P. Touraine, and P. A. Kelly. 2002. Prolactin: the 
new biology of an old hormone. Annu. Rev. Physiol. 64:47–67. 
doi:10.1146/annurev.physiol.64.081501.131049

Gonzalez-Rivas, P. A., K. DiGiacomo, P. A. Giraldo, B. J. Leury, J. 
J. Cottrell, and F. R. Dunshea. 2017. Reducing rumen starch 
fermentation of wheat with three percent sodium hydrox-
ide has the potential to ameliorate the effect of heat stress in 
grain-fed wethers. J. Anim. Sci. 95:5547–5562. doi:10.2527/
jas2017.1843

Gualillo, O., F. Lago, M. García, C. Menéndez, R. Señarís, F. F. Casa-
nueva, and C. Diéguez. 1999. Prolactin stimulates leptin secre-
tion by rat white adipose tissue. Endocrinology 140:5149–5153. 
doi:10.1210/endo.140.11.7147

Gupte, A. A., G. L. Bomhoff, R. H. Swerdlow, and P. C. Geiger. 2009. 
Heat treatment improves glucose tolerance and prevents skele-
tal muscle insulin resistance in rats fed a high-fat diet. Diabetes 
58:567–578. doi:10.2337/db08-1070

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf020/8002202 by guest on 07 O

ctober 2025

https://doi.org/10.1038/s41598-018-32886-1
https://doi.org/10.1093/rheumatology/30.3.203
https://doi.org/10.1093/rheumatology/30.3.203
https://doi.org/10.1677/joe.0.1440143
https://doi.org/10.1677/joe.0.1550265
https://doi.org/10.1159/000123484
https://doi.org/10.1071/an15255
https://doi.org/10.1210/endo.142.6.8179
https://doi.org/10.1073/pnas.1117213109
https://doi.org/10.1677/joe.0.1370457
https://doi.org/10.2527/jas.2016.0956
https://doi.org/10.1071/an13418
https://doi.org/10.1071/an13418
https://doi.org/10.3390/ani13101691
https://doi.org/10.3168/jds.2008-1072
https://doi.org/10.3168/jds.2011-4306
https://doi.org/10.3168/jds.2014-8087
https://doi.org/10.1016/j.domaniend.2009.07.005
https://doi.org/10.36478/javaa.2021.1.14
https://doi.org/10.1016/S0007-1935(17)40702-0
https://doi.org/10.1016/S0007-1935(17)40702-0
https://doi.org/10.1071/BI9800071
https://doi.org/10.1071/BI9800071
https://doi.org/10.1002/smi.2460030311
https://doi.org/10.1371/journal.pone.0036133
https://doi.org/10.1371/journal.pone.0036133
https://doi.org/10.1016/S0002-9440(10)64295-2
https://doi.org/10.2353/ajpath.2006.050468
https://doi.org/10.1038/jid.2008.348
https://doi.org/10.1038/jid.2008.348
https://doi.org/10.1016/0031-9384(82)90274-8
https://doi.org/10.1152/physrev.2000.80.4.1523
https://doi.org/10.3389/fgene.2021.604823
https://doi.org/10.1210/endocr/bqad156
https://doi.org/10.1093/humrep/deu133
https://doi.org/10.1146/annurev.physiol.64.081501.131049
https://doi.org/10.2527/jas2017.1843
https://doi.org/10.2527/jas2017.1843
https://doi.org/10.1210/endo.140.11.7147
https://doi.org/10.2337/db08-1070


Clarke et al. 13

Hall, L. W., F. R. Dunshea, J. D. Allen, S. Rungruang, J. L. Collier, N. M. 
Long, and R. J. Collier. 2016. Evaluation of dietary betaine in lac-
tating Holstein cows subjected to heat stress. J. Dairy Sci. 99:9745–
9753. doi:10.3168/jds.2015-10514

Hansen, P. J. 2004. Physiological and cellular adaptations of zebu cattle 
to thermal stress. Anim. Reprod. Sci. 82-83:349–360. doi:10.1016/j.
anireprosci.2004.04.011

Hansen, P. J. 2020. Prospects for gene introgression or gene editing 
as a strategy for reduction of the impact of heat stress on pro-
duction and reproduction in cattle. Theriogenol 154:190–202. 
doi:10.1016/j.theriogenology.2020.05.010

Harris, J., P. M. Stanford, S. K. Oakes, and C. J. Ormandy. 2004. Prolac-
tin and the prolactin receptor: new targets of an old hormone. Ann. 
Med. 36:414–425. doi:10.1080/07853890410033892

Henry, M. L. 2012. Whole animal effects of endophyte infected peren-
nial ryegrass on the merino ewe weaner. PhD Thesis, The University 
of Melbourne.

Henry, B. A., and I. J. Clarke. 2007. Food intake and stress, non-
human. In: Fink, G. editor, Encyclopedia of stress no. 2. Cam-
bridge (MA): Elsevier; p. 82–87.

Henry, B. A., F. R. Dunshea, M. Gould, and I. J. Clarke. 2008. Profiling 
postprandial thermogenesis in muscle and fat of sheep and the cen-
tral effect of leptin administration. Endocrinology 149:2019–2026. 
doi:10.1210/en.2007-1311

Henry, M. L., S. Kemp, F. R. Dunshea, and B. J. Leury. 2016. Physio-
logical effects of ergot alkaloid and indole-diterpene consumption 
on sheep under hot and thermoneutral ambient temperature condi-
tions. Animals (Basel) 6:37. doi:10.3390/ani6060037

Henry, B. A., M. Pope, M. Birtwistle, R. Loughnan, R. Alagal, J. -P. 
Fuller-Jackson, V. Perry, H. Budge, I. J. Clarke, and M. E. Symonds. 
2017. Ontogeny and thermogenic role for sternal fat in female 
sheep. Endocrinology 158:2212–2225. doi:10.1210/en.2017-
00081

Henry, M. L. E., S. Kemp, I. J. Clarke, F. R. Dunshea, and B. J. Leury. 
2019. Perennial ryegrass alkaloids increase respiration rate and 
decrease plasma prolactin in merino sheep under both thermoneu-
tral and mild heat conditions. Toxins (Basel) 11:479. doi:10.3390/
toxins11080479

Horowitz, M. 2017. Heat acclimation-mediated cross-tolerance: ori-
gins in within-life epigenetics? Front. Physiol. 8:1–10. doi:10.3389/
fphys.2017.00548

Horton, G. M. J., and C. C. Burgher. 1992. Physiological and carcass 
characteristics of hair and wool breeds of sheep. Small Ruminant 
Res. 7:51–60. doi:10.1016/0921-4488(92)90067-e

Hough, D., P. Swart, and S. Cloete. 2013. Exploration of the  
hypothalamic-pituitary-adrenal axis to improve animal welfare by 
means of genetic selection: lessons from the South African Merino. 
Animals 3:442–474. doi:10.3390/ani3020442

Hu, Y., H. Xia, M. X. Li, C. Xu, X. W. Ye, R. X. Su, M. Zhang, O. Nash, 
T. S. Sonstegard, and L. G. Yang, et al. 2020. Comparative analyses 
of copy number variations between Bos taurus and Bos indicus. 
BMC Genomics 21:1–11. doi:10.1186/s12864-020-07097-6

Hung, A. T., B. J. Leury, M. A. Sabin, F. Fahri, K. DiGiacomo, T. F. Lien, 
and F. R. Dunshea. 2023. Nano-chromium picolinate and heat 
stress enhance insulin sensitivity in cross-bred sheep. Anim Nutr 
13:173–184. doi:10.1016/j.aninu.2023.01.003

Huson, H. J., E. S. Kim, R. W. Godfrey, T. A. Olson, M. C. McClure, C. 
C. Chase, R. Rizzi, A. M. P. O’Brien, C. P. Van Tassel, J. E. Garcia, 
et al. 2014. Genome-wide association study and ancestral origins 
of the slick-hair coat in tropically adapted cattle. Front. Genet. 
5:1–12. doi:10.3389/fgene.2014.00101

Ibraheem, M., H. Galbraith, J. Scaife, and S. Ewen. 1994. Growth of 
secondary hair follicles of the Cashmere goat in vitro and their 
response to prolactin and melatonin. J. Anat. 185 (Pt 1):135–142.

Ingram, D. L. 1967. Stimulation of cutaneous glands in pig. J. Comp. 
Pathol. 77:93–98. doi:10.1016/s0021-9975(67)80012-4

Joy, A., F. R. Dunshea, B. J. Leury, K. DiGiacomo, I. J. Clarke, M. 
H. Zhang, A. Abhijith, R. Osei-Amponsah, and S. S. Chauhan. 
2020. Comparative assessment of thermotolerance in Dorper and  

second-cross (poll Dorset/merino x border Leicester) lambs. Ani-
mals (Basel) 10:2441. doi:10.3390/ani10122441

Joy, A., F. Dunshea, B. J. Leury, K. DiGiacomo, I. J. Clarke, and S. S. 
Chauhan. 2022a. Differences in expression patterns of production, 
immune activity and adaptiation related genes in heat stressed 
Dorper and second cross lanbs. Melbourne: Association of Animal 
Production Society.

Joy, A., F. Dunshea, B. J. Leury, K. DiGiacomo, I. J. Clarke, M. Zhang, P. 
Prathap, and S. S. Chauhan. 2022b. Assessment of thermotolerance 
of Dorper and white Dorper during Australian summer. In: Pro-
ceedings of the Australian Association of Animal Science, Animal 
Production Science 10 & 11, lxxxv.

Karasek, M., M. Pawlikowski, B. Nowakowskajankiewicz, H. 
Kolodziejmaciejewska, J. Zieleniewski, D. Cieslak, and F. Leiden-
berger. 1990. Circadian variations in plasma melatonin, Fsh, Lh, 
and prolactin and testosterone levels in infertile men. J. Pineal Res. 
9:149–157. doi:10.1111/j.1600-079x.1990.tb00703.x

Karasek, M., R. Stawerska, M. Hilczer, K. Zylinska, and A. Lewinski. 
2004. Melatonin circadian rhythm in women with idiopathic 
hyperprolactinemia. Neuro Endocrinol. Lett. 25:411–414.

Kelly, P. A., J. M. Boutin, C. Jolicoeur, H. Okamura, M. Shirota, M. 
Edery, I. Dusanter-Fourt, and J. Djiane. 1989. Purification, cloning, 
and expression of the prolactin receptor. Biol. Reprod. 40:27–32. 
doi:10.1095/biolreprod40.1.27

Kelly, P. A., J. Djiane, M. C. Postelvinay, and M. Edery. 1991. The pro-
lactin growth-hormone receptor family. Endocr Rev. 12:235–251. 
doi:10.1210/edrv-12-3-235

Kelly, P. A., S. Ali, M. Rozakis, L. Goujon, M. Nagano, I. Pellegrini, D. 
Gould, J. Djiane, M. Edery, J. Finidori, et al. 1993. The growth-
hormone prolactin receptor family. Recent Prog. Horm. Res. 
48:123–164.

Kennaway, D. J., L. M. Sanford, B. Godfrey, and H. G. Friesen. 1983. 
Patterns of progesterone, melatonin and prolactin secretion in ewes 
maintained in 4 different photoperiods. J. Endocrinol. 97:229–242. 
doi:10.1677/joe.0.0970229

Kerr, L. A., C. P. McCoy, C. R. Boyle, and H. W. Essig. 1990. Effects of 
ammoniation of endophyte fungus-infested fescue hay on serum 
prolactin concentration and rectal temperature in beef cattle. Am. 
J. Vet. Res. 51:76–78.

Kim, E. S., A. R. Elbeltagy, A. M. Aboul-Naga, B. Rischkowsky, B. Sayre, 
J. M. Mwacharo, and M. F. Rothschild. 2016. Multiple genomic 
signatures of selection in goats and sheep indigenous to a hot 
arid environment. Heredity (Edinb) 116:255–264. doi:10.1038/
hdy.2015.94

Kirsch, P., J. Kunadia, S. T. Shah, and N. Agrawal. 2022. Metabolic 
effects of prolactin and the role of dopamine agonists: a review. 
Front. Endocrinol. 13:1–13. doi:10.3389/fendo.2022.1002320

Kokura, S., S. Adachi, K. Mizushima, T. Okayama, T. Hattori, T. Okuda, 
N. Nakabe, E. Manabe, T. Ishikawa, O. Handa, et al. 2010. Gene 
expression profiles of diabetic mice treated with whole body hyper-
thermia: a high-density DNA microarray analysis. Int. J. Hyper-
thermia 26:101–107. doi:10.3109/02656730903272917

Krishnan, N., O. Thellin, D. J. Buckley, N. D. Horseman, and A. R. 
Buckley. 2003. Prolactin suppresses glucocorticoid-induced thy-
mocyte apoptosis. Endocrinology 144:2102–2110. doi:10.1210/
en.2003-0053

Landaeta-Hernández, A., S. Zambrano-Nava, J. P. Hernández-Fonseca, 
R. Godoy, M. Calles, J. L. Iragorri, L. Añez, M. Polanco, M.  
Montero-Urdaneta, and T. Olson. 2011. Variability of hair coat and 
skin traits as related to adaptation in Criollo Limonero cattle. Trop. 
Anim. Health Prod. 43:657–663. doi:10.1007/s11250-010-9749-1

Lemal, P., K. May, S. König, M. Schroyen, and N. Gengler. 2023. 
From heat stress to disease-Immune response and candidate genes 
involved in cattle thermotolerance. J. Dairy Sci. 106:4471–4488. 
doi:10.3168/jds.2022-22727

Lincoln, G. A. 1990. Correlation with changes in horns and pelage, but 
not reproduction, of seasonal cycles in the secretion of prolactin in 
rams of wild, feral and domesticated breeds of sheep. J. Reprod. 
Fertil. 90:285–296. doi:10.1530/jrf.0.0900285

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf020/8002202 by guest on 07 O

ctober 2025

https://doi.org/10.3168/jds.2015-10514
https://doi.org/10.1016/j.anireprosci.2004.04.011
https://doi.org/10.1016/j.anireprosci.2004.04.011
https://doi.org/10.1016/j.theriogenology.2020.05.010
https://doi.org/10.1080/07853890410033892
https://doi.org/10.1210/en.2007-1311
https://doi.org/10.3390/ani6060037
https://doi.org/10.1210/en.2017-00081
https://doi.org/10.1210/en.2017-00081
https://doi.org/10.3390/toxins11080479
https://doi.org/10.3390/toxins11080479
https://doi.org/10.3389/fphys.2017.00548
https://doi.org/10.3389/fphys.2017.00548
https://doi.org/10.1016/0921-4488(92)90067-e
https://doi.org/10.3390/ani3020442
https://doi.org/10.1186/s12864-020-07097-6
https://doi.org/10.1016/j.aninu.2023.01.003
https://doi.org/10.3389/fgene.2014.00101
https://doi.org/10.1016/s0021-9975(67)80012-4
https://doi.org/10.3390/ani10122441
https://doi.org/10.1111/j.1600-079x.1990.tb00703.x
https://doi.org/10.1095/biolreprod40.1.27
https://doi.org/10.1210/edrv-12-3-235
https://doi.org/10.1677/joe.0.0970229
https://doi.org/10.1038/hdy.2015.94
https://doi.org/10.1038/hdy.2015.94
https://doi.org/10.3389/fendo.2022.1002320
https://doi.org/10.3109/02656730903272917
https://doi.org/10.1210/en.2003-0053
https://doi.org/10.1210/en.2003-0053
https://doi.org/10.1007/s11250-010-9749-1
https://doi.org/10.3168/jds.2022-22727
https://doi.org/10.1530/jrf.0.0900285


14 Journal of Animal Science, 2025, Vol. 103 

Lincoln, G. A., and I. J. Clarke. 1994. Photoperiodically-induced 
cycles in the secretion of prolactin in hypothalamo-pituitary 
disconnected rams: evidence for translation of the melatonin 
signal in the pituitary gland. J. Neuroendocrinol. 6:251–260. 
doi:10.1111/j.1365-2826.1994.tb00580.x

Lincoln, G. A., I. J. Clarke, R. A. Hut, and D. G. Hazlerigg. 2006. Char-
acterizing a mammalian circannual pacemaker. Science 314:1941–
1944. doi:10.1126/science.1132009

Littlejohn, M. D., K. M. Henty, K. Tiplady, T. Johnson, C. Harland, T. 
Lopdell, R. G. Sherlock, W. B. Li, S. D. Lukefahr, B. C. Shanks, et 
al. 2014. Functionally reciprocal mutations of the prolactin signal-
ling pathway define hairy and slick cattle. Nat. Commun. 5:1–8. 
doi:10.1038/ncomms6861

Liu, F., J. J. Cottrell, U. Wijesiriwardana, F. W. Kelly, S. S. Chauhan, R. V. 
Pustovit, P. A. Gonzales-Rivas, K. DiGiacomo, B. J. Leury, P. Celi, et 
al. 2017. Effects of chromium supplementation on physiology, feed 
intake, and insulin related metabolism in growing pigs subjected to 
heat stress. Transl Anim Sci 1:116–125. doi:10.2527/tas2017.0014

Loretz, C. A., and H. A. Bern. 1982. Prolactin and Osmoregulation 
in vertebrates - an update. Neuroendocrinology 35:292–304. 
doi:10.1159/000123397

Lu, C. D. 1989. Effects of heat stress on goat production. Small Rumi-
nant Res. 2:151–162. doi:10.1016/0921-4488(89)90040-0

Macotela, Y., X. Ruiz-Herrera, D. I. Vazquez-Carrillo, G. Ramírez-
Hernandez, G. M. de la Escalera, and C. Clapp. 2022. The ben-
eficial metabolic actions of prolactin. Front. Endocrinol. 13:1–9. 
doi:10.3389/fendo.2022.1001703

Marano, R. J., and N. Ben-Jonathan. 2014. Minireview: extrapituitary 
prolactin: an update on the distribution, regulation, and functions. 
Mol. Endocrinol. 28:622–633. doi:10.1210/me.2013-1349

Mariasegaram, M., C. C. Chase, J. X. Chaparro, T. A. Olson, R. A. 
Brenneman, and R. P. Niedz. 2007. The slick hair coat locus maps 
to chromosome 20 in Senepol-derived cattle. Anim. Genet. 38:54–
59. doi:10.1111/j.1365-2052.2007.01560.x

Matika, O., S. C. Bishop, R. Pong-Wong, V. Riggio, and D. J. Headon. 
2013. Genetic factors controlling wool shedding in a composite 
Easycare sheep flock. Anim. Genet. 44:742–749. doi:10.1111/
age.12070

Mcneilly, A. S., and T. Chard. 1974. Circulating levels of prolac-
tin during menstrual-cycle. Clin. Endocrinol. (Oxf) 3:105–112. 
doi:10.1111/j.1365-2265.1974.tb01786.x

McCarty, M. F., J. Barroso-Aranda, and F. Contreras. 2009. Regular 
thermal therapy may promote insulin sensitivity while boosting 
expression of endothelial nitric oxide synthase - Effects compa-
rable to those of exercise training. Med. Hypotheses 73:103–105. 
doi:10.1016/j.mehy.2008.12.020

Min, L., N. Zheng, S. Zhao, J. Cheng, Y. Yang, Y. Zhang, H. Yang, 
and J. Wang. 2016. Long-term heat stress induces the inflamma-
tory response in dairy cows revealed by plasma proteome analysis. 
Biochem. Biophys. Res. Commun. 471:296–302. doi:10.1016/j.
bbrc.2016.01.185

Morera, P., L. Basirico, K. Hosoda, and U. Bernabucci. 2012. Chronic 
heat stress up-regulates leptin and adiponectin secretion and 
expression and improves leptin, adiponectin and insulin sensitivity 
in mice. J. Mol. Endocrinol. 48:129–138. doi:10.1530/JME-11-
0054

Morgan, P. J., L. M. Williams, G. Davidson, W. Lawson, and E. How-
ell. 1989. Melatonin receptors on ovine pars tuberalis: character-
ization and autoradiographicai localization. J. Neuroendocrinol. 
1:1–4. doi:10.1111/j.1365-2826.1989.tb00068.x

Mullur, R., Y. Y. Liu, and G. A. Brent. 2014. Thyroid hormone regula-
tion of metabolism. Physiol. Rev. 94:355–382. doi:10.1152/phys-
rev.00030.2013

Nagano, M., and P. A. Kelly. 1994. Tissue distribution and regulation 
of rat prolactin receptor gene expression. Quantitative analysis 
by polymerase chain reaction. J. Biol. Chem. 269:13337–13345. 
doi:10.1016/S0021-9258(17)36838-2

Naji, M. M., Y. T. Utsunomiya, J. Solkner, B. D. Rosen, and G. Mesza-
ros. 2021. Assessing Bos taurus introgression in the UOA Bos 

indicus assembly. Genet. Sel. Evol. 53:96. doi:10.1186/s12711-
021-00688-1

Nixon, A. J., C. A. Ford, J. E. Wildermoth, A. J. Craven, M. G. Ashby, 
and A. J. Pearson. 2002. Regulation of prolactin receptor expres-
sion in ovine skin in relation to circulating prolactin and wool 
follicle growth status. J. Endocrinol. 172:605–614. doi:10.1677/
joe.0.1720605

Olson, T. A., C. Lucena, C. C. Chase, Jr., and A. C. Hammond. 2003. Evi-
dence of a major gene influencing hair length and heat tolerance in 
Bos taurus cattle. J. Anim. Sci. 81:80–90. doi:10.2527/2003.81180x

Ormandy, C. J., N. Binart, C. Helloco, and P. A. Kelly. 1998. Mouse 
prolactin receptor gene: genomic organization reveals alterna-
tive promoter usage and generation of isoforms via alternative 
3’-exon splicing. DNA Cell Biol. 17:761–770. doi:10.1089/
dna.1998.17.761

Pearson, A. J., A. L. Parry, M. G. Ashby, V. J. Choy, J. E. Wildermoth, 
and A. J. Craven. 1996. Inhibitory effect of increased photoperiod 
on wool follicle growth. J. Endocrinol. 148:157–166. doi:10.1677/
joe.0.1480157

Petterson, J. A., F. R. Dunshea, R. A. Ehrhardt, and A. W. Bell. 1993. 
Pregnancy and undernutrition alter glucose metabolic responses 
to insulin in sheep. J. Nutr. 123:1286–1295. doi:10.1093/
jn/123.7.1286

Petterson, J. A., R. Slepetis, R. A. Ehrhardt, F. R. Dunshea, and A. W. 
Bell. 1994. Pregnancy but not moderate undernutrition attenuates 
insulin suppression of fat mobilization in sheep. J. Nutr. 124:2431–
2436. doi:10.1093/jn/124.12.2431

Pirchio, R., C. Graziadio, A. Colao, R. Pivonello, and R. S. Auriemma. 
2022. Metabolic effects of prolactin. Front. Endocrinol. 
13:1015520. doi:10.3389/fendo.2022.1015520

Pires, B. V., N. B. Stafuzza, L. A. de Freitas, M. E. Z. Mercadante, E. 
S. Ramos, and C. C. P. Paz. 2021. Expression of candidate genes 
for residual feed intake in tropically adapted Bos taurus and Bos 
indicus bulls under thermoneutral and heat stress environmen-
tal conditions. J. Therm. Biol. 99:102998. doi:10.1016/j.jther-
bio.2021.102998

Pollott, G. E. 2011. A suggested mode of inheritance for wool shedding 
in sheep. J. Anim. Sci. 89:2316–2325. doi:10.2527/jas.2010-3713

Porter, J. K., and F. N. Thompson, Jr. 1992. Effects of fescue tox-
icosis on reproduction in livestock. J. Anim. Sci. 70:1594–1603. 
doi:10.2527/1992.7051594x

Porto-Neto, L. R., D. M. Bickhart, A. J. Landaeta-Hernandez, Y. T. 
Utsunomiya, M. Pagan, E. Jimenez, P. J. Hansen, S. Dikmen, S. G. 
Schroeder, E. S. Kim, et al. 2018. Convergent evolution of slick coat 
in cattle through truncation mutations in the prolactin receptor. 
Front. Genet. 9:57. doi:10.3389/fgene.2018.00057

Prathap, P., S. S. Chauhan, B. J. Leury, J. J. Cottrell, A. Joy, M. Zhang, 
and F. R. Dunshea. 2022. Reducing the fermentability of wheat 
with a starch binding agent reduces some of the negative effects 
of heat stress in sheep. Animals (Basel) 12:1396. doi:10.3390/
ani12111396

Puchala, R., S. G. Pierzynowski, T. Wuliji, A. L. Goetsch, S. A.  
Soto-Navarro, and T. Sahlu. 2003. Effects of prolactin administered 
to a perfused area of the skin of Angora goats. J. Anim. Sci. 81:279–
284. doi:10.2527/2003.811279x

Radomski, M. W., M. Cross, and A. Buguet. 1998. Exercise-induced 
hyperthermia and hormonal responses to exercise. Can. J. Physiol. 
Pharmacol. 76:547–552. doi:10.1139/cjpp-76-5-547

Ravault, J. P. 1976. Prolactin in the ram: seasonal variations in 
the concentration of blood plasma from birth until three years 
old. Acta Endocrinol (Copenh) 83:720–725. doi:10.1530/
acta.0.0830720

Rhoads, R. P., A. J. La Noce, J. B. Wheelock, and L. H. Baumgard. 2011. 
Alterations in expression of gluconeogenic genes during heat stress 
and exogenous bovine somatotropin administration. J. Dairy Sci. 
94:1917–1921. doi:10.3168/jds.2010-3722

Rhoads, R. P., L. H. Baumgard, J. K. Suagee, and S. R. Sanders. 2013. 
Nutritional interventions to alleviate the negative consequences of 
heat stress. Adv. Nutr. 4:267–276. doi:10.3945/an.112.003376

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf020/8002202 by guest on 07 O

ctober 2025

https://doi.org/10.1111/j.1365-2826.1994.tb00580.x
https://doi.org/10.1126/science.1132009
https://doi.org/10.1038/ncomms6861
https://doi.org/10.2527/tas2017.0014
https://doi.org/10.1159/000123397
https://doi.org/10.1016/0921-4488(89)90040-0
https://doi.org/10.3389/fendo.2022.1001703
https://doi.org/10.1210/me.2013-1349
https://doi.org/10.1111/j.1365-2052.2007.01560.x
https://doi.org/10.1111/age.12070
https://doi.org/10.1111/age.12070
https://doi.org/10.1111/j.1365-2265.1974.tb01786.x
https://doi.org/10.1016/j.bbrc.2016.01.185
https://doi.org/10.1016/j.bbrc.2016.01.185
https://doi.org/10.1530/JME-11-0054
https://doi.org/10.1530/JME-11-0054
https://doi.org/10.1111/j.1365-2826.1989.tb00068.x
https://doi.org/10.1152/physrev.00030.2013
https://doi.org/10.1152/physrev.00030.2013
https://doi.org/10.1016/S0021-9258(17)36838-2
https://doi.org/10.1186/s12711-021-00688-1
https://doi.org/10.1186/s12711-021-00688-1
https://doi.org/10.1677/joe.0.1720605
https://doi.org/10.1677/joe.0.1720605
https://doi.org/10.2527/2003.81180x
https://doi.org/10.1089/dna.1998.17.761
https://doi.org/10.1089/dna.1998.17.761
https://doi.org/10.1677/joe.0.1480157
https://doi.org/10.1677/joe.0.1480157
https://doi.org/10.1093/jn/123.7.1286
https://doi.org/10.1093/jn/123.7.1286
https://doi.org/10.1093/jn/124.12.431
https://doi.org/10.3389/fendo.2022.1015520
https://doi.org/10.1016/j.jtherbio.2021.102998
https://doi.org/10.1016/j.jtherbio.2021.102998
https://doi.org/10.2527/jas.2010-3713
https://doi.org/10.2527/1992.7051594x
https://doi.org/10.3389/fgene.2018.00057
https://doi.org/10.3390/ani12111396
https://doi.org/10.3390/ani12111396
https://doi.org/10.2527/2003.811279x
https://doi.org/10.1139/cjpp-76-5-547
https://doi.org/10.1530/acta.0.0830720
https://doi.org/10.1530/acta.0.0830720
https://doi.org/10.3168/jds.2010-3722
https://doi.org/10.3945/an.112.003376


Clarke et al. 15

Rice, R. L., D. J. Blodgett, G. G. Schurig, W. S. Swecker, J. P. Fontenot, 
V. G. Allen, and R. M. Akers. 1997. Evaluation of humoral immune 
responses in cattle grazing endophyte-infected or endophyte-free 
fescue. Vet. Immunol. Immunopathol. 59:285–291. doi:10.1016/
s0165-2427(97)00079-2

Riddle, O., R. W. Bates, and S. W. Dykshorn. 1932. A new hor-
mone of the anterior pituitary. Exp. Biol. Med. 29:1211–1212. 
doi:10.3181/00379727-29-6288

Robertson, M. T., M. J. Boyajian, K. Patterson, and W. V. Robertson. 
1986. Modulation of the chloride concentration of human sweat 
by prolactin. Endocrinology 119:2439–2444. doi:10.1210/endo-
119-6-2439

Ronchi, B., G. Stradaioli, A. Verini Supplizi, U. Bernabucci, N. Lacetera, 
P. A. Accorsi, A. Nardone, and E. Seren. 2001. Influence of heat 
stress or feed restriction on plasma progesterone, oestradiol-17β, 
LH, FSH, prolactin and cortisol in Holstein heifers. Livest. Prod. 
Sci. 68:231–241. doi:10.1016/s0301-6226(00)00232-3

Saber, A. P. R., M. T. Jalali, D. Mohjeri, A. A. Akhoole, H. Z. N. Tey-
mourluei, M. Nouri, and S. Garachorlo. 2009. The effect of ambient 
temperature on thyroid hormones concentration and histopatho-
logical changes of thyroid gland in cattle in Tabriz, Iran. Asian J 
Anim Vet Adv 4:28–33. doi:10.3923/ajava.2009.28.33

Salah, M. S., M. A. Al-Saiadi, M. Y. Al-Saiadi, and H. H. Mogawer. 
1995. Effect of prolactin inhibition on thermoregulation, water 
and food intakes in heat-stressed fat-tailed male lambs. Anim. Sci. 
60:87–91. doi:10.1017/S1357729800008171

Salama, A., G. Caja, S. Hamzaoui, B. Badaoui, A. Castro-Costa, D. 
Facanha, M. Guilhermino, and R. Bozzi. 2014. Different levels of 
response to heat stress in dairy goats. Small Ruminant Res. 121:73–
79. doi:10.1016/j.smallrumres.2013.11.021

Sanz Fernandez, M. V., S. K. Stoakes, M. Abuajamieh, J. T. Seibert, 
J. S. Johnson, E. A. Horst, R. P. Rhoads, and L. H. Baumgard. 
2015. Heat stress increases insulin sensitivity in pigs. Physiol Rep 
3:e12478. doi:10.14814/phy2.12478

Sejian, V., A. K. Singh, A. Sahoo, and S. M. Naqvi. 2014. Effect of min-
eral mixture and antioxidant supplementation on growth, repro-
ductive performance and adaptive capability of Malpura ewes 
subjected to heat stress. J. Anim. Physiol. Anim. Nutr. (Berl) 98:72–
83. doi:10.1111/jpn.12037

Sivakumar, A. V. N., G. Singh, and V. P. Varshney. 2010. Antioxi-
dants supplementation on acid base balance during heat stress 
in goats. Asian-aust. J. Anim. Sci. 23:1462–1468. doi:10.5713/
ajas.2010.90471

Slimen, I. B., T. Najar, A. Ghram, and M. Abdrrabba. 2016. Heat stress 
effects on livestock: molecular, cellular and metabolic aspects, a review. 
J. Anim. Physiol. Anim. Nutr. 100:401–412. doi:10.1111/jpn.12379

Slimen, I. B., M. Chniter, and T. Najar. 2019. Meta-analysis of some 
physiologic, metabolic and oxidative responses of sheep exposed to 
environmental heat stress. Livest Sci 229:179–187. doi:10.1016/j.
livsci.2019.09.026

Sosa, F., A. T. Carmickle, L. J. Oliveira, M. Sagheer, M. Saleem, F. H. 
Yu, M. D. Altman, S. Dikmen, A. C. Denicol, T. S. Sonstegard, et al. 
2022. Effects of the bovine SLICK1 mutation in PRLR on sweat 
gland area, FOXA1 abundance, and global gene expression in skin. 
J. Dairy Sci. 105:9206–9215. doi:10.3168/jds.2022-22272

Taye, M., W. Lee, K. Caetano-Anolles, T. Dessie, O. Hanotte, O. A. 
Mwai, S. Kemp, S. Cho, S. J. Oh, H. K. Lee, et al. 2017. Whole 
genome detection of signature of positive selection in African cattle 
reveals selection for thermotolerance. Anim. Sci. J. 88:1889–1901. 
doi:10.1111/asj.12851

Thomas, G. B., J. T. Cummins, L. Cavanagh, and I. J. Clarke. 1986. 
Transient increase in prolactin secretion following hypothalamo-
pituitary disconnection in ewes during anoestrus and the breeding 
season. J. Endocrinol. 111:425–431. doi:10.1677/joe.0.1110425

Thomas, G. B., J. T. Cummins, and I. J. Clarke. 1987. Secretion of pro-
lactin in response to serotonin requires an intact hypothalamo-
pituitary axis in the ewe. Neurosci. Lett. 83:323–326. 
doi:10.1016/0304-3940(87)90108-x

Thomas, G. B., J. T. Cummins, N. Griffin, and I. J. Clarke. 1988a. 
Effect and site of action of hypothalamic neuropeptides on 
prolactin release in sheep. Neuroendocrinology 48:252–257. 
doi:10.1159/000125019

Thomas, G. B., J. T. Cummins, B. Yao, K. Gordon, and I. J. Clarke. 
1988b. Release of prolactin is independent of the secretion of  
thyrotrophin-releasing hormone into hypophysial portal blood of 
sheep. J. Endocrinol. 117:115–122. doi:10.1677/joe.0.1170115

Thomas, G. B., J. T. Cummins, B. W. Doughton, N. Griffin, G. A. 
Smythe, R. M. Gleeson, and I. J. Clarke. 1989a. Direct pituitary 
inhibition of prolactin secretion by dopamine and noradrenaline 
in sheep. J. Endocrinol. 123:393–402. doi:10.1677/joe.0.1230393

Thomas, G. B., J. T. Cummins, G. A. Smythe, R. M. Gleeson, R. C. Dow, 
G. Fink, and I. J. Clarke. 1989b. Concentrations of dopamine and 
noradrenaline in hypophysial portal blood in the sheep and the rat. 
J. Endocrinol. 121:141–147. doi:10.1677/joe.0.1210141

Turner, H. G., and A. V. Schleger. 1960. The significance of coat 
type in cattle. Aust. J. Agric. Res. 11:645–663. doi.org/10.1071/
AR9600645

Utsunomiya, Y. T., M. Milanesi, M. R. S. Fortes, L. R. Porto-Neto, A. 
T. H. Utsunomiya, M. Silva, J. F. Garcia, and P. Ajmone-Marsan. 
2019. Genomic clues of the evolutionary history of Bos indicus cat-
tle. Anim. Genet. 50:557–568. doi:10.1111/age.12836

Valente, E. E. L., J. L. Klotz, R. C. Markmann, R. J. Trotta, J. L. Edwards, 
J. B. May, and D. L. Harmon. 2024. Levodopa attenuates the feed 
intake reduction caused by ergot alkaloids in cattle. J. Anim. Sci. 
102:1–12. doi:10.1093/jas/skae078

Walker, A. M., M. T. Robertson, and C. J. Jones. 1989. Distribution of 
a prolactinlike material in human eccrine sweat glands. J. Invest. 
Dermatol. 93:50–53. doi:10.1111/1523-1747.ep12277346

Wheelock, J. B., R. P. Rhoads, M. J. Vanbaale, S. R. Sanders, and L. 
H. Baumgard. 2010. Effects of heat stress on energetic metabolism 
in lactating Holstein cows. J. Dairy Sci. 93:644–655. doi:10.3168/
jds.2009-2295

Wojtas, K., P. Cwynar, R. Kolacz, and R. Kupczynski. 2013. Effect of 
heat stress on acid base balance in Polish Merino Sheep. Archiv. 
Tierzucht 56:92–99. doi:10.7482/0003-9438-56-092.

Yahata, T., and A. Kuroshima. 1994. Role of prolactin in brown adi-
pose tissue thermoenic activity. In: Milton A. S., editor. Tempera-
ture rugulation: advances in pharmacological sciences. Birkhauser: 
Basel; p. 327–331.

Yu, J., F. Xiao, Q. Zhang, B. Liu, Y. Guo, Z. Lv, T. Xia, S. Chen, K. Li, Y. 
Du, et al. 2013. PRLR regulates hepatic insulin sensitivity in mice 
via STAT5. Diabetes 62:3103–3113. doi:10.2337/db13-0182

Yu-Lee, L. Y. 2002. Prolactin modulation of immune and inflamma-
tory responses. Recent Prog. Horm. Res. 57:435–455. doi:10.1210/
rp.57.1.435

Zhang, H., S. Shao, Y. Zeng, X. Wang, Y. Qin, Q. Ren, S. Xiang, Y. 
Wang, J. Xiao, and Y. Sun. 2022. Reversible phase separation of 
HSF1 is required for an acute transcriptional response during 
heat shock. Nat. Cell Biol. 24:340–352. doi:10.1038/s41556-
022-00846-7

D
ow

nloaded from
 https://academ

ic.oup.com
/jas/article/doi/10.1093/jas/skaf020/8002202 by guest on 07 O

ctober 2025

https://doi.org/10.1016/s0165-2427(97)00079-2
https://doi.org/10.1016/s0165-2427(97)00079-2
https://doi.org/10.3181/00379727-29-6288
https://doi.org/10.1210/endo-119-6-2439
https://doi.org/10.1210/endo-119-6-2439
https://doi.org/10.1016/s0301-6226(00)00232-3
https://doi.org/10.3923/ajava.2009.28.33
https://doi.org/10.1017/S1357729800008171
https://doi.org/10.1016/j.smallrumres.2013.11.021
https://doi.org/10.14814/phy2.12478
https://doi.org/10.1111/jpn.12037
https://doi.org/10.5713/ajas.2010.90471
https://doi.org/10.5713/ajas.2010.90471
https://doi.org/10.1111/jpn.12379
https://doi.org/10.1016/j.livsci.2019.09.026
https://doi.org/10.1016/j.livsci.2019.09.026
https://doi.org/10.3168/jds.2022-22272
https://doi.org/10.1111/asj.12851
https://doi.org/10.1677/joe.0.1110425
https://doi.org/10.1016/0304-3940(87)90108-x
https://doi.org/10.1159/000125019
https://doi.org/10.1677/joe.0.1170115
https://doi.org/10.1677/joe.0.1230393
https://doi.org/10.1677/joe.0.1210141
doi.org/10.1071/AR9600645
doi.org/10.1071/AR9600645
https://doi.org/10.1111/age.12836
https://doi.org/10.1093/jas/skae078
https://doi.org/10.1111/1523-1747.ep12277346
https://doi.org/10.3168/jds.2009-2295
https://doi.org/10.3168/jds.2009-2295
https://doi.org/10.7482/0003-9438-56-092
https://doi.org/10.2337/db13-0182
https://doi.org/10.1210/rp.57.1.435
https://doi.org/10.1210/rp.57.1.435
https://doi.org/10.1038/s41556-022-00846-7
https://doi.org/10.1038/s41556-022-00846-7

	Prolactin and heat stress; focus on domestic ruminants
	Introduction
	Prolactin as a Hormone
	Control of Prolactin Secretion
	Influence of Photoperiod and Environmental Temperature on PRL Concentrations
	Prolactin Receptor
	Prolactin, Hair/Wool Growth and Shedding
	Sweating
	Breed Diversity and the SLICK Gene
	Breeds Displaying the SLICK Phenotype
	Senepol
	Criollo/Limonero
	Carora

	Introgression of the PRL Gene
	Other Candidate Genes for Heat Resilience
	Other Mechanisms Whereby Prolactin may Function during HS
	Prolactin, leptin, and food intake
	Prolactin and thermogenesis
	Cortisol, prolactin and heat stress
	Metabolism, prolactin, and heat stress

	Immune System and Heat Stress
	Endophytes, Heat Stress, and Prolactin
	Water and Electrolyte Balance
	Conclusion
	Acknowledgment
	Literature Cited


