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Simple Summary: Brown adipose tissue (BAT) is a thermogenic tissue that greatly contributes to
preventing neonatal hypothermia by activating biochemical and endocrine processes because of cold
stress. The presence of uncoupling proteins and adrenergic receptors in the brown adipocyte initiates
the metabolic pathway for heat production. However, the presence and absence of BAT, as well as its
activation, location, and the degree of thermogenic response, are traits that depend on intrinsic and
extrinsic factors of mammals. The present review aims to discuss the neuromodulation mechanisms
of thermoregulation and the importance of BAT, emphasizing the analysis of the biochemical, physi-
ological, and genetic factors that determine the distribution, amount, and efficiency of this energy
resource in newborns of different species.

Abstract: Hypothermia is one of the most common causes of mortality in neonates, and it could be
developed after birth because the uterus temperature is more elevated than the extrauterine temper-
ature. Neonates use diverse mechanisms to thermoregulate, such as shivering and non-shivering
thermogenesis. These strategies can be more efficient in some species, but not in others, i.e., altricials,
which have the greatest difficulty with achieving thermoneutrality. In addition, there are anatomical
and neurological differences in mammals, which may present different distributions and amounts of
brown fat. This article aims to discuss the neuromodulation mechanisms of thermoregulation and
the importance of brown fat in the thermogenesis of newborn mammals, emphasizing the analysis
of the biochemical, physiological, and genetic factors that determine the distribution, amount, and
efficiency of this energy resource in newborns of different species. It has been concluded that is vital
to understand and minimize hypothermia causes in newborns, which is one of the main causes of
mortality in neonates. This would be beneficial for both animals and producers.

Keywords: brown adipose tissue; mammals; altricial; precocial; hypothermia; thermostability; neonate

1. Introduction

Parturition is considered an abrupt process that submits mammals to a wide variety
of challenges. The challenge of adequately thermoregulating is enhanced because after
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staying in an environment where the temperature remains regulated and relatively constant,
as is the uterus, neonates face an environment with a temperature at least 10 ◦C lower
than in utero [1–3]. This change is potentially stressful even in precocial species such as
lambs, who, regardless of the thermoregulatory advantages (e.g., adipose tissue deposits,
motor ability to stand up immediately after birth) are still exposed to body temperature
drops. This could be attributed to newborns being vulnerable to thermal changes that
could cause hypothermia from birth until 36 h of life, and because they may experience
excessive heat loss and depletion of their energy reserves [1,4–6]. In fact, in preterm infants,
the mortality rate can increase markedly, even with short periods of hypothermia [7,8].
This shows how fundamental thermoregulation and thermogenesis are for the survival of
the animals. Moreover, having sufficient energy reserves, mainly through the consumption
of colostrum and milk, is an important source of thermogenesis fuel [1,9,10]. The main
defense mechanisms against the cold in newborns include: (i) vasoconstriction with the
objective to maintain heat in the core of the body and minimize heat loss [11]; (ii) non-
shivering thermogenesis (NST), which involves the metabolism of brown adipose tissue
(BAT); and (iii) shivering thermogenesis [1]. Nonetheless, the contribution of shivering
to the thermoregulation of neonates has been questioned [12], since in the vast majority
of species it has been seen that fat is the main source of energy used to cover their high
metabolic rates and because of the relative immaturity of neonates’ musculature to produce
heat by shivering [1,12]. However, in species such as the pig, the content of adipose tissue
of any type in neonates is small (1.5%), which has led to ruling out the development of
NST [13]. However, recent studies mention the existence of an NST mechanism that does
not involve BAT [14].

The activation of NST using BAT is regulated by the central nervous system (CNS)
when responding to peripheral thermal sensory inputs. Transient receptor potential (TRP)
cation channels—particularly TRPM8 and TRPA1 to detect cold—[15] receive signals asso-
ciated with changes in the environmental temperature [16]. For this reason, it is relevant to
know the thermoregulation procedures used by various species, as well as the factors that
can influence their development, since all this knowledge can be useful for the creation
of strategies that ensure the welfare and survival of newborns, an aspect of great interest
for production systems that present significant economic losses due to neonatal mortality
of up to 50% [3–5]. Thus, this article aims to discuss the neuromodulation mechanisms
of thermoregulation and the importance of BAT in the thermogenesis of newborn mam-
mals, emphasizing the analysis of the biochemical, physiological, and genetic factors that
determine the distribution, amount, and efficiency of this energy resource in newborns of
different species.

2. Uterine Thermoregulation of the Fetus

The proper functioning of cellular processes in the body during the gestation period is
essential because the mother provides the energy resources for the physical development
and physiological maintenance of the fetus through maternal–fetal communication [17].
Uterine temperature is 0.5 ◦C above the dam’s, and this interchange modifies fetus temper-
ature. This is obtained through the placental surface (2.1 watts per kg) and the umbilical
circulation [18] to afterward dissipate heat through the placental surface and the fetal
membranes [19].

Different studies have verified that fetuses manage to warm up through their metabolic
processes. Power et al. [20] found that fetal sheep can produce about 3.3 watts per kilogram
of fetal tissue, which is equivalent to 47 calories per minute, and about twice the heat that an
adult can produce per unit of body weight. Fetal oxygen consumption after occluding the
umbilical cord is 6.7 mL/kg/min, 1.5 times higher than that of adults. This demonstrates
that the fetal basal metabolic rate is higher, resulting in significant heat production that
causes fetuses to have a temperature 0.3–0.5 ◦C higher than the mother, even when she
develops a fever [18,21]. It must be emphasized that even non–pathological events, for
example, exercise, lead to umbilical cord occlusion [12,22].
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An example of heat dispersion in the fetus is detailed in the study by Gilbert et al. [23],
who detected that 85% of the heat generated by a fetal lamb was transferred to the mother
through the circulation and the last 15% was transferred from her skin to the amniotic
sac to reach the uterine wall later, maintaining a balance in the production and loss of
heat [8]. However, heat transfer through maternal–fetal communication can be affected by
alterations in umbilical blood flow, triggering an increase in fetal temperature, which has
been reported in fetal baboons and fetal lambs that experienced partial occlusion or total,
respectively, of the umbilical cord [24,25].

This has been verified with the use of tele-thermography, with which was detected
that the surface temperature of infant newborns was higher if they had a coiled umbilical
cord [26], indicating that fetal temperature changes rapidly because of disturbances in
the umbilical blood flow that do not allow it to dissipate heat. Something similar to
what was previously described happens when the mother experiences a 2.5 ◦C increase in
temperature because, due to the initiation of a cutaneous vasodilation response in the dam,
blood flow to the umbilical cord decreases significantly, which would explain the reason
why, even in the face of fever, the fetus has a higher temperature than the mother [27].

Thus, to survive the extrauterine environment that represents a thermal challenge,
fetuses must accumulate BAT before parturition, so premature newborns have a reduced ca-
pacity to initiate BAT thermogenesis to face the cold from the extrauterine environment [28].
This has at least been verified in infants born before reaching 30 weeks, in whom NST
activity could not be detected on the dorsal surface with thermography [29]. Similarly,
preterm lambs have been reported to show reduced rectal temperature, low thyroid hor-
mone concentrations, and altered adrenal cortex activity compared with those born at full
term [30]. It also has been reported that lambs born by caesarean section, in addition to
presenting low concentrations of thyroid hormone in plasma, have a reduced content of
norepinephrine compared to those that were born vaginally [31]. It should be noted that
lambs born by cesarean section are not uncovered by the usual peaks of corticosteroids
and catecholamines that are necessary for the physiological maturation of the newborn [6].
Besides, it has been described that the victorious activation of BAT, also known as thermo-
genesis without a tremor, depends on the grade of maturation at birth that different species
possess [32] (or even within the same species [1]). For this reason, these individuals with
immature thermoregulation must be kept in adequate thermal conditions [12].

3. Newborn Thermoregulation

During pregnancy, heat is transferred to the fetus through the placental blood vessels
and the uterus; therefore, fetal temperature depends on the mother until birth. Conse-
quently, when the mammalian neonate is born, it faces various challenges, including expo-
sure to an environment generally below intrauterine temperature, significant evaporative
heat loss [2], and adjustments to cardiorespiratory function. Thus, effective thermoregula-
tion mechanisms are activated during the neonatal period, triggering specific thermogenic
responses a few minutes after birth [2]. This continues for several hours due to the high
risk that compromises the survival of the neonate [33]. Individual characteristics (e.g., birth
weight and vitality) [34], energy reserves, and colostrum intake available at birth add to
adequate oxygenation processes to avoid hypoxemia and a deficit in heat production.

In response to cold stress that occurs during and after birth, two mechanisms are acti-
vated to generate heat: the first is an increase in cellular metabolic activity and heat produc-
tion by shivering thermogenesis, and the other is NST, characterized by lipolysis in BAT [35].
The low environmental temperatures perceived by the neonate set the tone for the initia-
tion of negative feedback processes corresponding to the hypothalamic–pituitary–adrenal
(HPA) axis activation. This is another neuroendocrine mechanism that is also involved
in both central and peripheral temperature control. Its activation leads to an increase
in catecholamines and cortisol in the blood. In addition to the above, to continue with
thermal homeostasis, mechanisms for maintaining temperature are added, such as dermal
vasomotor control, piloerection, shivering, BAT activation, and huddling. The previously
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mentioned mechanisms aim to avoid hypothermia that would put the life of the newborn at
risk [34]. It should be noted that these mechanisms depend on factors such as parental care;
litter size; anatomical, physiological, and behavioral characteristics of the species; sensori-
motor maturity; and environmental characteristics present at birth, to name a few [36–38].
In this sense, in most species, the resistance to cooling can be compromised. It is known that
altricial species such as rabbits, rats, and mice are born without hair and have to maintain a
thermal balance in environmental temperatures equal to or less than 0 ◦C, so they must
huddle in a nest that can provide them with a warm environment [39].

It is important to mention that one way to assess the thermogenic capacity of the BAT
is through infrared thermography (IRT), a tool that has become very popular in recent
years because it is a non-invasive technique, which provides measurements of superficial
body temperature in a fairly accurate manner in dogs [40,41], ruminants [42], pigs [13], and
rats [43–45]. Using IRT, Sokolof and Blumberg [44] demonstrated that the warmth provided
by BAT appears to shape behavioral interactions, such as huddling in the group during
hypothermia presentation. In another study, Marks et al. [43] observed that interscapular
BAT does not seem to contribute to generating heat and does not appear to activate NST in
rats. Moreover, weight is also a factor that influences thermoregulatory success. Lezama-
García et al. [41] evaluated the thermal changes of 289 puppies during the first hours of life
by taking thermal captures with the use of infrared thermography (IRT) when the newborns
were wet, dry, colostrated, and 30 min, 1 h, 4 h, and 24 h after birth. The animals were
divided according to weight into quartiles, with Q1 being the group with the lowest weight
(126–226 g) and Q4 the group with the highest weight (388–452 g). The authors found a
positive correlation between the weight of the pup and its success in thermostability for
each body region evaluated, obtaining the highest temperatures in the central thermal
windows and the lowest in the peripheral thermal windows, resulting in pups of the Q4
group having a better reported thermoregulatory capacity.

On the other hand, there are the precocial species capable of maintaining their core
temperature (Tc) stable in extremely cold environmental conditions such as those mentioned
above [46], and although they experience a rapid drop in temperature after birth, this forces
them to increment of their heat production up to 15 times to make up for the loss [1,9,47].

Therefore, the generation of heat with and without shivering is recognized as some
of the main mechanisms to deal with exposure to cold [48], using energy resources, or the
activation of thermogenic systems [49], which will be explained below.

3.1. Non-Shivering Thermogenesis

NST is a method of heat production and attainment in cold environments [1,50]. The
classic example of thermogenesis without shivering is that obtained from BAT, which
is morphologically and metabolically different from white adipose tissue (WAT). For
example, in sheep during the fetal stage, BAT appears in the perirenal region at 70 days of
gestation [51], and in fact, among various mammalian species, the amount of BAT differs
from 8 to 24 g, as does its triglyceride content (0.40–0.80 mg) [1,52].

It should be noted that BAT is a tissue that is not present in all species, as is the case in
pigs [53] and wild boars (Sus scrofa) [14]. Likewise, and due to their size, small rodents such
as mice and rats lack a functional BAT and do not use this thermoregulation mechanism
efficiently. However, a second mechanism of NST has been described that is carried out in
the muscle and is also known as muscle NST [14,54].

These different mechanisms of NST are discussed in detail in the subsequent sections.

3.1.1. BAT as a Thermogenic Organ

This specialized thermogenic organ has a high content of cytochrome c that gives it
its characteristic brown color, numerous mitochondria with many cristae, and small fat
vacuoles, as well as abundant sympathetic innervation and blood supply [1,55–59].

Scientific evidence has shown that the mitochondria of adipocytes have abundant
amounts of an uncoupling protein-1 in their inner membrane, UCP1, which uncouples
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the electron transport chain from the electron transport-linked phosphorylation or ox-
idative phosphorylation process (the process through which energy as ATP is generated)
of ATP synthesis, allowing protons from mitochondria to run back without ATP being
produced, mainly to the generation of heat as an end product, rather than stored energy
(Figure 1) [1,55,60–62]. BAT is able to utilize both glucose and fatty acids in mitochondrial
metabolism [63]. Iatropoulos and Williams [64] mentioned that BAT has 50 to 100 times
more mitochondria than other types of adipose tissue, contributing to its thermogenic
capacity. In addition, BAT contains several small lipid droplets (multilocular), unlike the
WAT structure, which is characterized by a single, large lipid droplet and few mitochondria.
Moreover, BAT is also densely innervated by the sympathetic nervous system (SNS) and
highly vascularized [63]. The same authors reported the role of BAT over time in 6-week-
old and 36-week-old rats by performing hematological and histopathological studies on
BAT. The results indicated that BAT maintains its activity in younger and older animals,
and the proliferation of brown adipocytes is steady (around 20.5 to 28.9% of the replicating
factor) [64]. These characteristics make BAT a tissue that participates in thermoregulation
but that can also regulate homeostasis in other tissue structures.
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Figure 1. Characteristics and activation of the brown adipose tissue in mammals. When mammals are
exposed to cold environments, it activates the sympathetic nervous system and the consequent release
of catecholamines, notably NE from the adrenal glands. NE binds to β3-AR located in BAT to start a
series of biochemical reactions to produce heat. cAMP production by AC results in the activation of
the PKA, a protein that promotes lipolysis and thermogenesis through CREB, P38, and ATF2. Thyroid
hormones (T4 and T3) also participate in gene expression and TG uptake, as well as GR and glucose.
The conversion of TG to FA is used by the mitochondria to produce heat. In the mitochondria’s
membrane, UCP1 receptors and cytochrome c participate in thermogenesis following β-oxidation,
the TCA cycle, and the electron transport chain mechanism for thermogenesis. (A) Schematic deposit
of BAT; AC: adenylyl cyclase; ATF2: activating transcription factor 2. (B) Mitochondria close-up;
β3-AR: beta3-adrenergic receptor. (C) Mitochondrial membrane; cAMP: cyclic AMP; CREB: cAMP
response element-binding protein; GR: glucocorticoid; FA: fatty acids; NE: norepinephrine; PKA:
protein kinase A; T3/T4: thyroid hormone; TG: triglyceride; UCP1: uncoupling protein 1.
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The heat produced through this mechanism and fatty acid oxidation [65–67] is dis-
persed around the body through the bloodstream, ensuring that the core temperature is
maintained within a narrow range after exposure to cold [67–71].

Canon et al. [72] and Gunn and Gluckman [73] mentioned that the thermogenic
capacity of this tissue depends on the amount of UCP in the BAT and that it has been
detected in lambs since the beginning of the third trimester of pregnancy [74]. Liu et al. [28]
studied perirenal adipose tissue of newborn goats exposed to 6 ◦C for 24 h to evaluate its
effects on gene expression and protein levels of UCP1. The results indicated that animals
under 6 ◦C reduced their amounts of perirenal BAT pads and significantly increased UCP1
expression and triglycerides from 1-fold to around 0.8-fold. This represents the adaptative
thermogenic response in goats, which is dependent on lipid contents in BAT. It is worth
mentioning that UCP2 and UCP3 have been recognized in white and brown adipose
tissue, as well as in muscle, but their roles in thermoregulation have not yet been fully
elucidated [14,75].

The development of thermoregulation mechanisms involves a neurophysiological
mechanism that has been widely studied in adult species and small mammals. Angilleta
et al. [76] mentioned that rats (Rattus norvegicus) have a complex pathway for neuronal
control of temperature since they have transient receptor potential channels in the skin,
through which they send information about temperature to neurons in the dorsal horn
of the spinal cord [77–79]. Subsequently, the dorsal horn, through afferent nerve fibers,
transmits information to the lateral parabrachial nucleus at the brain stem level, specifically
in the pons of Varolio [16]. Through the external lateral subregion of the lateral parabrachial
nucleus the signal synapses with neurons of the preoptic area in the anterior hypothalamus
and dorsomedial hypothalamus [80–83]. In the hypothalamus, the sympathetic and motor
thermoregulatory responses are initiated [84].

In the case of the BAT thermogenic response, the cold signal in the hypothalamus
stimulates the neurons of the median preoptic nucleus (MnPO), which inhibit the activity of
the neurons of the medial preoptic area (MPA), which suppresses the activity of BAT ther-
mogenesis promoting neurons present in the dorsomedial hypothalamic nucleus (DMH),
thus allowing the activation of said neurons [85]. Subsequently, glutamatergic signals
activate the BAT sympathetic premotor neurons located in the raphe pallidus area (RPA),
which transmit this impulse to the intermediolateral cell column (IML) of the spinal cord:
norepinephrine is finally released at the nerve endings. Sympathetic cells that innervate
the BAT and activate β3 adrenergic receptors for lipolysis activate UCP1 so that oxidative
phosphorylation is uncoupled to produce heat (Figure 2) [60,73,86]. In the naked mole rat,
it has been reported that norepinephrine injection increases BAT temperature by 1.2 ◦C [87].

3.1.2. Muscle Non-Shivering Thermogenesis

On the other hand, muscle NST begins with the activity of the Ca2+-ATPase pump in
the sarcoplasmic reticulum (SERCA). SERCA1a, the principal isoform present in skeletal
muscle, is generally involved in muscle contraction through the transport of Ca2+ ions
from the cell lumen to the sarcoplasmic reticulum [88–90]. On the other hand, the presence
of sarcolipin (SLN), a regulatory protein, can uncouple ATP hydrolysis (carried out by
SERCA1a) from transmembrane Ca2+ transport, causing these ions to be released to the
cytoplasmic in place of the membrane instead of the sarcoplasmic reticulum, resulting
in an increase in ATP hydrolysis and heat production in the muscle without actual Ca2+

transport and thus without muscle contraction [91–94].
To elucidate whether muscle NST constitutes one of the most important and effective

mechanisms for generating heat in wild mammals that lack BAT, Nowack et al. [14] devel-
oped a study in which they exposed wild boar piglets to cold (10 ◦C) for 60–90 min after
their birth (day 1) and four days after that (day 5) determined heat production, weight
gain, rectal temperature, and shivering intensity, as well as SERCA ATPase activity and
SLN and SERCA1a gene expression. The results indicated that heat production did not
differ significantly between days (day 1: 11 watt/kg; day 5: 12 watt/kg), nor did body
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temperature (day 1: 38.6 ± 0.09 ◦C; day 5: 39.0 ± 0.07 ◦C), in addition, it was detected that
the activity of SERCA, as well as the expression of mRNA of SERCA1a and SLN, grew
significantly from the first day to the fifth.
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Figure 2. Non-shivering thermogenesis in neonate mammals. The activation of BAT to produce
heat starts with the recognition of an environmental or core temperature drop by cold-sensitive
neurons. The signals are transmitted to the DRG and the DMH in the POA by the LPBel pathway.
From the DMH, a region where GABAergic neurons participate, projection to the rRPA reaches the
IML region of the spinal cord. From this region, sympathetic afferents are directly connected to the
BAT, where the release of NE activates the β3-AR thanks to the high vascularization present in BAT
(through the thoracodorsal artery and the median perforating interscapular vein). The binding of
NE to the β3-AR promotes lipogenesis, glycolysis, and the production of TG and FA as a fuel to
the mitochondria to produce heat and increase core temperature. 5-HT: serotonin; AC: adenylyl
cyclase; β3-AR: beta3-adrenergic receptor; cAMP: cyclic AMP; DMH: dorsomedial hypothalamus;
DRG: dorsal root ganglion; FA: fatty acids; Glu: glutamate; IML: intermediolateral; LPBel: external
lateral region of the lateral parabrachial nucleus; NE: norepinephrine; PKA: protein kinase A; POA:
preoptic area; rRPA: rostral raphe pallidus; TG: triglyceride; UCP1: uncoupling protein 1.

Nowack et al. [14] evidenced the contribution of muscle NST to heat production in
wild boar piglets exposed to cold in their first days of life, indicating that shivering did not
influence as much as muscle NST. From the above, it can be inferred that muscle NST is the
main process of heat production in mammals that lack BAT or do not possess a functional
UCP1, the main protein responsible for thermogenesis in the adipose tissue. It is worth
mentioning that in rats and mice, species for which the participation of both muscle NST
and BAT has been described, it has been detected that at normal temperature (23 ◦C) there
is an elevated transcription and translation of SLN after birth, which thereafter reduces as
BAT is recruited [67,90,95]. Nevertheless, when faced with cold environmental conditions,
the mice maintain the SLN regulated for a better thermoregulatory capacity [95], an aspect
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that would lead to the conclusion that both NST mechanisms are necessary to maintain a
high body temperature in newborn rodents exposed to cold [14].

3.2. Shivering Thermogenesis

Within the thermogenic responses of the neonate to external environments with low
temperatures, shivering is observed; this comes from the production of heat by shivering
skeletal muscles where, even though the neonatal muscles and blood supply are imma-
ture [3], heat generation is achieved through the repetitive and constant action of muscle
contraction (Figure 3). During this procedure, oxygen consumption and the anaerobic
capacity of muscle fibers increase, leading to the oxidation of energy molecules such as
carbohydrates and fatty acids [34,96,97].
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Figure 3. Neural circuit of shivering thermogenesis. When exposed to cold stress, peripheral
thermosensitive afferents (known as cold-sensitive neurons) TRPA1 and TRPM8 detect noxious
cold. The stimulus is transduced into an electric signal to ascend through the DRG and DH to the
hypothalamus POA using the LPBel. In this pathway, glutamatergic neurons have an excitatory role
in the premotor shiver nucleus located in the rRPA. Subsequently, these fibers stimulate the VH and
α and γ motoneurons that innervate the skeletal muscle and, when excited, contract striated muscle
fibers. The afferent input reaches type Ia and II fibers that enhance muscle fiber action potential to
produce shivering and, consequently, the heat production. DA: dorsal hypothalamic area; DH: dorsal
horn; DMH: dorsomedial hypothalamus; DRG: dorsal root ganglion; Glu: glutamate; LPBel: external
lateral part of the lateral parabrachial nucleus; POA: preoptic area; rRPA: rostral raphe pallidus;
TRPA: transient receptor potential ankyrin 1; TRPM8: transient receptor potential melastatin 8; VH:
ventral horn.

It has been reported that shivering contributes 60% to the thermogenesis of newborn
lambs [98]. The canine neonate has a low capacity to perform thermogenesis with tremors
because it uses other physiological mechanisms, such as respiratory and cardiovascular
pattern changes. Due to all of the above, neonatal monitoring and evaluation are necessary
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to minimize the risk of mortality, since these adaptations include a stable and functional
thermoregulatory mechanism until after the first four weeks of age [99].

On the other hand, for precocial species (such as the suckling pig), a greater sus-
ceptibility to cold is observed due to their poor insulation and deficient energy reserves,
observing thermogenesis with shivering from the first two postnatal days. Despite what
has been previously said, it is considered that shivering thermogenesis does not play a
fundamental role like NST [56]; scientific evidence indicates that the energy source used
for this thermogenesis mechanism generates high metabolic rates, such as newborns lambs
is mostly fat, and represents 2% of their body weight [100,101].

Berthon et al. [102] studied the response of Large White neonatal piglets exposed to
a thermoneutral (34 ◦C) and cold (25 ◦C) environment during the first 6 h up to 54 h of
life; they observed metabolic changes, thermal changes, and heat production by shivering
thermogenesis. The most relevant results indicated that piglets exposed to cold generated
more heat (32.1 ± 0.9 vs. 19.8 ± 0.7 kJ/h/kg of body weight) and had a higher shivering
activity (121.3 ± 25.4 vs. 4.6 ± 1.4 mV /min in piglets exposed to 34 ◦C). Both aspects were
related to a reduction in muscle glycogen (−47%) and lipid content (−19 and 27% in the
rhomboideus and longissimus dorsi muscles, respectively), reporting a reduction in lactate
levels (−43%) and better muscle cytochrome oxidase activity (+20%). This confirmed that
piglets develop shivering capabilities during short-term exposure to cold, being their main
thermogenic mechanism [103].

With the above, the possibility of the development of NST is ruled out in piglets, since
the mitochondria isolated from their muscles exposed to cold were not loose-coupled, in
addition to the fact that the literature indicates that several weeks of cold acclimation are
required for their development. Jansky [104] suggested an inadequate development of the
temperature control systems at birth in this species [102].

4. Intrinsic Factors Involved in the Generation of Heat through BAT
4.1. Physiological Factors

The development of BAT originated during embryogenesis and is commonly located
in the interscapular, perirenal, and perivascular areas through a series of cellular signaling
from the dermomyotome [63]. There is a differentiation in the BAT in terms of the classic or
constitutive type that develops in the fetus (at the interscapular area) during pregnancy,
and the recruiting BAT or beige or brite adipose tissue, which is incorporated into the WAT
deposits and the musculoskeletal system [16]. This process is known as WAT browning
and gives the ability to express amounts of UCP 1 similar to the constitutive BAT as well as
participate in thermogenesis [105].

Thermogenic capacity is defined as the activation of the cell to increase oxidation
levels through cellular respiration. There are two types of thermogenic population in the
BAT: high thermogenic brown adipocytes (BA-H), which have high expression of UCP1 as
well as high mitochondrial populations with a round shape, and low thermogenic brown
adipocytes (BA-L). These have little expression of UCP 1, low mitochondrial content with
an oval shape, and intermediate-level mitochondrial respiration [106].

4.2. Biochemical Factors

BAT is activated in response to exposure to cold; processes that involve thyroid
hormone, such as the local conversion of tetraiodothyronine (T4) to triiodothyronine (T3);
and the increase in plasma cortisol during labor through the release of norepinephrine by
the sympathetic innervation [19], increasing the levels of cyclic adenosine monophosphate
(cAMP). This increase causes lipolysis of intracellular triacylglycerols (TAG) to convert them
into free fatty acids (FFA) through protein kinase A (PKA) and initiate the beta-oxidation
process through the production of acetyl coenzyme A (acetyl-CoA) and its oxidation to
generate NADH and FADH2, triggering the proton gradient; this gradient disappears
in the inner membrane of the mitochondria through the expression of UCP1 from the
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BAT, causing an increase in mitochondrial respiration and as a result the generation of
heat [67,107].

During the perinatal period, the role of BAT in thermoregulation is also influenced by
the availability of glucose and fatty acids, which are the main substrates for BAT thermoge-
nesis. Glucose is derived mainly from glycogen stores and gluconeogenesis, whereas fatty
acids are obtained from milk or adipose tissue lipolysis (triglycerides catabolism). How-
ever, during the perinatal period, glucose availability is limited and fatty acids become the
primary substrate for BAT thermogenesis, brought through blood circulation. Of note, ma-
ternal undernutrition of species where placental transport of fatty acids is low (e.g., sheep
and rats) results in a decrease in BAT deposition. This effect can be enhanced by a reduction
in placental size or its ability to transport glucose during maternal undernutrition [108].

In addition to endocrine factors (thyroid hormones and catecholamines), some other
elements and structures can promote BAT function, for example, the liver, since it has
been observed that the postnatal maturation of BAT in rats is related to the beginning of
food intake and the beginning of the liver function, which is mediated by the release of
growth factor from fibroblast growth factor 21, a factor that may also promote BAT func-
tion [109] and appears to promote browning of some white adipose tissue deposits [110].
However, deletion of the BAT-derived fibroblast growth factor 21 does not alter BAT gene
expression, which would lead to the conclusion that it actually plays a modest role in
energy balance [110]. In neonates, the placenta is rich in deiodinase, leading to deiodination
hormones [111,112] in the circulation, which are essential for the initiation of said thermo-
genic response [56]. Some studies carried out in lamb fetuses that were surrounded with a
plastic coil in which cold water was circulated to provoke thermogenesis without shivering
determined that no changes in the levels of free fatty acids and glycerol or increases in the
temperature of brown fat were observed. These results led them to conclude that, although
there is a marked increase in blood flow to brown fat [113], this thermogenic response does
not appear to develop in the brown fat uterus due to the large amounts of oxygen that it
requires [2], or due to the lack of catecholamines [114].

4.3. Molecular Factors

BAT is found mainly in the nuchal subcutaneous tissue, thoracic region, interscapu-
lar region, axillae, mediastinum, inguinal region, and around the spinal cord and kid-
neys [1,55,56,115]. Brown fat adipocytes located in different anatomical locations arise
from distinct developmental origins: mesenchymal stem cells differentiate into dermomy-
otomal progenitors and give rise to constitutive brown adipocytes in the interscapular area,
whereas mesodermal progenitors produce inducible brown adipocytes (or brite adipocytes)
in WAT and muscles [63]. In rodents, apart from the classic BAT that arises from mfy5 (a
kind of muscle-like cell lineage whose conversion to brown adipocytes is regulated by bone
morphogenetic protein 7 [116,117]), white and brown adipose tissue that does not derive
from a myf5-positive lineage has been described [118]. Differences in the development of
this tissue are mediated to some extent by changes in thyroid function, which is critical
for the initiation of BAT thermogenesis in both large and small mammals [119,120]. Part
of this is due to triiodothyronine having the ability to serve as a bipotential mediator of
mitochondrial biogenesis [121].

In addition, it is known that the rapid increase in UCP1 near birth depends on the
rapid appearance of endocrine stimulatory factors such as cortisol, prolactin, leptin, and
catecholamines [122]. In turn, the secretion of these factors will depend on the stress during
birth, since this leads to intense activation of the central nervous system [123]. However,
the magnitude of the response will depend on the exposure of the neonate to the cold of
the extrauterine environment [2,110] and is highly influenced by individual characteristics
based on the species.
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4.4. Genetic Factors That Regulate the Presence of BAT

Certain genetic and phenotypic factors influence the thermogenesis of animals and
the presence of BAT in neonates [1]. Among these factors, early or late development
at birth has a high influence on thermoregulation [124]. In the first instance, altricial
species are classified as immature animals at birth with a limited thermoregulatory capacity,
requiring permanent maternal care during the first post-natal weeks [125]. Examples of
altricial mammals are rodents, dogs, cats, monotremes, and marsupials [126,127]. Precocial
neonates, such as ungulates, equines, and guinea pigs, are born with a mature HPA axis
and a competent thermoregulatory system [34,128].

Symonds et al. [128] mention that BAT maturity differs between altricial and precocial
animals even before birth. In rat pups, BAT maturity starts at birth and gradually increases
during the first 10–20 days [129], culminating approximately 7 days after delivery, when
the HPA becomes fully functional [72,110]. In contrast, in precocial species such as lambs,
maturity of BAT occurs 40 days before birth, peaks at birth, and rapidly decreases in
the first 10 post-natal days. In this species, birth is also accompanied by an increase in
voluntary muscle activity and the onset of shivering thermogenesis, a response depending
on the BAT function and the magnitude of the thermal challenge [110,130,131]. Cannon and
Needergaard [132] mentioned that the biochemical thermogenic index of BAT (known as
the total amount of UCP1 per body weight) and its physiological capacity (the increase in
O2 after noradrenaline administration) are events that follow the same pattern in precocial
and altricial species, suggesting that in altricial neonates BAT recruitment might be an
adaptive response to extrauterine life that triggers the development of BAT during the first
days after birth.

To address specific changes based on the species, in the case of altricial animals, several
studies have been performed on rodents. In rat pups evaluated during the first 20 h after
birth, the amount of UCP’s mRNA increased to 152 ± 19 µg within 2 h. The results of
this study also reported a gradual decrease in mRNA that corresponded to the increase in
body weight, meaning that animals weighing 5.86 ± 0.12 g had the highest amount of UCP
mRNA and pups weighing 6.00 ± 0.18 g had the lowest values (95 ± 11 µg) [133]. In the
case of Syrian hamsters (considered a highly immature neonate), BAT development occurs
until post-natal day 16 and continues during the lactation period, making them susceptible
to temperature changes after birth [129,134]. A similar response can be observed in Figure 4,
where a comparison between newborn puppy dogs and pup rats was performed using IRT,
where BAT average surface temperatures were higher in pups.

In puppy dogs, an altricial species, the daily pattern of the oscillations in body tem-
perature becomes evident from the fourth week of life, similar to that reported in human
infants [40]. In mice, interscapular BAT deposits appear on embryonic day 15.5 [135]
and increase by nine times from birth to pubertal age. In this species, a study aimed to
understand the post-natal proliferation and lipogenesis of BAT showed that increasing
the size and number of brown adipocytes is the main event in the first two weeks of life,
whereas enlargement occurs in the following days, significantly increasing BAT’s weight
by 11 times within 30 days [136]. These studies exemplify the importance of post-natal
development of BAT in altricial species, an element that is closely related to behavioral ther-
moregulatory responses in immature animals at birth, such as huddling or nesting, which
are critical to preserving heat [34]. A comparative example of this is shown in Figure 5,
where a semi’s/altricial’s development at birth is compared to the thermoregulatory traits
of rat pups.

In contrast, in precocial animals such as lambs, the amount of perirenal BAT mRNA,
activity of the UCP, mitochondrial protein, and lipid content during the first month of life
depends on body core temperature, with the largest amount of UCP mRNA found at four
to seven days after lambing [137,138]. However, it has been reported that although a lamb’s
BAT contributes approximately 50% of thermogenesis at birth, this response is diminished
at one month old, when there is not a significant mechanism to thermoregulate [1,139].
In Hereford x Friesian calves, Alexander et al. [140] reported that BAT corresponds to
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approximately 2% of the body weight of newborn calves and that adipose tissue present
in the omental, mesenteric, intestinal, abdominal, cervical, pericardial, cardiac, groove,
perirenal, prescapular, popliteal, and orbital regions had brown adipocytes.
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Figure 4. Radiometric images showing temperature differences in areas with brown adipose tissue
of altricial neonates. (A) Chihuahua puppy. In dogs, BAT pads are in the interscapular, perirenal,
and pericardial regions. Evaluating the surface temperature of BAT (spot) shows an average value
of 34.4 ◦C. (B). Wistar rat pup. When comparing the average temperature of the interscapular BAT
(El1) of the rat pup (33.6 ◦C) with the puppies, there is a difference of 0.8 ◦C. This difference can be
attributed to the difference in size and the presence of hair at birth in dogs, whereas rat pups are
born hairless and their body surface area is larger than their overall size, losing a greater proportion
of heat. Maximal temperature is indicated with a red triangle and the minimal with a blue triangle.
Radiometric images were obtained using a T1020 FLIR thermal camera. Image resolution 1024 × 768;
up to 3.1 MP with UltraMax. FLIR Systems, Inc. Wilsonville, OR, USA.

Apart from altricial and precocial differences, the natural environment and character-
istics of the species also influence the amount or presence of BAT. Pigs can be considered
semi-altricial animals, since piglets are born with functional systems and sensorial organs
but cannot thermoregulate properly immediately after birth, and sows form a nest to
prevent heat losses within the litter [13,141]. The susceptibility to cold stress is due to the
apparent lack of BAT in piglets, who use shivering to produce heat. Authors such as Berg
et al. [142] mentioned that pigs have mutations for the UCP1 coding sequence, inactivating
the thermogenic capacity of the receptor and, therefore, impeding NST. Contrarily, in harp
seal pups, animals that are highly susceptible to heat loss due to the lack of subcutaneous
blubber and infantile fur with poor insulation capability, Grav and Blix [143] mentioned
that NST through subcutaneous BAT activation is critical to newborn seals immersed in
ice water, reporting that subcutaneous temperature was similar to body core temperature,
meaning the sympathetic activation of BAT. Genetic studies in lambs indicate that neonatal
thermogenesis depends on the breed’s characteristics [144]. For example, in Scottish black-
face lambs, the resistance to low temperatures could be heritable by 30% [145], an estimate
like that obtained in crossbred lambs [146]. Similarly, in a comparative study infusing NE to
Wagyu x Angus, Angus, and Brahman’s calves, Smith et al. [147] described the differences
in metabolism, location, and thermogenic capacity of BAT. Among the breeds, during the
fetal stage, all presented UCP1 gene expression. However, although Brahman’s calves had
more β-receptors and lipogenic activity than Angus calves, Brahman’s calf BAT shrank
after cold exposure, representing lipid exhaustion in the breed. The relevance of identifying
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these differences among breeds is that greater neonatal mortalities have been reported
in Brahman calves exposed to cold, suggesting that UCP activity and UCP1 mRNA of
the subcutaneous BAT, which is greater in Angus neonates, could be involved in their
thermogenic efficacy, as stated by Landis et al. [148].
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Figure 5. Temperature comparison of the interscapular region between species with and without
BAT at birth. (A) Large White X Landrace newborn piglet. The maximum, minimum, and average
temperature of the piglet at the interscapular region (El1) shows values of 33.3 ◦C, 29.9 ◦C, and
32.2 ◦C. (B) Wistar rat pups. The BAT temperature (El1) registered increases in the temperature of
the pup when compared to the piglet’s information. The average temperature increased by 1.4 ◦C,
whereas increases of 4.4 ◦C and 2.1 ◦C were recorded for the minimum and average temperatures.
The differences in surface temperature between both species can be attributed to traits in each
animal. Although pigs, a semi-altricial species, are born with sparsely distributed hair and are bigger
than rat pups, they are born without BAT reserves, making them susceptible to hypothermia. In
contrast, although rat pups are born hairless, they have interscapular BAT reserves that produce
heat when exposed to cold stress and rely on behavioral modifications such as huddling to preserve
heat. Maximal temperature is indicated with a red triangle and the minimal with a blue triangle.
Radiometric images were obtained using a T1020 FLIR thermal camera. Image resolution 1024 × 768;
up to 3.1 MP with UltraMax. FLIR Systems, Inc. Wilsonville, OR, USA.

Regarding phenotypic factors, body weight, coat, and skin properties also influence
the resistance to cold. Studies in species such as puppy dogs [40,41], buffalo calves [149],
piglets [150,151], lambs [152], and dairy calves [153] have shown an association between
birth weight and thermoregulatory capacity. In lambs, heavier newborns have a lower
surface-to-volume ratio, which implies a lower tendency to lose heat, having higher energy
reserves to thermoregulate [1,154].

In the case of dogs, Piccione et al. [154] compared pups from three different breeds
(Rottweiler, n = 7; Cocker Spaniel, n = 5; Carlino, n = 4) to determine the influence of the
circadian rhythm with body temperature rhythm (measured with rectal temperature for
2 months just after birth) and growth rate. The authors reported a progressive increase
in rectal temperature between 0.6 ◦C in Carlino and 1 ◦C in Rottweilers, and differences
in birth size and birth weight, with Carlino puppies having lower values. However, no
relation between the circadian rhythm and high temperature was observed. This increase
is a phenomenon described in several species, reflecting that body heat loss decreases over
time due to a lower body surface–body mass ratio in older animals [124].

Regarding the coat, it is known that characteristics such as length, color, type, and
presence/absence influence the thermoregulatory mechanisms of animals even immedi-
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ately after birth [155]. In lambs, a significant positive phenotypic correlation has been
found between the depth of the coat and the resistance to cold [156]. On the other hand,
the thickness of the lamb’s skin also seems to be involucrate in their capacity to tolerate
cold temperatures in several breeds [144,157]. In this sense, lambs with less thin skin can
compensate for hypothermia better because they have more subcutaneous fat deposits.
However, Slee et al. [144] mentioned that lambs do not have as much subcutaneous fat but
have managed to better compensate for heat loss because their peripheral blood vessels are
slightly far from the external temperature. It should be noted that even after adjusting for
weight and coat and skin properties, there are some lambs within a breed that are more
resistant to hypothermia. In contrast, other breeds struggle to keep their temperature stable
under cold conditions, which suggests the existence of physiological changes that can cause
some breeds to respond better than others to these elements [1,158]. Preliminary studies
conducted by the authors to assess the influence of hair in the thermoregulation of newborn
rat pups showed that 1-week-old neonates have an increased thermoregulatory capacity
when considering the surface temperature, as observed in Figure 6.

Finally, litter size associated with the type of species (altricial and precocial) is another
factor related to cold resistance and BAT activation [157]. However, this has been reported
in the dam, as mentioned by Isler et al. [159] in lactating rats, where the thermogenic
activity (assessed by BAT mass and protein content) was fully suppressed in females
nursing large litters (12 pups). Thus, studies evaluating the effect of litter size are required
in neonates. An example was provided by Xiao et al. [160], who found that rats from
small litters (3 pups) exposed to overnutrition during the early postnatal period (from
birth to weaning) experienced permanent changes in the function and development of
their BAT compared to rats from a normal litter size (8 pups). Specifically, the rats had
decreased BAT thermogenic capacity (lower levels of UCP1), increased insulin resistance,
and altered gene expression patterns (notably involved in the SNS activity) compared to
control rats (normal litters) that were not exposed to overnutrition. Likewise, de Almeida
et al. [161] found that overfed rats (from a small litter size: 3 pups) had lower levels of
BAT activity than rats who were not overfed (from a normal litter size: 9 pups), lower
thermogenic capacity, and adipocyte morphological differences with fewer lipid droplets.
This reduced BAT activity may contribute to the development of obesity, as BAT plays a role
in regulating energy balance and thermogenesis. The authors also looked at the molecular
mechanisms underlying the reduced BAT activity and found that it was associated with
changes in the expression of genes involved in BAT function and metabolism. Regarding
metabolic function, another study reported that litter size reduction induced metabolic
changes in the dams, including increased food intake, decreased insulin sensitivity, and
altered lipid metabolism. The authors also observed histological changes in the mammary
glands of the dams, which may have implications for milk production and nutrient delivery
to the offspring. The authors further investigated the effects of litter size reduction on
offspring growth and development. They found that offspring SL displayed higher body
weight and growth, hyperglycemia, augmented lipid deposition in BAT, and elevated
islet. Overall, that paper demonstrated that litter size reduction induces metabolic and
histological adjustments in lactating dams, which have early effects on offspring growth,
metabolism, and development [162].

BAT remodeling and phenotypic flexibility is another phenomenon that occurs through
generations of animals exposed to cold stress during critical developmental stages and
their reaction to the same stressor in adult life. In Peromyscus maniculatus, mice pups born
from cold-exposed mothers during pregnancy (14 ◦C) showed a limited capacity to adjust
the thermogenic mechanism, whereas pups reared at 24 ◦C increased their metabolic rate
earlier than control pups, and the mass of BAT increased at post-natal day six [163]. Besides,
Symonds and Lomax wrote that cold stress during late pregnancy stimulates the capacity
of newborn lambs and rats, also improving the survival of the neonate [164].
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Figure 6. Influence of hair and post-natal days on the newborn rat pup. (A,C,E) thermograms
show hairless 1-day-old rat pups, whereas (B,D,F) show 1-week-old rat pups with hair. (A,B) When
comparing the maximum temperature between a hairless ((A), El1) and a 1-week-old rat pup ((B), El1),
the temperature of the pup with hair is 0.4 ◦C higher. (C,D) The maximum temperature of the nest of
newborn rat pups ((C), El1) is 36.9 ◦C, whereas that of the pups with hair ((D), El1) is 37.5 ◦C, 0.6 ◦C
higher. (E,F) Regarding the position of the neonate in the nest, it can be observed that 1-day-old pups
stay inside the nest, next to their littermates, with a maximum BAT temperature ((E), El1) of 36.3 ◦C.
In contrast, the BAT temperature ((F), El1) of the pup with hair is 1.9 ◦C lower than the (E) pup.
In general, it can be observed that 1-week-old rat pups have thermoregulatory benefits due to the
presence of hair and the increase in size, which make them auto-sufficient to thermoregulate and not
dependent on nesting to maintain their body core temperature. The decrease in BAT temperature of
older animals could also be explained by a higher thermoregulatory challenge in hairless neonates,
where BAT requires more activation to produce heat. Maximal temperature is indicated with a red
triangle and the minimal with a blue triangle. Radiometric images were obtained using a T1020
FLIR thermal camera. Image resolution 1024 × 768; up to 3.1 MP with UltraMax. FLIR Systems, Inc.
Wilsonville, OR, USA.
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Most of the studies addressing BAT activation and thermogenesis used environmental
factors as a stimulus to understand the genetic differences that species present. Therefore, it
is important to know and understand the association between intrinsic and extrinsic factors
that can trigger NST through BAT.

5. Extrinsic Factors Involved

Within the extrinsic factors involved in the management of hypothermia in newborns,
we can mention the consumption of colostrum, the administration of warm water orally
in newborns, the route of delivery, the position in the litter, maternal food restriction, and
maternal care.

5.1. Colostrum and Milk Consumption

In addition to providing an important contribution of immune passive factors, colostrum
and milk are high sources of nutrients and energy to meet the demands of the neonate
during the early postnatal period [165]. Nutrition is a key factor for neonates, due to the
importance of glucose and fatty acid availability that is obtained through colostrum. In
fact, lambs that have consumed colostrum have reported higher rectal temperatures, as
well as higher levels of circulating glucose, which they have registered (up to 43% after
being exposed to cold temperatures) [1,166]. Therefore, for lambs receiving proper feed,
mortality rates decrease. In contrast, in animals with inadequate feeding, the incidence of
mortality is linked to the limited energy reserves present during the first 3–5 days, a period
that is reduced by cold [1,47,166,167]. Milk consumption seems to be vital for the initiation
of BAT thermogenesis, even though its composition varies between species. Within the
components that have been found in human milk, on the one hand, it is mentioned that this
is characterized by having a high cortisol content [168], a very important endocrine stimu-
lating factor of UCP1 when childbirth approaches, but, it has not yet been fully determined
whether cortisol promotes the synthesis of these proteins in neonates to the same degree
that has been observed in fetuses [169]. On the other hand, it is also reported that human
milk has a high content of prolactin, which is involved in promoting the development of
BAT and in ensuring that the thermogenesis of this tissue is maintained during postnatal
development [170,171]. Therefore, its consumption could lead to greater BAT activity later
in life, since only directly stimulating prolactin receptors (PRLR) promote BAT thermo-
genesis [172]. It has been reported that, at least in neonatal sheep, prolactin has a rapid
thermogenic effect when administered intravenously. However, it is uncertain whether
this response also occurs when prolactin is ingested [110,172]. Thermography has shown
an important thermogenic effect of drinking human milk in young children, since after
ingesting it, they presented an increase of 0.7 ◦C in BAT temperature [110]. The magnitude
of this response seems to be given by the composition of macronutrients [173], with their
fat composition peaking after birth but declining one week after delivery [110,174].

One aspect to consider is that the evidence indicates that the magnitude of BAT
thermic responses after feeding seems to depend on the environmental temperature to
which the lambs are exposed. When administering 50 mL of warm colostrum, the thermic
compensatory activity of BAT only increased in lambs that were kept in an environment
with a warm temperature, whereas a decrease was reported in those that were exposed to a
temperature of 15 ◦C [175].

It should be noted that, at least in lambs, cooling suppresses body functions such
as suckling [5,176], which can lead to starvation, which reduces the ability to maintain
a high metabolic rate, and therefore animals become more susceptible to secondary hy-
pothermia [47,176]. Other events to consider that may interfere with milk intake are udder
and teat abnormalities, poor milk supply [1,149], and physiological maturity, and, at least
in premature human infants, an impaired sucking reflex has been reported compared to
born-at-term infants [177].
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However, it is necessary to emphasize that even after consumption of milk, animals
can present primary hypothermia due to exposure to environmental factors in the presence
or absence of a complete metabolism of BAT [1,149].

5.2. Oral Administration of Warm Water to Newborns

One study showed that the fact of administering warm water to newborns can cause an
increase in colonic temperature and in the concentrations of metabolites and catecholamines
in the plasma, which varies depending on the environmental temperature in which the
animals are kept. On the one hand, no effect of feeding on endocrine or metabolic status
was observed in lambs that were kept in a warm environment, whereas in lambs exposed
to a cold temperature, feeding caused an increment in plasma glucose concentration (before
food: 6.89± 0.02 mM; after food: 7.35± 0.02 mM) and non-esterified fatty acids (before food:
0.66 ± 0.10 mM; after food: 0.95 ± 0.12 mM), together with a decrease in concentrations of
adrenaline (before food: 3.9 ± 0.1 mg mL−1; after food: 1.2 ± 0.1 mg mL−1) and dopamine
(before food: 5.0± 0.1 mg mL−1; after food: 2.7± 0.1 mg mL−1) in plasma. Likewise, lambs
kept at a cold temperature presented a low concentration of adrenaline in their BAT (38± 46
vs. 144± 73 mg g−1 in the lambs exposed to 30 ◦C), contrary to what was reported in lambs
that were fed with colostrum [75]. Finally, it was detected that the colonic temperature
of the lambs exposed to a cold temperature increased after the administration of water
(before food: 39.05 ± 0.10; after food: 39.55 ± 0.10), being that both groups had a similar
amount of perirenal BAT (exposed to 30 ◦C: 21.5 ± 2.3 g; exposed to 15 ◦C: 19.7 ± 1.9 g)
and mitochondrial protein (1563 ± 278 mg; CD: 1800 ± 357 mg), in addition to the fact
that it was reported that this group presented a BAT with greater thermogenic activity
despite having a lower type II 5′monodeiodinase activity (973 ± 202 vs. 1503 ± 292 in
lambs exposed to 30 ◦C), whereas this enzyme catalyzes the conversion of T4 to T3 [73].
These findings indicate that the body temperature of lambs exposed to cold temperatures
can be increased by the administration of only water, provided they possess sufficient BAT
and other endogenous glucose reserves [178]. Comparing these results with those obtained
by administering 50 mL of colostrum, it is concluded that environmental temperature does
influence the thermoregulatory activity of BAT. Colostrum provides a greater thermogenic
activity in lambs kept in a warm environment, more than changes in intestinal motility
or hypothalamic activity associated with colostrum intake. However, it remains to be
determined which of its nutrients are involved in these responses [75].

Similarly, the different mechanisms by which colostrum or water feeding may influ-
ence BAT activity and metabolism in neonates that may be exposed to different tempera-
tures remain to be elucidated. Clarke and Symonds [75] developed a study that consisted of
administering small volumes of hot water (25 ◦C) to 12 lambs at 5 h of age exposed to warm
(30 ◦C) or cold (15 ◦C) to determine its effect on thermoregulation by measuring colonic
temperature, metabolic (glucose, non-esterified fatty acids) responses, and endocrine (tri-
iodothyronine, thyroxine, norepinephrine, adrenaline, dopamine) responses through blood
samples, oxygen consumption, and CO2 production using indirect open-circuit calorimetry,
as well as perirenal adipose tissue obtained after euthanasia of lambs. They point out that
a possible explanation could be a change in plasma leptin concentration, which is known
to increase sympathetic activity [179], which could be the link between diet and exercise.
In adult ruminants, the abundance of mRNA for the leptin receptor in BAT is nutritionally
regulated; therefore, providing good nutrition immediately after birth is critical [180]. How-
ever, it is urged to continue with the investigations to determine whether this also occurs in
neonates and to know the degree to which temperature modulates leptin secretion.

To use these methods, it is important to compare the effect of different rearing tem-
peratures with water at different temperatures to specify which stimulus maximizes BAT
function [75]. Moreover, warm water administration might cause adverse effects to new-
borns when the temperature of the water is too high, causing burns and scalds, particularly
in human infants [181]. In addition, although there are no studies in animals, in humans it
has been reported that drinking warm (50–52 ◦C) or cold fluids alters evaporative heat loss
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by sweating and muscle activation, a change that can occur within one minute after warm
water ingestion and might represent an increase in heat loss by sweating [182]. Nonetheless,
further studies in animals are required to evaluate this effect.

5.3. Route of Parturition

Likewise, it is pointed out that the response is also affected by the route of parturition
since the thermogenic activity is better in lambs delivered vaginally than in those born
by cesarean section [31]. It was observed by these authors that colonic temperature was
constant over the first 30 min of life in vaginally delivered lambs and lower in the group that
was maintained at 30 ◦C, and in the animals that were born by cesarean section delivery
colonic temperature rapidly decreased. They concluded that cesarean section delivery
produces alterations in sympathetic, adrenal, and thyroidal activity, which appears to have
a marked influence on BAT function, promoting many differences in thermoregulation
compared with lambs born by vaginally lambing [31].

5.4. Maternal Food Restriction

The nutritional contribution of the mother during pregnancy is an extrinsic factor
determining the development of the brown adipose tissue during pregnancy. A study was
carried out in pregnant mice where a maternal food restriction of 50% of the common diet
was performed, whose pups were sacrificed to quantify the expression of UPC 1, UCP 2,
UCP 3, and SERCA 1. The results showed an increase in UPC 1 and UCP 2 production in
response to the decrease in the amount of body mass and fat content of the pups, causing
excessive heat loss as well as the inability to thermoregulate. However, there were no
significant changes in the expression of UCP 3 and SERCA 1 [183].

In addition, in a study that involved feeding pregnant ewes either a control diet or a
low-protein diet during mid-to-late gestation, Budge et al. [184] examined the fetal lambs to
assess BAT development and PRLR expression. They found that maternal undernutrition
reduced fetal BAT weight and altered PRLR expression in fetal BAT. Specifically, the low-
protein diet led to a decrease in PRLR mRNA expression in fetal BAT. The study suggests
that maternal undernutrition can have a significant impact on fetal BAT development and
PRLR expression. On the contrary, in neonatal rats, increasing maternal protein intake
during pregnancy is associated with both enhanced thermogenic activity in BAT and larger
BAT depots [185]. In newborn rabbits, it has been observed that heavier rabbits from
smaller litters are more likely to survive because they may have access to greater amounts
of milk than larger litters and have more probability of surviving the critical first postnatal
period. They also tend to occupy thermally advantageous central positions than lighter
rabbits, same situation as in other mammals such as puppies or kittens [70,186–191].

5.5. Maternal Care

For all newborn mammals, the mother plays a very important role in their care and
survival, since the newborn depends on her to receive heat, food, and the necessary care
to survive, especially in altricial species during the first months of life [192]. Maternal be-
havior produces many hormonal and stress responsiveness pathways at the hypothalamic-
pituitary-adrenal axis to help the neonate [193]. If the mother does not provide adequate
maternal care, such as making the nest, licking, and bringing the newborns close to the
teats to suck milk, they may have great difficulties in surviving, since they could die of
starvation [194].

Maternal behaviors such as keeping close contact with newborns is a relevant element
necessary to maintain thermal stability. Particularly in piglets, animals susceptible to
hypothermia, when they are not nursing they spend between 10.6 and 16.1% of their time
with their mother [195]. In the same species, maternal behaviors from week 15 of gestation
to week 3 of lactation are associated with the thermoneutrality of both the sow and the
piglet. During gestation, 40% of the sows stayed in the paddock with a wallow, whereas
in the lactation period, the sows were seen in the huts (54%) [196]. These results suggest
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that sows can decide where to nurse the piglets according to the thermal environment. In
the case of human newborns, maternal practices that include room warming, drying and
covering with warm clothes, and exclusive breastfeeding prevent hypothermia [197].

5.6. Position in the Litter

As mentioned by García-Torres et al. [70], another aspect to consider in the devel-
opment of BAT tissue is the position of the pups in the litter, since physiological, be-
havioral, and survival probability differences have been found among littermates since
birth [191,198,199]. Studies in rabbits have found that heavier rabbit pups tend to stay in
central positions inside the nest. This can be considered an energetic advantage because
they spend less time climbing or pushing their peers to obtain food [70,186–191].

To assess this and determine whether there are individual differences in morpho-
physiological parameters of BAT thermogenesis during acute and chronic drops in tem-
perature exposure, García-Torres et al. [70] studied the thermogenesis of rabbit pups
during the first 3 days after birth, which are the more elevated period of postnatal mor-
tality [186,200,201], because their lack of fur and their high body surface to body mass
ratio makes them particularly susceptible to hypothermia [189,202,203]. In their study,
García-Torres et al. [70] divided 21 litters into 3 groups, each one made up of 7 litters. The
first group (birth), made up of 63 young rabbits, was separated from their mothers at birth.
The second group (chronic exposure to moderate cold), made up of 45 young rabbits, was
placed in a cold room with the temperature set at 20 ◦C [70]. It has been reported that
newborn rabbits reach a thermoneutral zone of 35 ◦C at days 2 and 3 post-birth [204–209].
Finally, group 3, made up of 43 young rabbits, was exposed to the same procedure as the
second group, except that on day 3 the most central young rabbit (the one that had physical
contact with a greater number of littermates during the 3 days) and the most peripheral (the
one that had physical contact with the fewest number of littermates during the 3 days) pup
of each litter were placed in ice boxes for 30 min to maintain the temperature between 9
and 11 ◦C. It is worth mentioning that in all groups the body mass was measured, and that
in groups 2 and 3 milk intake and skin temperature were also quantified, specifically of the
interscapular zone in the young rabbits from group 3 that were exposed to a temperature
of 9–11 ◦C, with a thermographic camera. After the evaluation period, the rabbits from the
three groups were sacrificed to perform a morphometric analysis of the left interscapular
pad of BAT. In the same way, blood was collected from the trunk to later measure the
concentrations of triglycerides in serum. The results suggested that in the first group, there
was no significant difference in the number (84.1 ± 17.5 vs. 87.6 ± 20.7) or size (58.1 ± 7
vs. 60.8 ± 12.5 mm2) of the fat vacuoles, nor in the serum concentrations of triglycerides
(118.7 ± 24.9 vs. 134.4 ± 38.5 mg/dL), which presented the smallest and biggest pups,
respectively, at birth, indicating that there was no difference in the energy reserves of the
pups, despite differing in weight [70].

Results obtained in a preliminary study of the authors of the present review in Wistar
rat pups show that, in general, littermates placed at the center of the nest have the highest
temperatures, and the position of the animals (alone, in line, or in a circle) highly influences
the amount of heat transmission (Figure 7). Interestingly, although huddling and nesting
are considered critical behaviors to prevent heat loss in rodents, in the naked mole rat,
Oiwa et al. [87] reported that rats can maintain their temperature whether isolated or in a
group and that activation of BAT can also occur at 30 ◦C. Isolated animals had a maximum
cervix surface temperature of approximately 34 ◦C, a similar value to the animals staying
at a colony.
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Wistar rat pups. (A) Rat pups alone. The temperature of the interscapular BAT (El1) shows maxi-
mum, minimum, and average values of 35.9 °C, 34.8 °C, and 35.4 °C, respectively. When evaluating 
the proximal temperature of the nest (El2) around the pup, 26.0 °C is the minimum value recorded, 
the same as in the distal zone of the nest (El3). (B) Rat pups grouped in a line. The BAT temperature 
(El1) of one of the pups in this position has a maximum value of 37.0°, 1.1 °C higher than that of the 
rat pup alone. The temperature increases were also observed for the minimum and average values, 
being 0.8 °C and 1 °C higher, respectively, than the A pup. When comparing the minimum temper-
ature of the proximal nest, a rise in temperature of 1.2 °C can also be observed (C). Rat pups hud-
dling in a circle. This position promotes a maximum BAT temperature of 37.3 °C, 1.4 °C higher than 
that of the pup standing alone. Similarly, the minimal and average values of the proximal nest, when 
compared to the pup alone, are 1.5 °C and 4 °C higher, respectively. The high values observed in the 
pups formed in a circle are due to the importance of huddling, the most important behavioral ad-
aptation of newborn rodents to prevent heat losses by maintaining contact with their conspecifics. 
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species susceptible to hypothermia to study its efficacy as a preventive treatment. Moreo-
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Figure 7. Importance of the position of the newborn in the nest for thermoregulation in 1-day-old
Wistar rat pups. (A) Rat pups alone. The temperature of the interscapular BAT (El1) shows maximum,
minimum, and average values of 35.9 ◦C, 34.8 ◦C, and 35.4 ◦C, respectively. When evaluating the
proximal temperature of the nest (El2) around the pup, 26.0 ◦C is the minimum value recorded, the
same as in the distal zone of the nest (El3). (B) Rat pups grouped in a line. The BAT temperature (El1)
of one of the pups in this position has a maximum value of 37.0◦, 1.1 ◦C higher than that of the rat
pup alone. The temperature increases were also observed for the minimum and average values, being
0.8 ◦C and 1 ◦C higher, respectively, than the A pup. When comparing the minimum temperature
of the proximal nest, a rise in temperature of 1.2 ◦C can also be observed (C). Rat pups huddling
in a circle. This position promotes a maximum BAT temperature of 37.3 ◦C, 1.4 ◦C higher than that
of the pup standing alone. Similarly, the minimal and average values of the proximal nest, when
compared to the pup alone, are 1.5 ◦C and 4 ◦C higher, respectively. The high values observed in
the pups formed in a circle are due to the importance of huddling, the most important behavioral
adaptation of newborn rodents to prevent heat losses by maintaining contact with their conspecifics.

6. Future Directions

It is important to consider all current information to determine how these issues could
improve both production and animal welfare, as well as decrease high mortality in some
species. In the same way, it is essential to identify critical factors in the newborn to avoid
them in a timely manner, as well as detect whether some breeds could be bred more easily
in certain climates so the amount of BAT can aid in cold tolerance.

It is necessary to apply experimental models and evaluate through IRT, biochemical,
and electrophysiological tests the effect of pharmacological treatments, surgical procedures,
and behavioral tests and how this affects BAT thermogenesis. For example, there is evidence
that pups from rats receiving prolactin during gestation have an increased amount of UCP1,
but post-natal administration does not influence BAT elements (UCP1 and cytochrome c
abundance) [210]. The same prenatal protocol could be tested in other species susceptible to
hypothermia to study its efficacy as a preventive treatment. Moreover, specific treatments
or management could be provided to the species or breeds in which BAT is lacking or is not
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as effective as conspecifics [148]. This would be an approach to prevent neonatal mortality
due to hypothermia [6,149,211,212].

Likewise, future research must consider the metabolic processes involved in obtaining
and using energy, focusing on the impact of nutrition. Moreover, the genetic selection of
animals with a high thermal efficiency index and those with improved energy metabolism
could help to minimize mortality rates due to hypothermia, the emission of greenhouse
gases, and the carbon footprint generated by farm animals [213–215].

7. Conclusions

Birth represents a thermal challenge for neonates, so the initiation of thermogenesis
is crucial to their survival, particularly in the first 36 h after birth, in the case of precocial
species, or in the first 3 days after birth, in the case of altricial species, which is when the
mortality rate is the highest. For this, newborns develop responses such as thermogenesis
with shivering and NST, which involves the metabolism of BAT. However, not all species
use these mechanisms to the same extent. Species such as lambs have BAT thermogenesis
as their main mechanism, whereas piglets, devoid of BAT, present shivering thermogenesis
from the first two days of life, although it should be noted that shivering in lambs goes
from contributing 60% to thermogenesis in newborns to contributing 95% at 30 days of
age. Contrary to the above, it has been detected that in wild boar piglet muscle NST
constitutes an important mechanism that, over time, replaces the percentage contribution
of shivering. In the case of newborn rodents, evidence suggests that both mechanisms
of NST (muscular and BAT) are necessary to maintain elevated body temperature in the
face of cold environmental temperatures, which demonstrates the diversity of thermogenic
responses that species can present. On the other hand, the existence of a great variety of
intrinsic and extrinsic factors is described that can influence the thermogenic responses of
neonates of different species.

However, all the knowledge that is available up to now can be useful to define when
to intervene to ensure the thermoregulation and survival of the neonate, especially if it is
premature; in what way it could be done; and for how long (considering that atricial species
take longer to achieve thermoregulation on their own), because even though neonates
have thermoregulation mechanisms, the vast majority of them are not fully functioning
immediately after delivery. Through this, it will be possible to limit one of the main
causes of mortality in neonates, hypothermia, which will bring benefits for both animals
and producers.
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27. Lubkowska, A.; Szymański, S.; Chudecka, M. Surface Body Temperature of Full-Term Healthy Newborns Immediately after

Birth—Pilot Study. Int. J. Environ. Res. Public Health 2019, 16, 1312. [CrossRef] [PubMed]
28. Liu, X.; Tang, J.; Zhang, R.; Zhan, S.; Zhong, T.; Guo, J.; Wang, Y.; Cao, J.; Li, L.; Zhang, H.; et al. Cold exposure induces lipid

dynamics and thermogenesis in brown adipose tissue of goats. BMC Genom. 2022, 23, 528. [CrossRef]
29. Jones, T. Management of thermal stability. In Neonatal Intensive Care Nursing; Boxwell, G., Petty, J., Kaiser, L., Eds.; Routledge:

London, UK, 2019; p. 24.
30. Cabello, G. Endocrine reactivity (T3, T4, Cortisol) during cold exposure in preterm and full-term lambs. Neonatology 1983, 44,

224–233. [CrossRef]
31. Clarke, L.; Heasman, L.; Firth, K.; Symonds, M.E. Influence of route of delivery and ambient temperature on thermoregulation in

newborn lambs. Am. J. Physiol. Integr. Comp. Physiol. 1997, 272, R1931–R1939. [CrossRef]
32. Symonds, M.E. Brown adipose tissue growth and development. Scientifica 2013, 2013, 305763. [CrossRef]

https://doi.org/10.3390/ani13091542
https://www.ncbi.nlm.nih.gov/pubmed/37174579
https://doi.org/10.1001/jamapediatrics.2021.0775
https://www.ncbi.nlm.nih.gov/pubmed/34028513
https://doi.org/10.1177/2333794X20957655
https://www.ncbi.nlm.nih.gov/pubmed/32974416
https://doi.org/10.1016/j.smallrumres.2020.106177
https://doi.org/10.3168/jds.2019-17708
https://doi.org/10.1016/j.autneu.2016.01.002
https://www.ncbi.nlm.nih.gov/pubmed/26830064
https://doi.org/10.3389/fvets.2022.1023294
https://doi.org/10.3389/fphys.2017.00889
https://www.ncbi.nlm.nih.gov/pubmed/29170642
https://doi.org/10.3390/ani12010106
https://doi.org/10.1016/j.autneu.2016.02.010
https://doi.org/10.1002/dev.21588
https://doi.org/10.1089/ther.2021.0036
https://doi.org/10.1016/j.clp.2012.09.009
https://doi.org/10.1152/jappl.1984.57.3.917
https://doi.org/10.1097/AOG.0000000000003676
https://www.ncbi.nlm.nih.gov/pubmed/32028503
https://doi.org/10.1152/jappl.1985.59.2.634
https://www.ncbi.nlm.nih.gov/pubmed/4030617
https://doi.org/10.1159/000525150
https://www.ncbi.nlm.nih.gov/pubmed/35588703
https://doi.org/10.3390/biomedicines10020347
https://www.ncbi.nlm.nih.gov/pubmed/35203556
https://doi.org/10.3390/ijerph16081312
https://www.ncbi.nlm.nih.gov/pubmed/31013692
https://doi.org/10.1186/s12864-022-08765-5
https://doi.org/10.1159/000241719
https://doi.org/10.1152/ajpregu.1997.272.6.R1931
https://doi.org/10.1155/2013/305763


Animals 2023, 13, 2173 23 of 29

33. Silva, F.L.M.; Bittar, C.M.M. Thermogenesis and some rearing strategies of dairy calves at low temperature—A review. J. Appl.
Anim. Res. 2019, 47, 115–122. [CrossRef]

34. Lezama-García, K.; Mota-Rojas, D.; Martínez-Burnes, J.; Villanueva-García, D.; Domínguez-Oliva, A.; Gómez-Prado, J.; Mora-
Medina, P.; Casas-Alvarado, A.; Olmos-Hernández, A.; Soto, P.; et al. Strategies for hypothermia compensation in altricial and
precocial newborn mammals and their monitoring by infrared thermography. Vet. Sci. 2022, 9, 246. [CrossRef]

35. Conceição, E.P.S.; Madden, C.J.; Morrison, S.F. Neurons in the rat ventral lateral preoptic area are essential for the warm-evoked
inhibition of brown adipose tissue and shivering thermogenesis. Acta Physiol. 2019, 225, e13213. [CrossRef] [PubMed]

36. Nowak, R.; Porter, R.H.; Lévy, F.; Orgeur, P.; Schaal, B. Role of mother-young interactions in the survival of offspring in domestic
mammals. Rev. Reprod. 2000, 5, 153–163. [CrossRef]

37. Mora-Medina, P.; Orihuela-Trujillo, A.; Arch-Tirado, E.; Roldan-Santiago, P.; Terrazas, A.; Mota-Rojas, D. Sensory factors involved
in mother-young bonding in sheep: A review. Vet. Med. 2016, 61, 595–611. [CrossRef]

38. Yoshihara, C.; Numan, M.; Kuroda, K.O. Oxytocin and parental behaviors. Curr. Top. Behav. Neurosci. 2018, 35, 119–153. [CrossRef]
[PubMed]

39. Schai-Braun, S.C.; Steiger, P.; Ruf, T.; Arnold, W.; Hackländer, K. Maternal effects on reproduction in the precocial European hare
(Lepus europaeus). PLoS ONE 2021, 16, e0247174. [CrossRef] [PubMed]

40. Lezama-García, K.; Martínez-Burnes, J.; Pérez-Jiménez, J.C.; Domínguez-Oliva, A.; Mora-Medina, P.; Olmos-Hernández, A.;
Hernández-Ávalos, I.; Mota-Rojas, D. Relation between the dam’s weight on superficial temperature of her puppies at different
stages of the post-partum. Vet. Sci. 2022, 9, 673. [CrossRef] [PubMed]

41. Lezama-García, K.; Martínez-Burnes, J.; Marcet-Rius, M.; Gazzano, A.; Olmos-Hernández, A.; Mora-Medina, P.; Domínguez-Oliva,
A.; Pereira, A.M.F.; Hernández-Ávalos, I.; Baqueiro-Espinosa, U.; et al. Is the weight of the newborn puppy related to its thermal
balance? Animals 2022, 12, 3536. [CrossRef] [PubMed]

42. Mota-Rojas, D.; Wang, D.-H.; Titto, C.G.; Martínez-Burnes, J.; Villanueva-García, D.; Lezama, K.; Domínguez, A.; Hernández-
Avalos, I.; Mora-Medina, P.; Verduzco, A.; et al. Neonatal infrared thermography images in the hypothermic ruminant Model:
Anatomical-morphological-physiological aspects and mechanisms for thermoregulation. Front. Vet. Sci. 2022, 9, 963205.
[CrossRef]

43. Marks, A.; Vianna, D.M.L.; Carrive, P. Nonshivering thermogenesis without interscapular brown adipose tissue involvement
during conditioned fear in the rat. Am. J. Physiol. Integr. Comp. Physiol. 2009, 296, R1239–R1247. [CrossRef]

44. Sokoloff, G.; Blumberg, M.S. Competition and cooperation among huddling infant rats. Dev. Psychobiol. 2001, 39, 65–75. [CrossRef]
[PubMed]

45. Verduzco-Mendoza, A.; Bueno-Nava, A.; Wang, D.; Martínez-Burnes, J.; Olmos-Hernández, A.; Casas, A.; Domínguez, A.;
Mota-Rojas, D. Experimental applications and factors involved in validating thermal windows using infrared thermography to
assess the health and thermostability of laboratory animals. Animals 2021, 11, 3448. [CrossRef]

46. Simon, E.; Gerstberger, R.; Roth, J. A History of Physiological Research on Temperature Regulation in Germany. In Thermal
Physiology. Perspectives in Physiology; Blatteis, C., Taylor, N., Mitchell, D., Eds.; Springer: New York, NY, USA, 2022; pp. 97–200.

47. Fonsêca, V.F.C.; Saraiva, E.P.; dos Santos, J.D.C.; da Cunha Morais, L.K.; Nascimento, S.T.; de Melo Costa, C.C.; Moura, G.B.;
Xavier Neta, G.C.; Bícego, K.C.; Sejian, V.; et al. Behavioural Responses of Domestic Animals for Adapting to Thermal Stress. In
Climate Change and Livestock Production: Recent Advances and Future Perspectives; Seijan, V., Chuahan, S., Devaraj, C., Malik, P.,
Bhatta, R., Eds.; Springer: Singapore, 2021; pp. 39–48.

48. Li, L.; Li, B.; Li, M.; Speakman, J.R. Switching on the furnace: Regulation of heat production in brown adipose tissue. Mol. Aspects
Med. 2019, 68, 60–73. [CrossRef]

49. Soerensen, D.D.; Pedersen, L.J. Infrared skin temperature measurements for monitoring health in pigs: A review. Acta Vet. Scand.
2015, 57, 5. [CrossRef] [PubMed]

50. Jastroch, M.; Polymeropoulos, E.T.; Gaudry, M.J. Pros and cons for the evidence of adaptive non-shivering thermogenesis in
marsupials. J. Comp. Physiol. B 2021, 191, 1085–1095. [CrossRef]

51. Gao, X.-Y.; Deng, B.-H.; Li, X.-R.; Wang, Y.; Zhang, J.-X.; Hao, X.-Y.; Zhao, J.-X. Melatonin Regulates Differentiation of Sheep
Brown Adipocyte Precursor Cells Via AMP-Activated Protein Kinase. Front. Vet. Sci. 2021, 8, 661773. [CrossRef]

52. Cannon, B.; Romert, L.; Sundin, U.; Barnard, T. Morphology and biochemical properties of perirenal adipose tissue from lamb
(Ovis aries). A comparison with brown adipose tissue. Comp. Biochem. Physiol. Part B Comp. Biochem. 1977, 56, 87–99. [CrossRef]
[PubMed]

53. Villanueva-García, D.; Mota-Rojas, D.; Martínez-Burnes, J.; Olmos-Hernández, A.; Mora-Medina, P.; Salmerón, C.; Gómez, J.;
Boscato, L.; Gutiérrez-Pérez, O.; Cruz, V.; et al. Hypothermia in newly born piglets: Mechanisms of thermoregulation and
pathophysiology of death. J. Anim. Behav. Biometeorol. 2021, 9, 2101. [CrossRef]

54. Bal, N.C.; Maurya, S.K.; Sopariwala, D.H.; Sahoo, S.K.; Gupta, S.C.; Shaikh, S.A.; Pant, M.; Rowland, L.A.; Bombardier, E.;
Goonasekera, S.A.; et al. Sarcolipin is a newly identified regulator of muscle-based thermogenesis in mammals. Nat. Med. 2012,
18, 1575–1579. [CrossRef]

55. Carter, B.W.; Schucany, W.G. Brown adipose tissue in a newborn. Bayl. Univ. Med Cent. Proc. 2008, 21, 328–330. [CrossRef]
56. Asakura, H. Fetal and neonatal thermoregulation. J. Nippon Med. Sch. 2004, 71, 360–370. [CrossRef] [PubMed]
57. Zhu, Q.; Glazier, B.J.; Hinkel, B.C.; Cao, J.; Liu, L.; Liang, C.; Shi, H. Neuroendocrine Regulation of Energy Metabolism Involving

Different Types of Adipose Tissues. Int. J. Mol. Sci. 2019, 20, 2707. [CrossRef]

https://doi.org/10.1080/09712119.2019.1580199
https://doi.org/10.3390/vetsci9050246
https://doi.org/10.1111/apha.13213
https://www.ncbi.nlm.nih.gov/pubmed/30365209
https://doi.org/10.1530/ror.0.0050153
https://doi.org/10.17221/255/2014-VETMED
https://doi.org/10.1007/7854_2017_11
https://www.ncbi.nlm.nih.gov/pubmed/28812267
https://doi.org/10.1371/journal.pone.0247174
https://www.ncbi.nlm.nih.gov/pubmed/33596263
https://doi.org/10.3390/vetsci9120673
https://www.ncbi.nlm.nih.gov/pubmed/36548834
https://doi.org/10.3390/ani12243536
https://www.ncbi.nlm.nih.gov/pubmed/36552457
https://doi.org/10.3389/fvets.2022.963205
https://doi.org/10.1152/ajpregu.90723.2008
https://doi.org/10.1002/dev.1030
https://www.ncbi.nlm.nih.gov/pubmed/11568876
https://doi.org/10.3390/ani11123448
https://doi.org/10.1016/j.mam.2019.07.005
https://doi.org/10.1186/s13028-015-0094-2
https://www.ncbi.nlm.nih.gov/pubmed/25644397
https://doi.org/10.1007/s00360-021-01362-0
https://doi.org/10.3389/fvets.2021.661773
https://doi.org/10.1016/0305-0491(77)90227-9
https://www.ncbi.nlm.nih.gov/pubmed/318610
https://doi.org/10.31893/jabb.21001
https://doi.org/10.1038/nm.2897
https://doi.org/10.1080/08998280.2008.11928419
https://doi.org/10.1272/jnms.71.360
https://www.ncbi.nlm.nih.gov/pubmed/15673956
https://doi.org/10.3390/ijms20112707


Animals 2023, 13, 2173 24 of 29

58. Cheng, H.; Sebaa, R.; Malholtra, N.; Lacoste, B.; El Hankouri, Z.; Kirby, A.; Bennett, N.C.; van Jaarsveld, B.; Hart, D.W.; Tattersall,
G.J.; et al. Naked mole-rat brown fat thermogenesis is diminished during hypoxia through a rapid decrease in UCP1. Nat.
Commun. 2021, 12, 6801. [CrossRef]

59. Chernukha, I.; Fedulova, L.; Kotenkova, E. White, beige and brown adipose tissue: Structure, function, specific features and
possibility formation and divergence in pigs. Foods Raw Mater. 2022, 10, 10–18. [CrossRef]

60. Ballinger, M.; Andrews, M. Nature’s fat-burning machine: Brown adipose tissue in a hibernating mammal. J. Exp. Biol. 2018,
221, jeb162586. [CrossRef] [PubMed]

61. Johnson, J.M.; Peterlin, A.D.; Balderas, E.; Sustarsic, E.G.; Maschek, J.A.; Lang, M.J.; Jara-Ramos, A.; Panic, V.; Morgan, J.T.;
Villanueva, C.J.; et al. Mitochondrial phosphatidylethanolamine modulates UCP1 to promote brown adipose thermogenesis. Sci.
Adv. 2023, 9, eade7864. [CrossRef]

62. Oeckl, J.; Janovska, P.; Adamcova, K.; Bardova, K.; Brunner, S.; Dieckmann, S.; Ecker, J.; Fromme, T.; Funda, J.; Gantert, T.; et al.
Loss of UCP1 function augments recruitment of futile lipid cycling for thermogenesis in murine brown fat. Mol. Metab. 2022,
61, 101499. [CrossRef]

63. Townsend, K.; Tseng, Y.-H. Brown adipose tissue. Adipocyte 2012, 1, 13–24. [CrossRef]
64. Iatropoulos, M.; Williams, G. The Function and pathology of brown adipose tissue in animals and humans. J. Toxicol. Pathol. 2004,

17, 147–153. [CrossRef]
65. Liang, H.; Ward, W.F. PGC-1alpha: A key regulator of energy metabolism. Adv. Physiol. Educ. 2006, 30, 145–151. [CrossRef]
66. Cannon, B.; Nedergaard, J. Nonshivering thermogenesis and its adequate measurement in metabolic studies. J. Exp. Biol. 2011,

214, 242–253. [CrossRef] [PubMed]
67. Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277–359.

[CrossRef] [PubMed]
68. Vollmer, R.R.; Skøtt, O. Rearing temperature and the sympathetic nervous system regulation of white and brown adipose tissue.

Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, R1196–R1197. [CrossRef]
69. Seale, P.; Kajimura, S.; Yang, W.; Chin, S.; Rohas, L.M.; Uldry, M.; Tavernier, G.; Langin, D.; Spiegelman, B.M. Transcriptional

control of brown fat determination by PRDM16. Cell Metab. 2007, 6, 38–54. [CrossRef] [PubMed]
70. García-Torres, E.; Hudson, R.; Castelán, F.; Martínez-Gómez, M.; Bautista, A. differential metabolism of brown adipose tissue in

newborn rabbits in relation to position in the litter huddle. J. Therm. Biol. 2015, 51, 33–41. [CrossRef]
71. Collier, R.J.; Baumgard, L.H.; Zimbelman, R.B.; Xiao, Y. Heat stress: Physiology of acclimation and adaptation. Anim. Front. 2019,

9, 12–19. [CrossRef] [PubMed]
72. Cannon, B.; Connolly, E.; Obregon, M.-J.; Nedergaard, J. Perinatal Activation of Brown Adipose Tissue BT—The Endocrine Control of

the Fetus; Künzel, W., Jensen, A., Eds.; Springer: Berlin/Heidelberg, Germany, 1988; pp. 306–320.
73. Gunn, T.R.; Gluckman, P.D. Perinatal thermogenesis. Early Hum. Dev. 1995, 42, 169–183. [CrossRef]
74. Casteilla, L.; Champigny, O.; Bouillaud, F.; Robelin, J.; Ricquier, D. Sequential changes in the expression of mitochondrial protein

MRNA during the development of brown adipose tissue in bovine and ovine species. Sudden occurrence of uncoupling protein
MRNA during embryogenesis and its disappearance after birth. Biochem. J. 1989, 257, 665–671. [CrossRef]

75. Clarke, L.; Symonds, M.E. Thermoregulation in newborn lambs: Influence of feeding and ambient temperature on brown adipose
tissue. Exp. Physiol. 1998, 83, 651–657. [CrossRef]

76. Angilletta, M.J.J.; Youngblood, J.P.; Neel, L.K.; VandenBrooks, J.M. The neuroscience of adaptive thermoregulation. Neurosci. Lett.
2019, 692, 127–136. [CrossRef]

77. Morrison, S.F. Central neural pathways for thermoregulation. Front. Biosci. 2011, 16, 74. [CrossRef] [PubMed]
78. Wang, H.; Siemens, J. TRP ion channels in thermosensation, thermoregulation and metabolism. Temperature 2015, 2, 178–187.

[CrossRef] [PubMed]
79. McKinley, M.J.; Martelli, D.; Pennington, G.L.; Trevaks, D.; McAllen, R.M. Integrating competing demands of osmoregulatory

and thermoregulatory homeostasis. Physiology 2018, 33, 170–181. [CrossRef] [PubMed]
80. Dimicco, J.A.; Zaretsky, D. V The dorsomedial hypothalamus: A new player in thermoregulation. Am. J. Physiol. Regul. Integr.

Comp. Physiol. 2007, 292, R47–R63. [CrossRef]
81. Saper, C.B.; Lowell, B.B. The hypothalamus. Curr. Biol. 2014, 24, R1111–R1116. [CrossRef]
82. Zhao, Z.-D.; Yang, W.Z.; Gao, C.; Fu, X.; Zhang, W.; Zhou, Q.; Chen, W.; Ni, X.; Lin, J.-K.; Yang, J.; et al. A hypothalamic circuit

that controls body temperature. Proc. Natl. Acad. Sci. USA 2017, 114, 2042–2047. [CrossRef]
83. Tan, C.L.; Knight, Z.A. Regulation of body temperature by the nervous system. Neuron 2018, 98, 31–48. [CrossRef]
84. Morrison, S.F.; Nakamura, K. Central mechanisms for thermoregulation. Annu. Rev. Physiol. 2019, 81, 285–308. [CrossRef]
85. Madden, C.J.; Morrison, S.F. Central nervous system circuits that control body temperature. Neurosci. Lett. 2019, 696, 225–232.

[CrossRef]
86. Nicholls, D.G.; Locke, R.M. Thermogenic mechanisms in brown fat. Physiol. Rev. 1984, 64, 1–64. [CrossRef]
87. Oiwa, Y.; Oka, K.; Yasui, H.; Higashikawa, K.; Bono, H.; Kawamura, Y.; Miyawaki, S.; Watarai, A.; Kikusui, T.; Shimizu, A.; et al.

Characterization of brown adipose tissue thermogenesis in the naked mole-rat (Heterocephalus glaber), a heterothermic mammal.
Sci. Rep. 2020, 10, 19488. [CrossRef] [PubMed]

88. Hasselbach, W.; Makinose, M. Die calciumpumpe der erschlaffungsgrana des muskels und ihre abhängigkeit von der ATP-
spaltung. BioChem 1961, Z, 518–528.

https://doi.org/10.1038/s41467-021-27170-2
https://doi.org/10.21603/2308-4057-2022-1-10-18
https://doi.org/10.1242/jeb.162586
https://www.ncbi.nlm.nih.gov/pubmed/29514878
https://doi.org/10.1126/sciadv.ade7864
https://doi.org/10.1016/j.molmet.2022.101499
https://doi.org/10.4161/adip.18951
https://doi.org/10.1293/tox.17.147
https://doi.org/10.1152/advan.00052.2006
https://doi.org/10.1242/jeb.050989
https://www.ncbi.nlm.nih.gov/pubmed/21177944
https://doi.org/10.1152/physrev.00015.2003
https://www.ncbi.nlm.nih.gov/pubmed/14715917
https://doi.org/10.1152/ajpregu.00473.2002
https://doi.org/10.1016/j.cmet.2007.06.001
https://www.ncbi.nlm.nih.gov/pubmed/17618855
https://doi.org/10.1016/j.jtherbio.2015.03.003
https://doi.org/10.1093/af/vfy031
https://www.ncbi.nlm.nih.gov/pubmed/32002234
https://doi.org/10.1016/0378-3782(95)01647-L
https://doi.org/10.1042/bj2570665
https://doi.org/10.1113/expphysiol.1998.sp004146
https://doi.org/10.1016/j.neulet.2018.10.046
https://doi.org/10.2741/3677
https://www.ncbi.nlm.nih.gov/pubmed/21196160
https://doi.org/10.1080/23328940.2015.1040604
https://www.ncbi.nlm.nih.gov/pubmed/27227022
https://doi.org/10.1152/physiol.00037.2017
https://www.ncbi.nlm.nih.gov/pubmed/29616878
https://doi.org/10.1152/ajpregu.00498.2006
https://doi.org/10.1016/j.cub.2014.10.023
https://doi.org/10.1073/pnas.1616255114
https://doi.org/10.1016/j.neuron.2018.02.022
https://doi.org/10.1146/annurev-physiol-020518-114546
https://doi.org/10.1016/j.neulet.2018.11.027
https://doi.org/10.1152/physrev.1984.64.1.1
https://doi.org/10.1038/s41598-020-74929-6
https://www.ncbi.nlm.nih.gov/pubmed/33173084


Animals 2023, 13, 2173 25 of 29

89. Periasamy, M.; Huke, S. SERCA pump level is a critical determinant of Ca2+ homeostasis and cardiac contractility. J. Mol. Cell.
Cardiol. 2001, 33, 1053–1063. [CrossRef] [PubMed]

90. Babu, G.J.; Bhupathy, P.; Carnes, C.A.; Billman, G.E.; Periasamy, M. Differential expression of sarcolipin protein during muscle
development and cardiac pathophysiology. J. Mol. Cell. Cardiol. 2007, 43, 215–222. [CrossRef] [PubMed]

91. de Meis, L. Uncoupled ATPase activity and heat production by the sarcoplasmic reticulum Ca2+-ATPase regulation by ADP.
J. Biol. Chem. 2001, 276, 25078–25087. [CrossRef] [PubMed]

92. Asahi, M.; Sugita, Y.; Kurzydlowski, K.; De Leon, S.; Tada, M.; Toyoshima, C.; MacLennan, D.H. Sarcolipin regulates
sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) by binding to transmembrane helices alone or in association with phospho-
lamban. Proc. Natl. Acad. Sci. USA 2003, 100, 5040–5045. [CrossRef]

93. Mall, S.; Broadbridge, R.; Harrison, S.L.; Gore, M.G.; Lee, A.G.; East, J.M. The presence of sarcolipin results in increased heat
production by Ca2+-ATPase. J. Biol. Chem. 2006, 281, 36597–36602. [CrossRef]

94. Maurya, S.K.; Bal, N.C.; Sopariwala, D.H.; Pant, M.; Rowland, L.A.; Shaikh, S.A.; Periasamy, M. Sarcolipin is a key determinant of
the basal metabolic rate, and its overexpression enhances energy expenditure and resistance against diet-induced bbesity. J. Biol.
Chem. 2015, 290, 10840–10849. [CrossRef]

95. Pant, M.; Bal, N.C.; Periasamy, M. Cold adaptation overrides developmental regulation of sarcolipin expression in mice skeletal
muscle: SOS for muscle-based thermogenesis? J. Exp. Biol. 2015, 218, 2321–2325. [CrossRef]

96. Hohtola, E. Shivering thermogenesis in birds and mammals. In Life in the Cold: Evolution, Mechanism, Adaptation, and Application;
Barnes, B.M., Carey, H.V., Eds.; Institute of Arctic Biology: Fairbanks, AK, USA, 2004; pp. 241–252.

97. Legendre, L.J.; Davesne, D. The evolution of mechanisms involved in vertebrate endothermy. Philos. Trans. R. Soc. B Biol. Sci.
2020, 375, 20190136. [CrossRef]

98. Graña-Baumgartner, A.; Dukkipati, V.S.R.; Kenyon, P.R.; Blair, H.T.; López-Villalobos, N.; Gedye, K.; Biggs, P.J. RNAseq Analysis
of Brown Adipose Tissue and Thyroid of Newborn Lambs Subjected to Short-Term Cold Exposure Reveals Signs of Early
Whitening of Adipose Tissue. Metabolites 2022, 12, 996. [CrossRef] [PubMed]

99. Lourenço, M.L.G.; Machado, L.H.A. Particularidades do período de transição fetal-neonatal em neonatos caninos. Rev. Bras.
Reprod. Anim. 2013, 37, 303–308.

100. Alexander, G. Energy metabolism in the starved new-born lamb. Aust. J. Agric. Res. 1962, 13, 144–164. [CrossRef]
101. Alexander, G. Temperature regulation in the new-born lamb. IV. The effect of wind and evaporation of water from the coat on

metabolic rate and body temperature. Aust. J. Agric. Res. 1962, 13, 82–99. [CrossRef]
102. Berthon, D.; Herpin, P.; Bertin, R.; De Marco, F.; le Dividich, J. Metabolic changes associated with sustained 48-Hr shivering

thermogenesis in the newborn pig. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 1996, 114, 327–335. [CrossRef]
103. Berthon, D.; Herpin, P.; Le Dividich, J. Shivering thermogenesis in the neonatal pig. J. Therm. Biol. 1994, 19, 413–418. [CrossRef]
104. Janský, L. Non-shivering thermogenesis and its thermoregulatory significance. Biol. Rev. Camb. Philos. Soc. 1973, 48, 85–132.

[CrossRef]
105. Sambeat, A.; Gulyaeva, O.; Dempersmier, J.; Sul, H.S. Epigenetic regulation of the thermogenic adipose program. Trends Endocrinol.

Metab. 2017, 28, 19–31. [CrossRef] [PubMed]
106. Shinde, A.B.; Song, A.; Wang, Q.A. Brown adipose tissue heterogeneity, energy metabolism, and beyond. Front. Endocrinol. 2021,

12, 651763. [CrossRef]
107. Yau, W.W.; Yen, P.M. Thermogenesis in adipose tissue activated by thyroid hormone. Int. J. Mol. Sci. 2020, 21, 3020. [CrossRef]
108. Lazniewska, J.; Darby, J.R.T.; Holman, S.L.; Sorvina, A.; Plush, S.E.; Massi, M.; Brooks, D.A.; Morrison, J.L. In utero substrate

restriction by placental insufficiency or maternal undernutrition decreases optical redox ratio in foetal perirenal fat. J. Biophotonics
2021, 14, e20200322. [CrossRef] [PubMed]

109. Hondares, E.; Rosell, M.; Gonzalez, F.J.; Giralt, M.; Iglesias, R.; Villarroya, F. Hepatic FGF21 Expression is induced at birth via
pparalpha in response to milk intake and contributes to thermogenic activation of neonatal brown fat. Cell Metab. 2010, 11,
206–212. [CrossRef] [PubMed]

110. Symonds, M.E.; Pope, M.; Budge, H. Adipose tissue development during early life: Novel insights into energy balance from
small and large mammals. Proc. Nutr. Soc. 2012, 71, 363–370. [CrossRef] [PubMed]

111. Eerdekens, A.; Verhaeghe, J.; Darras, V.; Naulaers, G.; Van Den Berghe, G.; Langouche, L.; Vanhole, C. The placenta in fetal
thyroid hormone delivery: From normal physiology to adaptive mechanisms in complicated pregnancies. J. Matern. Neonatal
Med. 2020, 33, 3857–3866. [CrossRef]

112. Adu-Gyamfi, E.A.; Wang, Y.-X.; Ding, Y.-B. The interplay between thyroid hormones and the placenta: A comprehensive review.
Biol. Reprod. 2019, 102, 8–17. [CrossRef] [PubMed]

113. Saito, M.; Matsushita, M.; Yoneshiro, T.; Okamatsu-Ogura, Y. Brown Adipose Tissue, Diet-Induced Thermogenesis, and Thermo-
genic Food Ingredients: From Mice to Men. Front. Endocrinol. 2020, 11, 222. [CrossRef] [PubMed]

114. Padbury, J.F.; Polk, D.H.; Newnham, J.P.; Lam, R.W. Neonatal adaptation: Greater sympathoadrenal response in preterm than
full-term fetal sheep at birth. Am. J. Physiol. 1985, 248, E443–E449. [CrossRef]

115. Labeur, L.; Villiers, G.; Small, A.H.; Hinch, G.N.; Schmoelzl, S. Infrared thermal imaging as a method to evaluate heat loss in
newborn lambs. Res. Vet. Sci. 2017, 115, 517–522. [CrossRef]

116. Seale, P.; Bjork, B.; Yang, W.; Kajimura, S.; Chin, S.; Kuang, S.; Scimè, A.; Devarakonda, S.; Conroe, H.M.; Erdjument-bromage, H.;
et al. prdm16 controls a brown fat/skeletal muscle switch. Nature 2008, 454, 961–967. [CrossRef]

https://doi.org/10.1006/jmcc.2001.1366
https://www.ncbi.nlm.nih.gov/pubmed/11444913
https://doi.org/10.1016/j.yjmcc.2007.05.009
https://www.ncbi.nlm.nih.gov/pubmed/17561107
https://doi.org/10.1074/jbc.M103318200
https://www.ncbi.nlm.nih.gov/pubmed/11342561
https://doi.org/10.1073/pnas.0330962100
https://doi.org/10.1074/jbc.M606869200
https://doi.org/10.1074/jbc.M115.636878
https://doi.org/10.1242/jeb.119164
https://doi.org/10.1098/rstb.2019.0136
https://doi.org/10.3390/metabo12100996
https://www.ncbi.nlm.nih.gov/pubmed/36295898
https://doi.org/10.1071/AR9620144
https://doi.org/10.1071/AR9620082
https://doi.org/10.1016/0305-0491(96)00044-2
https://doi.org/10.1016/0306-4565(94)90040-X
https://doi.org/10.1111/j.1469-185X.1973.tb01115.x
https://doi.org/10.1016/j.tem.2016.09.003
https://www.ncbi.nlm.nih.gov/pubmed/27692461
https://doi.org/10.3389/fendo.2021.651763
https://doi.org/10.3390/ijms21083020
https://doi.org/10.1002/jbio.202000322
https://www.ncbi.nlm.nih.gov/pubmed/33389813
https://doi.org/10.1016/j.cmet.2010.02.001
https://www.ncbi.nlm.nih.gov/pubmed/20197053
https://doi.org/10.1017/S0029665112000584
https://www.ncbi.nlm.nih.gov/pubmed/22704581
https://doi.org/10.1080/14767058.2019.1586875
https://doi.org/10.1093/biolre/ioz182
https://www.ncbi.nlm.nih.gov/pubmed/31494673
https://doi.org/10.3389/fendo.2020.00222
https://www.ncbi.nlm.nih.gov/pubmed/32373072
https://doi.org/10.1152/ajpendo.1985.248.4.E443
https://doi.org/10.1016/j.rvsc.2017.09.023
https://doi.org/10.1038/nature07182


Animals 2023, 13, 2173 26 of 29

117. Tseng, Y.-H.; Kokkotou, E.; Schulz, T.J.; Huang, T.L.; Winnay, J.N.; Taniguchi, C.M.; Tran, T.T.; Suzuki, R.; Espinoza, D.O.;
Yamamoto, Y.; et al. New role of bone morphogenetic protein 7 in brown adipogenesis and energy expenditure. Nature 2008, 454,
1000–1004. [CrossRef]

118. Petrovic, N.; Walden, T.B.; Shabalina, I.G.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Chronic peroxisome proliferator-activated
receptor gamma (ppargamma) activation of epididymally derived white adipocyte cultures reveals a population of thermogeni-
cally competent, ucp1-containing adipocytes molecularly distinct from classic brown adipocy. J. Biol. Chem. 2010, 285, 7153–7164.
[CrossRef] [PubMed]

119. Hall, J.A.; Ribich, S.; Christoffolete, M.A.; Simovic, G.; Correa-Medina, M.; Patti, M.E.; Bianco, A.C. Absence of thyroid hormone
activation during development underlies a permanent defect in adaptive thermogenesis. Endocrinology 2010, 151, 4573–4582.
[CrossRef] [PubMed]

120. Sentis, S.C.; Oelkrug, R.; Mittag, J. Thyroid hormones in the regulation of brown adipose tissue thermogenesis. Endocr. Connect.
2021, 10, R106–R115. [CrossRef]

121. Lee, J.-Y.; Takahashi, N.; Yasubuchi, M.; Kim, Y.-I.; Hashizaki, H.; Kim, M.-J.; Sakamoto, T.; Goto, T.; Kawada, T. Triiodothyronine
induces ucp-1 expression and mitochondrial biogenesis in human adipocytes. Am. J. Physiol. Cell Physiol. 2012, 302, C463–C472.
[CrossRef]

122. Symonds, M.E.; Mostyn, A.; Pearce, S.; Budge, H.; Stephenson, T. Endocrine and nutritional regulation of fetal adipose tissue
development. J. Endocrinol. 2003, 179, 293–299. [CrossRef] [PubMed]

123. Arfuso, F.; Giannetto, C.; Bazzano, M.; Assenza, A.; Piccione, G. Physiological Correlation between Hypothalamic–Pituitary–Adrenal
Axis, Leptin, UCP1 and Lipid Panel in Mares during Late Pregnancy and Early Postpartum Period. Animals 2021, 11, 2051.
[CrossRef] [PubMed]

124. Mortola, J.P. Respiratory Physiology of Newborn Mammals: A Comparative Perspective; Respiratory Physiology of Newborn Mammals;
Johns Hopkins University: Baltimore, MD, USA, 2001; ISBN 9780801864971.

125. Bienboire-Frosini, C.; Marcet-Rius, M.; Orihuela, A.; Domínguez-Oliva, A.; Mora-Medina, P.; Olmos-Hernández, A.; Casas-
Alvarado, A.; Mota-Rojas, D. Mother–young bonding: Neurobiological aspects and maternal biochemical signaling in altricial
domesticated mammals. Animals 2023, 13, 532. [CrossRef] [PubMed]

126. Sleigh, M. Altricial. In Encyclopedia of Child Behavior and Development; Goldstein, S., Naglieri, J., Eds.; Springer: Boston, MA, USA,
2011; p. 80.

127. Augustine, S.; Lika, K.; Kooijman, S.A.L.M. Altricial-precocial spectra in animal kingdom. J. Sea Res. 2019, 143, 27–34. [CrossRef]
128. Symonds, M.E.; Pope, M.; Budge, H. The Ontogeny of brown adipose tissue. Annu. Rev. Nutr. 2015, 35, 295–320. [CrossRef]
129. Tsubota, A.; Okamatsu-Ogura, Y.; Bariuan, J.V.; Mae, J.; Matsuoka, S.; Nio-Kobayashi, J.; Kimura, K. Role of brown adipose tissue

in body temperature control during the early postnatal period in syrian hamsters and mice. J. Vet. Med. Sci. 2019, 81, 1461–1467.
[CrossRef]

130. Alexander, G.; Williams, D. Shivering and non-shivering thermogenesis during summit metabolism in young lambs. J. Physiol.
1968, 198, 251–276. [CrossRef] [PubMed]

131. Symonds, M.E.; Andrews, D.C.; Johnson, P. The control of thermoregulation in the developing lamb during slow wave sleep.
J. Dev. Physiol. 1989, 11, 289–298. [PubMed]

132. Cannon, B.; Nedergaard, J. Brown adipose tissue thermogenesis in neonatal and cold-adapted animals. Biochem. Soc. Trans. 1986,
14, 233–236. [CrossRef] [PubMed]

133. Obregón, M.J.; Jacobsson, A.; Kirchgessner, T.; Schotz, M.C.; Cannon, B.; Nedergaard, J. Postnatal recruitment of brown adipose
tissue is induced by the cold stress experienced by the pups. an analysis of mrna levels for thermogenin and lipoprotein lipase.
Biochem. J. 1989, 259, 341–346. [CrossRef]

134. Smalley, R.L.; Smalley, K.N. Brown and White Fats: Development in the Hamster. Science 1967, 157, 1449–1451. [CrossRef]
135. Schulz, T.J.; Tseng, Y.-H. Brown adipose tissue: Development, metabolism and beyond. Biochem. J. 2013, 453, 167–178. [CrossRef]
136. Negron, S.G.; Ercan-Sencicek, A.G.; Freed, J.; Walters, M.; Lin, Z. Both proliferation and lipogenesis of brown adipocytes

contribute to postnatal brown adipose tissue growth in mice. Sci. Rep. 2020, 10, 20335. [CrossRef]
137. Clarke, L.; Buss, D.; Juniper, D.; Lomax, M.; Symonds, M. Adipose tissue development during early postnatal life in ewe-reared

lambs. Exp. Physiol. 1997, 82, 1015–1027. [CrossRef]
138. Myers, D.A.; Singleton, K.; Hyatt, K.; Kaushal, K.M.; Ducsay, C.A. Long term hypoxia during gestation alters perirenal adipose

tissue gene expression in the lamb. Adipocyte 2020, 9, 223–233. [CrossRef]
139. Gemmell, R.T.; Bell, A.W.; Alexander, G. Morphology of adipose cells in lambs at birth and during subsequent transition of brown

to white adipose tissue in cold and in warm conditions. Am. J. Anat. 1972, 133, 143–164. [CrossRef]
140. Alexander, G.; Bennett, J.W.; Gemmell, T. Brown adipose tissue in the new-born calf (Bos taurus). J. Physiol. 1975, 244, 223–234.

[CrossRef]
141. Mota-Rojas, D.; Bienboire-Frosini, C.; Marcet-Rius, M.; Domínguez-Oliva, A.; Mora-Medina, P.; Lezama-García, K.; Orihuela, A.

Mother-young bond in non-human mammals: Neonatal communication pathways and neurobiological basis. Front. Psychol.
2022, 13, 1064444. [CrossRef] [PubMed]

142. Berg, F.; Gustafson, U.; Andersson, L. The uncoupling protein 1 gene (ucp1) is disrupted in the pig lineage: A genetic explanation
for poor thermoregulation in piglets. PLoS Genet. 2006, 2, e129. [CrossRef]

https://doi.org/10.1038/nature07221
https://doi.org/10.1074/jbc.M109.053942
https://www.ncbi.nlm.nih.gov/pubmed/20028987
https://doi.org/10.1210/en.2010-0511
https://www.ncbi.nlm.nih.gov/pubmed/20660060
https://doi.org/10.1530/EC-20-0562
https://doi.org/10.1152/ajpcell.00010.2011
https://doi.org/10.1677/joe.0.1790293
https://www.ncbi.nlm.nih.gov/pubmed/14656200
https://doi.org/10.3390/ani11072051
https://www.ncbi.nlm.nih.gov/pubmed/34359179
https://doi.org/10.3390/ani13030532
https://www.ncbi.nlm.nih.gov/pubmed/36766424
https://doi.org/10.1016/j.seares.2018.03.006
https://doi.org/10.1146/annurev-nutr-071813-105330
https://doi.org/10.1292/jvms.19-0371
https://doi.org/10.1113/jphysiol.1968.sp008605
https://www.ncbi.nlm.nih.gov/pubmed/5698273
https://www.ncbi.nlm.nih.gov/pubmed/2614034
https://doi.org/10.1042/bst0140233
https://www.ncbi.nlm.nih.gov/pubmed/3011548
https://doi.org/10.1042/bj2590341
https://doi.org/10.1126/science.157.3795.1449
https://doi.org/10.1042/BJ20130457
https://doi.org/10.1038/s41598-020-77362-x
https://doi.org/10.1113/expphysiol.1997.sp004077
https://doi.org/10.1080/21623945.2020.1763726
https://doi.org/10.1002/aja.1001330203
https://doi.org/10.1113/jphysiol.1975.sp010793
https://doi.org/10.3389/fpsyg.2022.1064444
https://www.ncbi.nlm.nih.gov/pubmed/36524176
https://doi.org/10.1371/journal.pgen.0020129


Animals 2023, 13, 2173 27 of 29

143. Grav, H.J.; Blix, A.S. Brown adipose tissue—A factor in the survival of harp seal pups. Can. J. Physiol. Pharmacol. 1976, 54, 409–412.
[CrossRef] [PubMed]

144. Slee, J.; Simpson, S.P. Description of the effects of a single gene which inhibits the normal metabolic response of newborn lambs
to exogenous noradrenaline. Res. Vet. Sci. 1991, 51, 34–39. [CrossRef]

145. Slee, J.; Stott, A.W. Genetic Selection for cold resistance in scottish blackface lambs. Anim. Sci. 1986, 43, 397–404. [CrossRef]
146. Wolf, J.E.; Baker, R.L.; Dobbie, P.M.; Ford, A.J.; Jordan, R.D. Genetic aspects of cold resistance in new-born lambs. In Proceedings

of the New Zealand Society of Animal Production; New Zealand Society of Animal Production: Hamilton, New Zealand, 1987;
Volume 47, pp. 93–98.

147. Smith, S.B.; Carstens, G.E.; Randel, R.D.; Mersmann, H.J.; Lunt, D.K. Brown adipose tissue development and metabolism in
ruminants. J. Anim. Sci. 2004, 82, 942–954. [CrossRef]

148. Landis, M.D.; Carstens, G.E.; McPhail, E.G.; Randel, R.D.; Green, K.K.; Slay, L.; Smith, S.B. Ontogenic development of brown
adipose tissue in angus and brahman fetal calves. J. Anim. Sci. 2002, 80, 591–601. [CrossRef]

149. Napolitano, F.; Bragaglio, A.; Braghieri, A.; El-Aziz, A.H.A.; Titto, C.G.; Villanueva-García, D.; Mora-Medina, P.; Pereira, A.M.F.;
Hernández-Avalos, I.; José-Pérez, N.; et al. The effect of birth weight and time of day on the thermal response of newborn water
buffalo calves. Front. Vet. Sci. 2023, 10, 1084092. [CrossRef]

150. Gondret, F.; Lefaucheur, L.; Louveau, I.; Lebret, B.; Pichodo, X.; Le Cozler, Y. Influence of piglet birth weight on postnatal growth
performance, tissue lipogenic capacity and muscle histological traits at market weight. Livest. Prod. Sci. 2005, 93, 137–146.
[CrossRef]

151. Herpin, P.; Damon, M.; Le Dividich, J. Development of thermoregulation and neonatal survival in pigs. Livest. Prod. Sci. 2002, 78,
25–45. [CrossRef]

152. Darwish, R.A.; El-Bahr, S.M. Neonatal lamb behaviour and thermoregulation with special reference to thyroid hormones and
phosphorous element: Effect of birth weight and litter size. J. Vet. Med. Res. 2008, 18, 120–127. [CrossRef]

153. Ghaffari, M.H. Developmental programming: Prenatal and postnatal consequences of hyperthermia in dairy cows and calves.
Domest. Anim. Endocrinol. 2022, 80, 106723. [CrossRef]

154. Piccione, G.; Giudice, E.; Fazio, F.; Mortola, J.P. The daily rhythm of body temperature, heart and respiratory rate in newborn
dogs. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2010, 180, 895–904. [CrossRef] [PubMed]

155. Mota-Rojas, D.; Titto, C.G.; de Mira Geraldo, A.; Martínez-Burnes, J.; Gómez, J.; Hernández-Ávalos, I.; Casas, A.; Domínguez, A.;
José, N.; Bertoni, A.; et al. Efficacy and function of feathers, hair, and glabrous skin in the thermoregulation strategies of domestic
animals. Animals 2021, 11, 3472. [CrossRef]

156. Nielsen, S.S.; Alvarez, J.; Bicout, D.J.; Calistri, P.; Canali, E.; Drewe, J.A.; Garin-Bastuji, B.; Gonzales Rojas, J.L.; Gortázar Schmidt,
C.; Herskin, M.; et al. Welfare of sheep and goats at slaughter. EFSA J. 2021, 19, e06882. [CrossRef] [PubMed]

157. Samson, D.E.; Slee, J. Factors affecting resistance to induced body cooling in newborn lambs of 10 breeds. Anim. Prod. 1981, 33,
59–65. [CrossRef]

158. McCoard, S.; Henderson, H.; Knol, F.; Dowling, S.; Webster, J. Infrared thermal imaging as a method to study thermogenesis in
the neonatal lamb. Anim. Prod. Sci. 2014, 54, 1497–1501. [CrossRef]

159. Isler, D.; Trayhurn, P.; Lunn, P.G. Brown adipose tissue metabolism in lactating rats: The effect of litter size. Ann. Nutr. Metab.
1984, 28, 101–109. [CrossRef]

160. Xiao, X.Q.; Williams, S.M.; Grayson, B.E.; Glavas, M.M.; Cowley, M.A.; Smith, M.S.; Grove, K.L. Excess Weight Gain during
the Early Postnatal Period Is Associated with Permanent Reprogramming of Brown Adipose Tissue Adaptive Thermogenesis.
Endocrinology 2007, 148, 4150–4159. [CrossRef]

161. de Almeida, D.L.; Fabrício, G.S.; Trombini, A.B.; Pavanello, A.; Tófolo, L.P.; da Silva Ribeiro, T.A.; de Freitas Mathias, P.C.;
Palma-Rigo, K. Early Overfeed-Induced Obesity Leads to Brown Adipose Tissue Hypoactivity in Rats. Cell. Physiol. Biochem.
2013, 32, 1621–1630. [CrossRef] [PubMed]

162. Xavier, J.L.P.; Scomparin, D.X.; Pontes, C.C.; Ribeiro, P.R.; Cordeiro, M.M.; Marcondes, J.A.; Mendonça, F.D.O.; Da Silva, M.T.; De
Oliveira, F.B.; Franco, G.C.; et al. Litter Size Reduction Induces Metabolic and Histological Adjustments in Dams throughout
Lactation with Early Effects on Offspring. An. Acad. Bras. Cienc. 2019, 91, e20170971. [CrossRef]

163. Robertson, C.E.; McClelland, G.B. Ancestral and developmental cold alter brown adipose tissue function and adult thermal
acclimation in peromyscus. J. Comp. Physiol. B 2021, 191, 589–601. [CrossRef] [PubMed]

164. Symonds, M.E.; Lomax, M.A. Maternal and environmental influences on thermoregulation in the neonate. Proc. Nutr. Soc. 1992,
51, 165–172. [CrossRef] [PubMed]

165. Rossi, L.; Lumbreras, A.E.V.; Vagni, S.; Dell’Anno, M.; Bontempo, V. Nutritional and Functional Properties of Colostrum in
Puppies and Kittens. Animals 2021, 11, 3260. [CrossRef] [PubMed]

166. Hamadeh, S.K.; Hatfield, P.G.; Kott, R.W.; Sowell, B.F.; Robinson, B.L.; Roth, N.J. Effects of breed, sex, birth type and colostrum
intake on cold tolerance in newborn lambs. Sheep. Goat. Res. J. 2000, 16, 46–51.

167. Quesnel, H.; Resmond, R.; Merlot, E.; Père, M.-C.; Gondret, F.; Louveau, I. Physiological traits of newborn piglets associated with
colostrum intake, neonatal survival and preweaning growth. Animal 2023, 17, 100843. [CrossRef]

168. Linderborg, K.M.; Kortesniemi, M.; Aatsinki, A.-K.; Karlsson, L.; Karlsson, H.; Yang, B.; Uusitupa, H.-M. Interactions between
cortisol and lipids in human milk. Int. Breastfeed. J. 2020, 15, 66. [CrossRef]

https://doi.org/10.1139/y76-057
https://www.ncbi.nlm.nih.gov/pubmed/953869
https://doi.org/10.1016/0034-5288(91)90027-L
https://doi.org/10.1017/S0003356100002622
https://doi.org/10.2527/2004.823942x
https://doi.org/10.2527/2002.803591x
https://doi.org/10.3389/fvets.2023.1084092
https://doi.org/10.1016/j.livprodsci.2004.09.009
https://doi.org/10.1016/S0301-6226(02)00183-5
https://doi.org/10.21608/jvmr.2008.77858
https://doi.org/10.1016/j.domaniend.2022.106723
https://doi.org/10.1007/s00360-010-0462-1
https://www.ncbi.nlm.nih.gov/pubmed/20225079
https://doi.org/10.3390/ani11123472
https://doi.org/10.2903/j.efsa.2021.6882
https://www.ncbi.nlm.nih.gov/pubmed/34765030
https://doi.org/10.1017/S0003356100025204
https://doi.org/10.1071/AN14301
https://doi.org/10.1159/000176789
https://doi.org/10.1210/en.2007-0373
https://doi.org/10.1159/000356598
https://www.ncbi.nlm.nih.gov/pubmed/24335411
https://doi.org/10.1590/0001-3765201920170971
https://doi.org/10.1007/s00360-021-01355-z
https://www.ncbi.nlm.nih.gov/pubmed/33644836
https://doi.org/10.1079/PNS19920026
https://www.ncbi.nlm.nih.gov/pubmed/1438324
https://doi.org/10.3390/ani11113260
https://www.ncbi.nlm.nih.gov/pubmed/34827992
https://doi.org/10.1016/j.animal.2023.100843
https://doi.org/10.1186/s13006-020-00307-7


Animals 2023, 13, 2173 28 of 29

169. Mostyn, A.; Pearce, S.; Budge, H.; Elmes, M.; Forhead, A.J.; Fowden, A.L.; Stephenson, T.; Symonds, M.E. Influence of cortisol on
adipose tissue development in the fetal sheep during late gestation. J. Endocrinol. 2003, 176, 23–30. [CrossRef]

170. Cregan, M.D.; Mitoulas, L.R.; Hartmann, P.E. Milk prolactin, feed volume and duration between feeds in women breastfeeding
their full-term infants over a 24 h period. Exp. Physiol. 2002, 87, 207–214. [CrossRef]

171. Symonds, M.E.; Sebert, S.P.; Budge, H. Nutritional regulation of fetal growth and implications for productive life in ruminants.
Animal 2010, 4, 1075–1083. [CrossRef] [PubMed]

172. Pearce, S.; Budge, H.; Mostyn, A.; Genever, E.; Webb, R.; Ingleton, P.; Walker, A.M.; Symonds, M.E.; Stephenson, T. Prolactin,
the prolactin receptor and uncoupling protein abundance and function in adipose tissue during development in young sheep.
J. Endocrinol. 2005, 184, 351–359. [CrossRef]

173. Scazzina, F.; Del Rio, D.; Benini, L.; Melegari, C.; Pellegrini, N.; Marcazzan, E.; Brighenti, F. The effect of breakfasts varying in
glycemic index and glycemic load on dietary induced thermogenesis and respiratory quotient. Nutr. Metab. Cardiovasc. Dis. 2011,
21, 121–125. [CrossRef]

174. Hascoët, J.-M.; Chauvin, M.; Pierret, C.; Skweres, S.; Van Egroo, L.-D.; Rougé, C.; Franck, P. Impact of Maternal Nutrition and
Perinatal Factors on Breast Milk Composition after Premature Delivery. Nutrients 2019, 11, 366. [CrossRef] [PubMed]

175. Clarke, L.; Heasman, L.; Firth, K.; Symonds, M.E. Influence of feeding and ambient temperature on thermoregulation in newborn
lambs. Exp. Physiol. 1997, 82, 1029–1040. [CrossRef]

176. Dwyer, C.M. The welfare of the neonatal lamb. Small Rumin. Res. 2008, 76, 31–41. [CrossRef]
177. Farah, E.; Barger, M.K.; Klima, C.; Rossman, B.; Hershberger, P. Impaired Lactation: Review of Delayed Lactogenesis and

Insufficient Lactation. J. Midwifery Womens. Health 2021, 66, 631–640. [CrossRef] [PubMed]
178. Mellor, D.J.; Cockburn, F. A comparison of energy metabolism in the new-born infant, piglet and lamb. Q. J. Exp. Physiol. 1986, 71,

361–379. [CrossRef]
179. Collins, S.; Kuhn, C.M.; Petro, A.E.; Swick, A.G.; Chrunyk, B.A.; Surwit, R.S. Role of leptin in fat regulation. Nature 1996, 380, 677.

[CrossRef]
180. Dyer, C.J.; Simmons, J.M.; Matteri, R.L.; Keisler, D.H. Leptin receptor mrna is expressed in ewe anterior pituitary and adipose

tissues and is differentially expressed in hypothalamic regions of well-fed and feed-restricted ewes. Domest. Anim. Endocrinol.
1997, 14, 119–128. [CrossRef]

181. D Burgess, J. Prevention of Paedriatic Ohy Beverage Scalds. Ph.D. Thesis, The Univertsity of Queensland, Brisbane, Australia, 2017.
182. Morris, N.B.; Jay, O. Staying warm in the cold with a hot drink: The role of visceral thermoreceptors. Temperature 2017, 4, 123–125.

[CrossRef]
183. Souza, T.L.V.; Coelho, C.T.; Guimarães, P.B.; Goto, E.M.; Silva, S.M.A.; Silva, J.A.; Nunes, M.T.; Ihara, S.S.M.; Luz, J. Intrauterine

food restriction alters the expression of uncoupling proteins in brown adipose tissue of rat newborns. J. Therm. Biol. 2012, 37,
138–143. [CrossRef]

184. Budge, H.; Bispham, J.; Dandrea, J.; Evans, E.; Heasman, L.; Ingleton, P.M.; Sullivan, C.; Wilson, V.; Stephenson, T.; Symonds, M.E.
Effect of Maternal Nutrition on Brown Adipose Tissue and Its Prolactin Receptor Status in the Fetal Lamb. Pediatr. Res. 2000, 47,
781–786. [CrossRef] [PubMed]

185. Li, T.; Gong, H.; Yuan, Q.; Du, M.; Ren, F.; Mao, X. Supplementation of polar lipids-enriched milk fat globule membrane in
high-fat diet-fed rats during pregnancy and lactation promotes brown/beige adipocyte development and prevents obesity in
male offspring. FASEB J. 2020, 34, 4619–4634. [CrossRef]

186. Drummond, H.; Vázquez, E.; Sánchez-Colón, S.; Martinez-Gómez, M.; Hudson, R. Competition for milk in the domestic rabbit:
Survivors benefit from littermate deaths. Ethology 2000, 106, 511–526. [CrossRef]

187. Rödel, H.G.; Bautista, A.; García-Torres, E.; Martínez-Gómez, M.; Hudson, R. Why do heavy littermates grow better than lighter
ones? A study in wild and domestic European rabbits. Physiol. Behav. 2008, 95, 441–448. [CrossRef]

188. Muciño, E.; Bautista, A.; Jiménez, I.; Martínez-Gómez, M.; Hudson, R. Differential development of body equilibrium among
littermates in the newborn rabbit. Dev. Psychobiol. 2009, 51, 24–33. [CrossRef]

189. Bautista, A.; Castelán, F.; Pérez-Roldán, H.; Martínez-Gómez, M.; Hudson, R. Competition in newborn rabbits for thermally
advantageous positions in the litter huddle is associated with individual differences in brown fat metabolism. Physiol. Behav.
2013, 118, 189–194. [CrossRef] [PubMed]

190. Mota-Rojas, D.; Braghieri, A.; Ghezzi, M.; Ceriani, M.C.; Martínez-Burnes, J.; Lendez, P.A.; Pereira, A.M.F.; Lezama-García,
K.; Domínguez-Oliva, A.; Casas-Alvarado, A.; et al. Strategies and Mechanisms of Thermal Compensation in Newborn Water
Buffaloes. Animals 2023, 13, 2161. [CrossRef]

191. Hudson, R.; Bautista, A.; Reyes-Meza, V.; Montor, J.M.; Rödel, H.G. The effect of siblings on early development: A potential
contributor to personality differences in mammals. Dev. Psychobiol. 2011, 53, 564–574. [CrossRef]

192. Coulon, M.; Hild, S.; Schroeer, A.; Janczak, A.M.; Zanella, A.J. Gentle vs. aversive handling of pregnant ewes: Ii. physiology and
behavior of the lambs. Physiol. Behav. 2011, 103, 575–584. [CrossRef] [PubMed]

193. Czerwinski, V.; Smith, B.; Hynd, P.; Hazel, S. The influence of maternal care on stress-related behaviors in domestic dogs: What
can we learn from the rodent literature? J. Vet. Behav. Clin. Appl. Res. 2016, 14, 52–59. [CrossRef]

194. Lezama-García, K.; Mariti, C.; Mota-Rojas, D.; Martínez-Burnes, J.; Barrios-García, H.; Gazzano, A. Maternal behaviour in
domestic dogs. Int. J. Vet. Sci. Med. 2019, 7, 20–30. [CrossRef]

https://doi.org/10.1677/joe.0.1760023
https://doi.org/10.1113/eph8702327
https://doi.org/10.1017/S1751731110000479
https://www.ncbi.nlm.nih.gov/pubmed/22444610
https://doi.org/10.1677/joe.1.05732
https://doi.org/10.1016/j.numecd.2009.08.008
https://doi.org/10.3390/nu11020366
https://www.ncbi.nlm.nih.gov/pubmed/30744155
https://doi.org/10.1113/expphysiol.1997.sp004078
https://doi.org/10.1016/j.smallrumres.2007.12.011
https://doi.org/10.1111/jmwh.13274
https://www.ncbi.nlm.nih.gov/pubmed/34596953
https://doi.org/10.1113/expphysiol.1986.sp002995
https://doi.org/10.1038/380677a0
https://doi.org/10.1016/S0739-7240(96)00119-1
https://doi.org/10.1080/23328940.2017.1299667
https://doi.org/10.1016/j.jtherbio.2011.12.002
https://doi.org/10.1203/00006450-200006000-00017
https://www.ncbi.nlm.nih.gov/pubmed/10832738
https://doi.org/10.1096/fj.201901867RRR
https://doi.org/10.1046/j.1439-0310.2000.00554.x
https://doi.org/10.1016/j.physbeh.2008.07.011
https://doi.org/10.1002/dev.20339
https://doi.org/10.1016/j.physbeh.2013.05.035
https://www.ncbi.nlm.nih.gov/pubmed/23711568
https://doi.org/10.3390/ani13132161
https://doi.org/10.1002/dev.20535
https://doi.org/10.1016/j.physbeh.2011.04.010
https://www.ncbi.nlm.nih.gov/pubmed/21515293
https://doi.org/10.1016/j.jveb.2016.05.003
https://doi.org/10.1080/23144599.2019.1641899


Animals 2023, 13, 2173 29 of 29

195. Conrad, L.; Aubé, L.; Heuchan, E.; Conte, S.; Bergeron, R.; Devillers, N. Effects of farrowing hut design on maternal and
thermoregulatory behaviour in outdoor housed sows and piglets. Appl. Anim. Behav. Sci. 2022, 251, 105616. [CrossRef]

196. Baert, S.; Aubé, L.; Haley, D.B.; Bergeron, R.; Devillers, N. To wallow or nurse: Sows housed outdoors have distinctive approaches
to thermoregulation in gestation and lactation. Appl. Anim. Behav. Sci. 2022, 248, 105575. [CrossRef]

197. Wanjiru, J.W.; Makworo, D.; Simba, J.M. Thermoregulation Practices among Mothers with New-Born Babies Attending Kenyatta
National Hospital, Kenya. Galore Int. J. Health Sci. Res. 2021, 6, 82–89. [CrossRef]

198. Hudson, R.; Trillmich, F. Sibling competition and cooperation in mammals: Challenges, developments and prospects. Behav. Ecol.
Sociobiol. 2007, 62, 299–307. [CrossRef]

199. Bautista, A.; Rödel, H.G.; Monclús, R.; Juárez-Romero, M.; Cruz-Sánchez, E.; Martínez-Gómez, M.; Hudson, R. Intrauterine
position as a predictor of postnatal growth and survival in the rabbit. Physiol. Behav. 2015, 138, 101–106. [CrossRef]

200. Coureaud, G.; Schaal, B.; Coudert, P.; Hudson, R.; Rideaud, P.; Orgeur, P. Mimicking natural nursing conditions promotes early
pup survival in domestic rabbits. Ethology 2001, 106, 207–225. [CrossRef]

201. Coureaud, G.; Schaal, B.; Coudert, P.; Rideaud, P.; Fortun-Lamothe, L.; Hudson, R.; Orgeur, P. Immediate postnatal sucking in the
rabbit: Its influence on pup survival and growth. Reprod. Nutr. Dev. 2000, 40, 19–32. [CrossRef]

202. Gilbert, C.; Blanc, S.; Giroud, S.; Trabalon, M.; Le Maho, Y.; Perret, M.; Ancel, A. Role of huddling on the energetic of growth in a
newborn altricial mammal. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007, 293, R867–R876. [CrossRef]

203. Gilbert, C.; McCafferty, D.J.; Giroud, S.; Ancel, A.; Blanc, S. Private heat for public warmth: How huddling shapes individual
thermogenic responses of rabbit pups. PLoS ONE 2012, 7, e33553. [CrossRef]

204. Hull, D. Oxygen consuption and body temperature of new-born rabbits and kittens exposed to cold. J. Physiol. 1965, 177, 192–202.
[CrossRef] [PubMed]

205. Várnai, H.; Farkas, M.; Donhoffer, S. Thermoregulatory heat production and the regulation of body temperature in the new-born
rabbit. Acta Physiol. Acad. Sci. Hung. 1970, 38, 299–315. [PubMed]

206. Satinoff, E.; McEwen, G.N.; Williams, B.A. Behavioral fever in newborn rabbits. Science 1976, 193, 1139–1140. [CrossRef]
207. Sokal, M.; Sinclair, J. Effect of temperature on growth of newborn rabbits. Biol. Neonatorum 1976, 28, 1–11. [CrossRef] [PubMed]
208. Pacheco-Cobos, L.; Rosetti, M.; Distel, H.; Hudson, R. To stay or not to stay: The contribution of tactile and thermal cues to

coming to rest in newborn rabbits. J. Comp. Physiol. Behav. Physiol. 2003, 189, 383–389. [CrossRef] [PubMed]
209. Dawkins, M.J.; Hull, D. Brown adipose tissue and the response of new-born rabbits to cold. J. Physiol. 1964, 172, 216–238.

[CrossRef] [PubMed]
210. Pearce, S.; Dieguez, C.; Gualillo, O.; Symonds, M.E.; Stephenson, T. Differential effects of age and sex on the postnatal responsive-

ness of brown adipose tissue to prolactin administration in rats. Exp. Physiol. 2003, 88, 527–531. [CrossRef]
211. Mota-Rojas, D.; Titto, C.G.; Orihuela, A.; Martínez-Burnes, J.; Gómez-Prado, J.; Torres-Bernal, F.; Flores-Padilla, K.; Carvajal-de

la Fuente, V.; Wang, D. Physiological and Behavioral Mechanisms of Thermoregulation in Mammals. Animals 2021, 11, 1733.
[CrossRef]

212. Mota-Rojas, D.; Pereira, A.M.F.; Wang, D.; Martínez-Burnes, J.; Ghezzi, M.; Hernández-Avalos, I.; Lendez, P.; Mora-Medina, P.;
Casas, A.; Olmos-Hernández, A.; et al. Clinical Applications and Factors Involved in Validating Thermal Windows Used in
Infrared Thermography in Cattle and River Buffalo to Assess Health and Productivity. Animals 2021, 11, 2247. [CrossRef]

213. Cook, N.; Chabot, B.; Liu, T.; Froehlich, D.; Basarab, J.; Juarez, M. Radiated temperature from thermal imaging is related to feed
consumption, growth rate and feed efficiency in grower pigs. J. Therm. Biol. 2020, 94, 102747. [CrossRef] [PubMed]

214. Schaefer, A.L.; Ominski, K.; Thompson, S.; Crow, G.; Bench, C.; Colyn, J.; Rodas-Gonzalez, A.; Maharjan, D.; Bollum, R.; Cook,
N.J.; et al. Energy utilization in cattle with steady state and non-steady state methods: The importance of thermal neutrality.
Heliyon 2018, 4, e00843. [CrossRef] [PubMed]

215. Schaefer, A.L.; Iheshiulor, O.; von Gaza, H.; Charagu, P.; Simpson, G.; Huisman, A. thermal profiles: Novel phenotypic
measurements of animal growth and metabolic efficiency. J. Therm. Biol. 2023, 113, 103537. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.applanim.2022.105616
https://doi.org/10.1016/j.applanim.2022.105575
https://doi.org/10.52403/gijhsr.20210713
https://doi.org/10.1007/s00265-007-0417-z
https://doi.org/10.1016/j.physbeh.2014.10.028
https://doi.org/10.1046/j.1439-0310.2000.00521.x
https://doi.org/10.1051/rnd:2000117
https://doi.org/10.1152/ajpregu.00081.2007
https://doi.org/10.1371/journal.pone.0033553
https://doi.org/10.1113/jphysiol.1965.sp007585
https://www.ncbi.nlm.nih.gov/pubmed/14301020
https://www.ncbi.nlm.nih.gov/pubmed/5521447
https://doi.org/10.1126/science.959829
https://doi.org/10.1159/000240798
https://www.ncbi.nlm.nih.gov/pubmed/1247629
https://doi.org/10.1007/s00359-003-0413-3
https://www.ncbi.nlm.nih.gov/pubmed/12720035
https://doi.org/10.1113/jphysiol.1964.sp007414
https://www.ncbi.nlm.nih.gov/pubmed/14205018
https://doi.org/10.1113/eph8802575
https://doi.org/10.3390/ani11061733
https://doi.org/10.3390/ani11082247
https://doi.org/10.1016/j.jtherbio.2020.102747
https://www.ncbi.nlm.nih.gov/pubmed/33292988
https://doi.org/10.1016/j.heliyon.2018.e00843
https://www.ncbi.nlm.nih.gov/pubmed/30302415
https://doi.org/10.1016/j.jtherbio.2023.103537
https://www.ncbi.nlm.nih.gov/pubmed/37055115

	Introduction 
	Uterine Thermoregulation of the Fetus 
	Newborn Thermoregulation 
	Non-Shivering Thermogenesis 
	BAT as a Thermogenic Organ 
	Muscle Non-Shivering Thermogenesis 

	Shivering Thermogenesis 

	Intrinsic Factors Involved in the Generation of Heat through BAT 
	Physiological Factors 
	Biochemical Factors 
	Molecular Factors 
	Genetic Factors That Regulate the Presence of BAT 

	Extrinsic Factors Involved 
	Colostrum and Milk Consumption 
	Oral Administration of Warm Water to Newborns 
	Route of Parturition 
	Maternal Food Restriction 
	Maternal Care 
	Position in the Litter 

	Future Directions 
	Conclusions 
	References

