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Multiple inducible thermogenic mechanisms in the 
development of cold acclimatization

Huanyu Lu, Wenjing Luo*

1 Introduction

The risk and possibility of cold exposure depends largely on 
geographical location, climate, season, and housing conditions. 
Acute cold stress induces sympathetic vasoconstrictor response 
and adipose lipid mobilization with markedly increased systolic 
and diastolic blood pressure, blood cholesterol and fatty acids, 
and blood viscosity in a matter of hours, which may increase 
the risk of atherosclerotic plaque rupture, myocardial infarction 
and stroke[1,2]. Indeed, acute cold stress also occurs with 
reduced skin temperature and increases the risk of frostbite and 
eventually affects the sustainment of internal body temperature 
(core temperature) leading to hypothermia. As well recognized, 
extreme cold temperature threatens human health[1]. Thus, it is 
important to develop public-health interventions to minimize the 
adverse health consequences of cold temperature.

Moreover, in frigid zones, long-term cold exposure can induce 
cold acclimatization which helps human and other mammals 
better survive and adapt to the extreme environment. In 
response to cold stress, the activation of thermogenic regulatory 
mechanism can improve heat production to maintain the normal 
body temperature. But inappropriate thermogenesis (shivering 
thermogenesis), thermogenic deficiency, and excessive heat 
dissipation may seriously increase the risk of cold exposure injury. 

Indeed, adaptive non-shivering thermogenesis is critical for cold 
acclimatization. In this paper, we systematically summarize the 
food intake, circadian rhythms, and cold exposure-mediated non-
shivering thermogenic pathways during cold acclimatization and 
highlight the future direction of research in the field of Frigid Zone 
Medicine.

2 Food-induced thermogenesis

Food-induced thermogenesis (FIT) is one of the three components 
of daily energy expenditure. Compared to the basal metabolic rate 
and activity-induced thermogenesis, FIT plays a critical role in the 

development of cold acclimatization.

2.1 Fatty acid and its derivatives

In cold environment, increasing energy substance intake from 
food can boost up metabolic function. With the same quantity 
of energy substance intake, fatty acids generate more ATP and 
heat as well than carbohydrate and amino acids[3-5]. Furthermore, 
fatty acids are not only the fundamental building blocks of lipid 
droplets in the form of triacylglycerols in adipose tissues, which 
assist the body in attenuating heat dissipation[6-7] but also the 
physiological lipokine that regulates muscle glucose intake, 
adipose lipolysis and thermogenesis, thereby maintaining the 
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high efficiency of heat production. 

For example, carnitine is a nutrient enriched in meat, fish, poultry, 
and milk. Carnitine conjugates to long-chain fatty acids and 
facilitates the transportation of substances into mitochondria for 
oxidation and energy production. More importantly, carnitine is 
concentrated in tissues, like skeletal muscle, which utilize fatty 
acids as a dietary fuel. Upon cold stress, carnitine helps raising 
the efficiency of fatty acids disposition and thermogenesis in 
muscle and brown adipose tissue (BAT). As reported[8], cold 
exposure stimulates long-chain acylcarnitines (LCACs) production 
and absorption by BAT for heat production. And carnitine 
supplements significantly improve thermogenic efficiency and 
enhance cold tolerability[8]. 

Short-chain fatty acids (SCFAs) such as acetate, propionate, 
and butyrate, are produced by fermenting dietary f iber 
through gut microbiota, including anaerobic bacteroides, 
bifidobacterium and lactobacillus. As reported[9], microbiota 
depletion significantly reduces the short-chain fatty acid 
(SCFA) levels, impairs thermogenesis of brown adipose tissue, 
and enhances cold sensitivity. SCFA supplement, especially 
butyrate, increased the thermogenic capacity of microbiota 
depleted mice and reversed the cold tolerant def ic i t [9]. 
Mechanistically, butyrate acts on the gut-brain neural circuit 
to improve energy metabolism and enhance thermogenic 
effect by activating BAT[10]. Furthermore, some studies support 
that SCFAs (propionic acid and butyric acid) control adipose 
lipolysis and thermogenesis, depending on the activation of G 
protein coupled receptors (GPR120, GPR43)[11].

Polyunsaturated fatty acid (PUFA) and its derivatives are 
not only the fundamental substrates for the synthesis of cell 
membrane phospholipids, but also function as key lipokines 
regulating cellular signaling pathway, cel l  prol i feration, 
energy consumption, and thermogenesis in liver, muscle, 
ad ipose ,  e tc . [12-13 ].  D ie ta ry  PUFAs have  been  w ide ly 
investigated for their roles in the prevention and treatment 
of cardiovascular disease[14]. Moreover, both in vivo and vitro 
studies showed that n-3 PUFAs supplement can induce the 
expression of brown adipose thermogenic genes uncoupling 
protein 1, UCP1 and improve cold tolerance[15-16]. In recent 
studies[17-18], Lynes, et al. presented that PUFAs-derived lipid 
12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME) is 
increased in the circulation of humans and mice exposed to 
cold. And 12,13-diHOME increased fatty acid (FA) uptake 
into brown adipocytes by promoting the translocation of the 
FA transporters FATP1 and CD36 to the cell membrane. 
12,13-diHOME treatment stimulates BAT thermogenic activity 
and enhances cold tolerance[17-18].

2.2 Carbohydrate and its derived TCA intermediates

In addition to fatty acids, carbohydrate serves as the major 
precursor for the de novo lipogenesis[19-20] and by-products of 
various metabolites, especially the metabolic intermediates of the 
tricarboxylic acid (TCA) cycle . On the one hand, carbohydrate 
metabolism provides the fuel for various physiological functions 
through the rapid generation of ATP. On the other hand, 
carbohydrate metabolic by-products are critical for the de novo 
synthesis of lipid droplet and glycogen, which efficiently increases 
body energy storage to maintain cold-induced heat production. 

Additionally, the metabolic intermediates of carbohydrate by-
products generated through the TCA cycle have been proved to 
play multiple roles in regulating thermogenic effect. Succinate 
is significantly accumulated in thermogenic adipose tissue upon 
activation following exposure to cold. And Succinate oxidation by 
succinate dehydrogenase (SDH) is required for the activation of 
adipose thermogenesis. Mills, et al. revealed that SDH mediated-
succinate oxidation initiates reactive oxygen species (ROS) 
production and thereby drives UCP1-dependent thermogenic 
respiration. Moreover, succinate supplement drives UCP1-
dependent BAT thermogenesis in vivo, and improves cold 
tolerance[21]. Furthermore, Wang et al. reported that succinate 
supplementation increased endurance exercise ability, oxygen 
consumption, and mitochondrial biogenesis in skeletal muscles 
via the SUNCR1 signaling pathway[22].

Alpha-ketoglutaric acid (AKG), an intermediate of the TCA cycle, 
is a metabolic signature of resistance exercise performance. AKG 
treatment has been shown to induce muscle hypertrophy, brown 
adipose tissue (BAT) thermogenesis, and white adipose tissue 
(WAT) lipolysis in vivo and has a high potential to enhance cold 
tolerance. Mechanistically, AKG stimulates the adrenal release of 
adrenaline through 2-oxoglutarate receptor 1 (OXGR1) expressed 
in adrenal glands, which induces thermogenesis and other 
beneficial metabolic effects[23]. More importantly, Shahmirzadi, et al. 
reported that AKG promotes a longer, healthier life associated with 
a decrease in the levels of systemic inflammatory cytokines[24].

These findings indicate that succinate and alpha-ketoglutaric acid 
are systemically derived thermogenic and beneficial metabolic 
nutrients.

2.3 Amino acid and its derived branched-chain fatty 
acids

In contrast to carbohydrates and fatty acids, amino acids play a 
main role in the synthesis of proteins which provide constituent 
materials for body strengthening L-Arginine[25-26], an essential 
amino acid, has been reported to enhance the development of 
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brown adipose tissue and induce the browning of white adipose 
tissue, which improves cold tolerability[27]. Furthermore, arginine/
creatine metabolism is a thermogenic signature of beige adipose 
tissue, and creatine, an arginine catabolite, enhances respiration 
in beige-fat mitochondria and increases whole-body energy 
expenditure[28]. Thus, l-arginine treatment could be of great interest 
in thermogenic metabolism and thermal homeostasis under cold 
stress. 

Branched-chain amino acid (BCAA; valine, leucine, and 
isoleucine) supplementation has been shown to be beneficial to 
energy expenditure. Upon cold exposure, BAT actively utilizes 
BCAA in the mitochondria for thermogenesis and promotes 
systemic BCAA clearance. Mechanistically, active BCAA 
catabolism in BAT is mediated by SLC25A44, which transports 
BCAAs into the mitochondria[29]. Thus, BAT serves as a key 
metabolic filter that controls BCAA clearance via SLC25A44, 
thereby contributing to the thermogenic effect. 

Furthermore, catabolism of branched chain amino acids 
contributes significantly to the synthesis of monomethyl branched-
chain fatty acids (mmBCFAs) in adipose tissue. Brown fat exhibits 
the highest BCAA catabolism and mmBCFAs synthesis fluxes, 
which sustains its thermogenic activity. Increase in circulating 
mmBCFAs is also associated with beneficial metabolic status[30]. 
Branched fatty acid esters of hydroxy fatty acids (FAHFAs), a 
kind of BCFAs, have been identified to regulate insulin sensitivity, 
adipose thermogenesis, and inflammatory response through the 
GPR120 signaling pathway[31-33]. Thus, FAHFAs are endogenous 
BCFAs with the potential to enhance cold acclimation.

Generally, food-induced thermogenesis is not only dependent 
on sufficient substrate energy source, but also on the regulatory 
roles of non-substrates through food-intake. Thus, increasing diet 
quality, quantity, and variety can enhance body thermogenesis 
and improve cold acclimatization.

3 Circadian-mediated thermogenesis

Circadian coordination of food availability, physical activity, and 
energy expenditure is crucial for metabolic adaptation to cold 
environmental challenges. The homeostatic repertoire of body 
temperature in response to cold environments is orchestrated 
by circadian rhythm of neural circuits, endocrine hormones, and 
metabolic organ activity[34-37].

Circadian rhythms of body temperature, oxygen consumption, 
and minimal thermal conductance critically regulate the nervous 
system[38,39]. The preoptic area (POA) where GABAergic 
interneurons in the median preoptic nucleus (MnPO), the distinct 
populations of warm-sensitive (W-S) neurons in the medial 

preoptic (MPO) subnucleus, and the rostral raphe pallidus 
(rRPa) in the rostral ventromedial medulla, form the circadian 
thermoregulatory circuits to control the activation of cutaneous 
vasoconstriction and thermogenesis[40-47]. 

Endocrine systems, aside from the nervous system, serve as 
effective signals to transmit the rhythm to peripheral organs. 
Plasma hormone levels of catecholamines, testosterone, cortisol, 
and triiodothyronine (T3) and thyroxine (T4) vary daily and are 
tightly regulated by endocrine circadian systems, including 
the hypothalamic-pituitary-thyroid (HPT) axis [48,49]. Cortisol, 
a steroid hormone, is widely known as a stress hormone. 
Cortisol plays a critical role in regulating metabolic activity, 
including liver gluconeogenesis, ketogenesis, adipose lipolysis, 
and thermogenesis to protect against acute cold stress[50-53]. 
Furthermore, thyroid hormone (TH) has been shown to promote 
mitochondrial biogenesis and the expression of UCP in skeletal 
muscle and brown adipose tissue to increase body metabolic 
activity[54-58]. 

Peripheral metabolic organs function as the terminal thermogenic 
effector in response to the circadian rhythms[59-61]. Circadian 
rhythm of BAT activity plays a critical effect on circadian body 
temperature and circadian cold sensitivity. As reported[62], the 
circadian transcriptional repressor Rev-erbα represses BAT 
thermogenic programming. Upon acute cold stress, cold-mediated 
reduction of Rev-erbα expression occurs in parallel with the 
induction of the thermogenic regulators UCP1 and Peroxisome 
proliferators-activated receptor-γ coactivator-αl (PGC-1α). At 
thermoneutrality, the circadian oscillations of the expression profile 
of Rev-erbα gene in BAT mediate the circadian patterning of 
cold tolerance[34,62]. During chronic cold exposure, the expression 
of metabolic genes for fatty acid oxidation (FAO) and de novo 
lipogenesis (DNL) acquires high-amplitude circadian rhythms in 
association with high thermogenic capacity of BAT. Rev-erbα also 
plays a rhythmic regulatory role in brown fat de novo lipogenesis, 
which is necessary for maintenance of body temperature during 
long-term cold exposure[63]. Generally, circadian genes control 
the thermogenic activity of the peripheral metabolic organs and 
regulate body temperature changes in response to cold stress.

In conclusion, the circadian rhythmicity is systematically 
controlled by central and peripheral pacemakers and influenced 
by exogenous factors like food intake, exercise and light/dark-
sleeping cycle.

3.1 Daily food-intake patterns affect circadian rhythm

Emerging research supports that the timing of food intake, eating 
behavior, and food preference are associated with of the function 
of the circadian system in humans. The timing of food intake 
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is an increasing interest because of its influence on metabolic 
health[64-65]. As reported, nighttime eating leads to misalignment 
between central and peripheral endogenous circadian rhythms 
and impaired glucose tolerance, whereas daytime eating prevents 
internal circadian misalignment and metabolic disorder[66]. Thus, 
appropriate circadian alignment of eating can benefit circadian 
and metabolism health. Recent study has also shown that the 
effect of feeding restriction on metabolism of peripheral tissues 
can lead to uncoupling of peripheral oscillators from the central 
pacemaker in the suprachiasmatic nucleus (SCN). Specifically, 
temporal feeding restriction significantly changes the phase of 
circadian gene expression in peripheral cells but has no effect on 
the phase of cyclic gene expression in the SCN. Thus, sudden 
large changes in feeding time, similar to abrupt changes in the 
photoperiod, reset the phase of rhythmic gene expression and 
may affect circadian-mediated metabolic activities[67]. Furthermore, 
binge eating (BE) behavior can disturb the peripheral circadian 
oscillators and may have adverse metabolic effects[68]. Generally, 
daily food intake patterns may control circadian-mediated 
thermogenesis to regulate cold acclimatization. 

3.2 Exercise timing affects circadian rhythm

Physical exercise has been well proved to improve physiological 
and psychological parameters and general quality of life in literally 
all age groups. Clearly, exercise has circadian rhythm phase-
shifting properties[69]. Maximum performance for strength and 
endurance training normally occurs in the afternoon and evening 
hours as the circadian rhythm is controlled by rhythmic changes in 
blood flow through the distal limbs which reaches its maximum in 
the late evening and its minimum in the morning[70]. 

Furthermore, the effect of exercise on hormonal pathways often 
alter the central and peripheral endogenous circadian rhythms. 
As reported[71], cortisol is a frequently studied exercise hormone 
that influences the circadian rhythm. An acute high intensity 
exercise significantly elevates cortisol concentrations. However, 
after exercise cortisol concentration falls rapidly and can lead to 
a decrease in basal cortisol levels during sleep. Snice the basal 
cortisol concentration is rhythmically changed, which peaks in the 
early morning and falls in the afternoon, exercise training should 
be performed in the afternoon, which has the greatest influence 
on the increase in cortisol while its level is low[71-72]. 

Generally, the circadian phase-shifting effect of exercise timing is 
potentially a unique therapeutic approach for improving circadian 
misalignment and cold acclimation.

3.3 Sleeping affects circadian rhythm

Sleep has a variety of physiological function, including reduction 

of oxidative stress, removal of metabolic waste products, 
enhancement of immune function, and stabilization of synaptic 
homeostasis and memory consolidation[73]. These processes are 
vital for the maintenance of cognitive, endocrine, and immune 
functions, especially under stress conditions. 

Sleeping behavior is closely related to the circadian health. As 
well known, sleep deprivation activates the sympatho-adreno-
medullary (SAM) axis via the sympathetic nervous system and 
stimulates catecholamines release. Chronically increases in 
cortisol and adrenaline drive a wide-spread stress responses 
which reduce insulin release, increase heart rate and blood 
pressure, suppress immune response, limit tissue repair, and 
disturb cognitive function. Thus, chronic sleep-restriction renders 
poor health conditions and circadian misalignment[74]. Furthermore, 
insufficient sleep probably contributes to the metabolic alterations 
observed during circadian misalignment. As reported, sleeping 
during biological daytime contributes to alterations of 24-h 
rhythms of metabolic status and energy expenditure rate. And 
working during biological night is also associated with increased 
rates of metabolism-related diseases[75-77]. These results highlight 
the importance of optimal and sufficient sleep in the maintenance 
of circadian and metabolic health, which may promote acclimation 
to the cold conditions.

In conclusion, circadian-mediated thermogenesis is critical for 
acclimatization to cold environment. Perturbation of circadian 
rhythms can induce metabolic disorders and lead to detrimental 
effects on cold tolerability. Therefore, regular eating, training, and 
sleeping behaviors are closely correlated with the endogenous 
circadian rhythms, enabling organisms to prepare for cold 
environmental challenge.

4 Cold-induced non-shivering 
thermogenesis

Cold temperature is a ubiquitous environmental stress promoting 
body thermogenesis and energy expenditure[78]. Adipose-mediated 
non-shivering thermogenesis, but not muscle mediated shivering 
thermogenesis, is critical for the adaption of human and other 
mammals to cold environment[79]. Adipose tissues are broadly 
classified as white adipose tissue (WAT), brown adipose tissue 
(BAT), and beige adipose tissue. WAT functions as an energy 
storage depot with classical large lipid droplets. In contrast, brown 
and beige adipose tissues form an energy dissipation depot, which 
metabolizes stored chemical energy to produce heat through a 
process called adaptive thermogenesis. BAT is abundant in small 
mammals and in newborns as a primary source of thermogenesis 
to survive cold temperatures. However, in adult humans, BAT 
is essentially absent or thermogenic deficient, but it can be 
activated upon cold stress. Furthermore, during cold acclimation, 



87

FRIGID ZONE MEDICINE

multiple organs secrete factors, known as batokines, to promote 
adipose microenvironment neurite outgrowth, angiogenesis and 
immune cell interactions, so as to enhance the effect of adipose 
thermogenesis on body energy dissipation, glucose sensitivity, 
and cold tolerance[80-84]. Thus, adipose tissue plays a key role in 
controlling the cold-induced thermogenesis in the development of 
cold acclimatization.

4.1  The sympathet ic  nerve- induced adipose 
thermogenesis

In response to cold stress, the sympathetic nervous system 
releases norepinephrine to mediate the thermogenic function of 
brown adipocytes. Norepinephrine and β-adrenergic receptor 
(βAR) efficiently induce lipolysis and lipography of adipose 
lipid droplets to promote mitochondrial oxidation and heat 
production[85-86]. In addition, the βAR-mediated cAMP-PKA-Creb 
signaling pathway transcriptionally up-regulates the expression 
of Ucp1, Pgc1a and deiodinase, iodothyronine, type Ⅱ (DIO2), 
which are essential for cold-induced adipose mitochondrial 
uncoupling-mediated heat production, mitochondrial biogenesis, 
and catalyzed T4 to T3 conversion[87-89]. Sympathetic nervous 
system controls lipid dynamics and transcriptional programs in 
thermogenic adipose, especially upon cold stress. 

4.2 The vasculature remodeling-mediated adipose 
thermogenesis

Adipose tissues, particularly BAT, are densely vascularized. The 
intra-adipose vasculature markedly increases in response to 
chronic cold stress. These changes are important for continuous 
supply and delivery of oxygen, nutrients and hormones to 
adipose tissues for maintaining high thermogenic capacity[90-91]. 
Furthermore, both WAT and BAT produce various proangiogenic 
factors that induce vascularization and its remodeling. For 
example, cold exposure results in elevated expression of 
proangiogenic factors, such as VEGF and suppresses the 
expression of thrombospondin, an endogenous angiogenesis 
inhibitor[92-94]. Blockage of cold-induced angiogenesis significantly 
impairs non-shivering thermogenesis capacity during cold 
acclimation. 

4.3  The immune response-mediated adipose 
thermogenesis

The immune response mediated by adipose tissue regulates 
the thermogenic capacity during cold acclimation. As reported, 
adipose relies on eosinophils, type 2 innate lymphoid cells (ILC2s), 
and alternatively activated macrophages for the maintenance 
adaptive thermogenesis]. In response to environmental cold, 
adipose-secreted adiponectin and eosinophil-derived IL-4 induce 

the alternatively activated macrophages in adipose tissue, 
producing catecholamines to regulate beige fat biogenesis[95,98-99]. 
Type 2 innate lymphoid cells (ILC2s) in adipose tissue secrete 
IL-5 and IL-13 to orchestrate type 2 innate and adaptive immune 
responses[100-102], which is required for long-term cold exposure 
acclimatization.

4.4 The muscle and liver derived cytokine-mediated 
adipose thermogenesis

Importantly, in response to cold stimuli, skeletal muscle 
shivering-derived myokines, such as ir is in and metrnl , 
improve metabolic activity[103-107]. Irisin upregulates adipocytes 
uncoupling protein-1 expression and promotes WAT browning 
transformation, which enhance the effect of thermogenesis. 
Differing from the direct role of irisin in cellular thermogenesis, 
metrnl stimulates an eosinophil-dependent increase in IL-4 
expression and promotes alternative activation of adipose 
tissue macrophages, which are required for the increased 
adipose thermogenic effect. Furthermore, liver-derived FGF21 
also promotes efficiently brown adipose activity and browning 
of WAT in adaptive thermogenesis to defend against cold 
stress[8,103,108-111]. FGF21 can also increase body temperature by 
reducing heat loss to defend against cold stress, independent of 
energy expenditure and UCP1.

Taken together, multi-organ, multi-cell interactive regulatory 
pathways are requisite for sustaining adipose adaptive non-
shivering thermogenesis. Recent investigations have fueled 
the interest in adult BAT, since cold-induced BAT thermogenic 
activity is an effective means to prevent metabolic, inflammatory 
and cancer diseases. 

4.5 The benefits of cold exposure

Cold exposure improves glycolipids metabolism and insulin 
resistance of obese and type 2 diabetes mellitus (T2DM) in 
humans and rodents, mainly via activating BAT to accelerate the 
consumption of glucose and lipids and reduce the insulin secretion 
requirement[103,110,112]. Recent study presents that the beneficial 
effects of cold exposure on improving inflammatory status depend 
on BAT. Cold stimulation promotes BAT production of maresin 
2 (MaR2), a bioactive lipid that reduces inflammatory response 
partially by targeting macrophages[113]. Furthermore, cold exposure 
can also decrease the expression of the major histocompatibility 
complex class Ⅱ (MHCII) in monocytes and suppress T cell priming 
and pathogenicity in mouse models to protect from autoimmune-
mediated diseases[114]. Besides, cold exposure has also been 
recently reported to markedly inhibit the growth of various types 
of solid tumours, including clinically untreatable cancers such as 
pancreatic cancers. Mechanistically, cold-induced BAT activation 
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Fig. 1 The health interventions to promote cold acclimatization

substantially decreases blood glucose and impedes the glycolysis-
based metabolism in cancer cells[115].

Therefore, long-term or short-term repeated moderate cold 
exposures are beneficial to cold acclimatization and may be 
considered a therapeutic strategy for inflammatory and metabolic 
diseases and cancers

5 Conclusion

In summary, food intake, circadian rhythms, and cold exposure 
are the major inducible thermogenic mechanisms in the 
development of cold acclimatization. Thus, scientific interventions 
will help us adapt to cold environment. The validated interventions 

include (1) diets of greater quality, quantity, and variety, (2) well-
balanced rhythms of food intake, regular exercise, and high-
quality sleep, and (3) long-term or short-term repeated moderate 

cold exposures (Fig. 1).
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