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Cold environments and human metabolism: A
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Abstract

The concept of Traditional Chinese Medicine (TCM) emphasizes the
intrinsic connection between human beings and nature, positing that
the human body undergoes distinct physiological changes in response
to various natural environments. Cold, as a primary external factor in
cold areas, necessitates the body's autonomous adaptation to uphold
optimal living conditions. The repercussions of cold on the body are
both far-reaching and profound, with metabolic equilibrium adjustments
playing a pivotal role. This article, rooted in the TCM principle of Yin-
Yang balance, delves into the metabolic intricacies and adaptive
responses to the human body in cold environments. The effects
manifest in heat-producing tissues, systemic substance consumption,
the blood substance concentrations, liver function, and metabolic
rhythms. The article subsequently presents TCM recommendations
for maintaining health in cold climates. It concludes by advocating the
exploration of metabolic homeostasis changes as a key avenue for
investigating the metabolic traits s of populations in cold regions. We
posit that such insights will enhance comprehension of the metabolic
shifts in cold region populations and advance the evolution of regional
medicine.
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Cold presents itself as a fundamental environmental challenge
that humanity must confront to ensure survival. With elevating
dimensions, temperatures decline, and winters extend,
particularly affecting individuals residing in cold regions.
For these inhabitants, the harsh cold becomes a primary
survival concern, influencing all facets of life and intricately
impacting bodily functions. A growing body of research attests
to the widespread and enduring effects of cold on the human
physiology. Within Traditional Chinese Medicine (TCM), the
interplay between the environment and the human body
assumes heightened significance. TCM posits that people in
different regions exhibit distinct physiological characteristics,
a crucial consideration in disease treatment and health
maintenance. Chinese medicine has long acknowledged
that unique physiological traits and disease susceptibility of
individuals residing in cold environments, offering an alternative
perspective compared to modern medicine. While these TCM
insights may lean towards a more general understanding, we
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contend that grasping the overarching direction will pave the way
for further exploration into the physiological changes occurring in
the human body in cold environments.

The metabolism of the body reflects the way the body uses
energy substances to sustain its functionality and characteristics.
The consequential impact of metabolic changes on the human
body is profound and demands attention. Investigating how
the external factor of a cold environment affects human
metabolism stands as a key research focus. In TCM philosophy,
the body continually strives to maintain its balance, a state
crucial for human health development. Our inquiry delves into
the disruption that cold imposes on the organism's metabolic
equilibrium, exploring whether adaptation leads to a new state of
equilibrium, elucidating subsequent effects, and comprehending
these dynamics as a cohesive whole. These are the focal points
we aim to explore, offering researchers potential insights aligned
with TCM principles.
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1 Important perspective of TCM on the
interplay between the environment and the
human body

1.1 Characterization of organisms by the environment

TCM posits a profound interconnectedness between humanity
and nature, wherein humans are not merely passive occupants
of their surroundings, but integral components within the broader
ecosystem. This symbiotic relationship underscores the notion that
human existence is intricately intertwined with the natural world.
Analogous to the organs and functions within the human body,
humans and nature share a profound interdependence (Fig. 1).

Just as the same crop cultivated in diverse natural environments
manifests distinct characteristics bestowed by its surroundings,
individuals inhabiting different regions also bear unique
traits influenced by their environments. While the impact of
geographical variations on human attributes is multifaceted and
complex, humans, unlike plants, possess mobility and agency to
adapt their behaviors in response to environmental stimuli and
resource availability. Consequently, the confluences of these
environmental factors manifest in multifaceted ways, permeating
every facet of human physiology. This recognition underscores
TCM's acknowledgment of the environment as a pivotal
determinant in shaping human characteristics. Consequently,
these environmental influences intricately shape the physiological
and psychological states of individuals.

1.2 The significance of Yin-Yang balance in human life
activities

In the realm of Chinese philosophy, the concept of Yin and

complex behaviors.
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The original balance of the
body in the cold
environment is disrupted, so
it needs to be adjusted to a
more suitable state of the
current environment.

Fig. 1 Yin-yang balance and the change of human body balance in cold environments

The Yin-Yang diagram reflects a
dynamic balance in which the body
activities reach equilibrium through

Yang elucidates the dual aspects that influence the stability
and development of entities or states. These aspects embody
opposing forces: one sustaining and nurturing, while the other
purging and transforming. This fundamental duality mirrors
the Marxist theory of contradictions, albeit with distinctions.
While Marxian philosophy espouses a trajectory of perpetual
advancement marked by ups and downs, ancient Chinese wisdom
maintains that amidst the flux of appearances, a fundamental
balance persists, guiding the evolution of phenomena. Human
agency can, to a certain extent, manipulate the interplay of Yin
and Yang, perpetuating a state of equilibrium until the inevitable
cessation dictated by natural law, akin to the life cycle from birth to
demise. The essence of balance lies in safeguarding this process
against disruption, thereby facilitating the attainment of an optimal
state of existence. The concept of the Yin-Yang equilibrium
profoundly the theoretical framework of TCM, providing a lens
through which to interpret the metabolic processes of the human
body. Indeed, myriad correspondences emerge when scrutinizing
bodily functions through the prism of Yin-Yang balance.

Metabolism, the intricate process through which the body
assimilates nature substances for sustenance and expels waste,
epitomizes the dynamic interplay of Yin and Yang. Initiated by
the assimilation of natural resources, metabolism culminates
in the expulsion of waste via various physiological pathways,
thus preserving the body's material and energetic equilibrium.
Throughout this intricate dance, substances traverse diverse
tissues to fulfill their respective physiological roles. Guided by
the imperative of survival, the human body continually strives
to ascertain optimal equilibrium points, a phenomenon akin to
homeostasis. Crucially, the body discerns pivotal molecular cues
within these balances, orchestrating regulatory mechanisms to
maintain harmony and vitality (Fig. 1)!".
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The body establishes a new balance
which causes widespread effects.
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2 Organism behavior for maintaining
temperature homeostasis in cold
environments

The hallmark of mammalian survival lies in the steadfast
maintenance of body temperature, as even minor deviations can
precipitate severe consequences such as frostbite, hypothermia,
or even fatality®.In cold environments, the pronounced
temperature gradient between the body and its surroundings
accelerates heat loss, posing a formidable challenge to thermal
equilibrium. To counteract this, the human body employs a
repertoire of behaviors aimed at preserving core temperature
stability, primarily through the modulation of heat dissipation and
production. In response to cold stimuli, the body orchestrates
the constriction of peripheral capillaries, diminishing the transfer
of heat from the core to the periphery, thus mitigating heat
loss. Central to temperature regulation in cold conditions is
the augmentation of heat generation within the body. Muscle
shivering and non-shivering thermogenesis, facilitated by brown
adipose tissue (BAT) and white adipose tissue, emerge as pivotal
mechanisms in this process. Three regulatory modalities—
neuromodulation, humoral regulation, and cellular self-regulation—
underpin this intricate orchestration (Fig. 2).

In neuromodulation, preoptic anterior hypothalamus (POAH) serve
as neural command centers governing thermoregulation. Sensing
temperature fluctuations via peripheral thermoreceptors scattered
throughout the body, these regions activate thermoeffector organs
to modulate H (prod) and dissipation®*. Notably, the presence
of temperature-sensitive receptors in visceral tissues suggests a
holistic involvement of the entire organism in thermal regulation.

However, it has been demonstrated that peripheral receptors
of temperature are also present in the viscera®, and direct
temperature changes in the hypothalamus lead to the activation
of thermoregulatory mechanisms®®”. This may indicate that the
whole-body tissues of the organism play a role in the neural
regulation of body temperature. Cold-sensitive receptors are
activated everywhere in the cold, and the activated pathways are
all aimed primarily at increasing body H (prod) and decreasing
body temperature dissipation under normal physiology.

Notably, noradrenaline influences the expression of uncoupling
protein 1 (UCP1) in BAT, while glucagon and insulin maintain
glycogen availability for thermogenic processes. The thyrotropin
system exerts direct influence over thermoregulation by
modulating ATP utilization and inducing browning of adipose
tissue”®. Hormones such as adrenaline, glucagon, insulin, and
leptin intricately regulate energy metabolism and thermogenesis,
exhibiting differential expression patterns in response to cold

exposure®

, and they are involved in involuntary behavior during
cold exposure to varying extents. For example, noradrenaline
affects the expression of UCP1 in BAT'"*"! while the reciprocal
regulation of glucagon and insulin ensures the glycogen supply
in BAT. Similarly, insulin activates the differentiation of BAT!""3,
Leptin is an adipocyte-secreted hormone, together with hunger
hormone (growth hormone-releasing peptide), regulating appetite
for long-term energy balance in cold environments and body
metabolism™™. The exact mechanism of which, however, remains
unclear and controversial®"®. All these hormones are differentially
expressed during cold exposure in mammals'"”,

Recent studies highlight the adaptation of white adipocytes to low

Major changes in the body’s energy metabolic balance in cold environments
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Fig. 2 Major changes in the body’s energy metabolic balance in cold environments
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temperature®™, suggesting a comprehensive involvement of all
three regulatory modalities in cold adaptation. Central to these
regulatory efforts is the overarching goal of homeostasis—the
preservation of the body's internal equilibrium—amidst fluctuating
environmental conditions. In summary, the multifaceted interplay
of physiological mechanisms underscores the remarkable capacity
of organisms to navigate and thrive in cold environments, guided
by the imperative of internal balance and sustained vitality (Fig. 2).

3 Generation of thermogenic behavior and
sources of material consumption

In elucidating the intricate dynamics of thermogenesis within
the body in response to cold stimuli, it becomes imperative to
delineate the specific metabolic processes at play. Adhering to
the law of conservation of energy, the generation of calories
necessitates the consumption of intrinsic bodily substances.
While fats, sugars, and proteins represent primary reservoirs of
thermogenic substrates, the questions arise as what is the relative
proportion of consumption and what is the major component in
fueling thermogenesis. Indeed, exploring this aspect is crucial,
as fats, sugars, and proteins, while all capable of serving as
thermogenic raw materials, perform distinct roles within the human
body. Therefore, elucidating the balance and interplay between
these substrates is pivotal in comprehending the nuanced
mechanisms governing thermogenesis in cold environments.

3.1 Muscle shivering and non-shivering thermogenesis

The human body has evolved mechanisms for maintaining
the core body temperature through enhancing H (prod) and
reducing peripheral blood flow to minimize heat loss, in cold
environments®". Muscle and adipose tissue are generally
considered to be the primary contributors to thermogenesis. The
mode of thermogenesis can be further divided into shivering
thermogenesis (ST) and non-shivering thermogenesis (NST). ST
is of the major process for H (prod) in cold conditions®?. However,
NST is also indispensable for mammalian thermogenesis

[23-28]

in cold environments , as ST is weakened in individuals

unacclimatized or undergoing acclimatization to cold surroundings.

3.2 Muscle thermogenic pathways

Skeletal muscle, constituting the largest organ in the body and
comprising 45% to 55% of total body weight, plays a pivotal role
in both ST and NST, thus serving as a significant thermogenic
tissue®*®%. It exhibits the remarkable capacity to generate
intensities equivalent to approximately about 40% of maximal
oxygen consumption or 5 times resting metabolic rate (RMR)].
Numerous factors influence the intensity of shivering, including
the duration and severity of cold exposure, as well as individual
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characteristics such as age, body fat percentage, gender, surface-
to-volume ratio, and exercise habits®?**'*¥. The mechanism of
underlying shivering is primarily governed by neural modulation:
POAH receive neural signals released from peripheral
thermoreceptors, either through the modulation of feedforward
mechanisms activated by cold stimuli or via direct sensing by the
brain®*". This neural cascade leads to the deinhibition of neurons
in the dorsomedial hypothalamic, subsequently enhancing the
activity of spinal ventral horn motor neurons and activating
fusimotor fibers, ultimately culminating in shivering®®*“,

During tremors, two distinct types of muscle fibers are recruited:
type | and type Il. Type | muscle fibers possess a lower threshold
for activation and demonstrate resistance to fatigue. These fibers
exhibit a slow oxidative metabolism and rely predominantly on
fat as an energy source. In contrast, type |l muscle fibers have a
higher activation threshold and engage in rapid glycolysis. These
fibers primarily utilize carbohydrates (CHO) for energy production,
and demonstrate a higher rate of thermogenesis®"*'*!. The
recruitment of these muscle fiber types underscores the dynamic
interplay between oxidative and glycolytic pathways in responding
to thermogenic demands during tremors.

Non-shivering H (prod) by muscles represents a vital mechanism
of organismal thermogenesis, potentially surpassing the efficacy
of shivering***®. This assertion finds support in the intriguing
adaptation observed in certain deep-sea fish, which have evolved
specialized muscles devoid of myogenic fiber structure. These
muscles boast densely distributed mitochondria and sarcoplasmic
reticulum (SR), effectively serving as heating organs to maintain
critical temperatures in vital sites™**?". This adaptation underscores
the remarkable capacity of non-shivering H (prod) by muscles to
supplant and complement shivering-induced thermogenesis”.

Despite its significance, the mechanisms underlying NST in
muscles remain relatively unexplored. However, emerging
evidence suggests that mitochondrial proton leakage and SR
calcium cycling play pivotal roles in driving the NST process within
skeletal muscles®™*®*%. Further research into these mechanisms
promises to elucidate the intricate pathways governing non-
shivering thermogenesis, thereby deepening our understanding of
organismal thermoregulation.

3.2.1 Mitochondrial proton leakage

Mitochondrial uncoupling proteins (UCPs) play a crucial role
in facilitating NST through the process of mitochondrial proton
leakage. As proton channels, UCPs enable the re-entry of protons
ejected from the respiratory chain back into the mitochondrial matrix
from the outside membrane. This action disrupts the proton gradient
and reduces the membrane potential, allowing the dissipation of
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proton energy as instead of its conversion into ATP**",

Within muscle tissue, the predominant UCPs are UCP2 and
UCP3, both of which are highly expressed®*". These proteins
are sensitized by elevated levels of mitochondrial reactive
oxygen species (ROS)®****! While the primary function of UCP2
and UCP3 is believed to be the prevention of excessive ROS
production, studies increasingly demonstrate their influence
on energy metabolism®®>**¥ Despite conflicting experimental
findings®, it is evident that changes in UCP3 expression occur
following cold exposure, fluctuating in tandem with oxidation
levels®®™. Notably, Wijers et al. observed that inhibiting BAT
thermogenesis led to a modest increase in energy expenditure
in individuals exposed to prolonged mild cold temperatures.
They hypothesized that skeletal muscle proton leakage may
constitute a significant contributor to whole-body NST, although
they overlooked the concurrent increase in shivering activity®".
Further research is required to elucidate the precise role of UCPs
and mitochondrial proton leakage in orchestrating non-shivering
thermogenesis, thereby advancing our understanding of energy
metabolism and thermoregulation in humans.

3.2.2 Sarcoplasmic reticulum calcium cycling

The SR serves as a specialized endoplasmic reticulum
within muscle cells, forming an intricate network intersecting
longitudinally around muscle fibers, crucially involved in the
storage, release, and regulation of calcium ions (Ca*")*®?.

Upon propagation of action potentials, T-tubules undergo
allosteric regulation, activating voltage-dependent L-type Ca®*
channels, allowing Ca®* release from the SR into the cytoplasm
via ryanodine receptor 1 (RyR1)***’. This activation allows Ca”
release from the SR into the cytoplasm via RyR1. Elevated
cytoplasmic Ca®* levels initiate muscle contraction as Ca*" binds
to myofilaments. Subsequently, the sarco/endoplasmic reticulum
calcium ATPase (SERCA) pump is activated by the elevated
Ca” to pump Ca®* back to the SR lumen. The hydrolysis of ATP
during the calcium cycle generates excess heat, contributing
significantly to H (prod)®*® accounting for 40%-50% of resting
skeletal muscle metabolic rate of intact soleus (slow, oxidative)
and extensor digitorum longus (fast, glycolytic) muscle in mice
and 8%-10% of whole-body metabolic rate, representing the H
(prod) capacity of the SERCA pump®”. Notably, the coupling
efficiency between ATP hydrolysis and Ca”** uptake by SERCA
varies®®, ideally 1 ATP hydrolysis can pump 2 Ca* into the SR,
with leakage pathways and slippage increasing the proportion of
Ca** futile cycling and energy production®’%, and this process
is regulated by several aspects”". Pathological conditions, such
as excessive or unregulated Ca®' leakage into the cytoplasm
via RYR1, as seen in malignant hyperthermia, underscore the
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thermogenic capacity of calcium cycling”®. The interaction
of sarcolipin (SLN) with the organism plays a pivotal role in
regulating futile calcium cycling and cytoplasmic Ca®* levels,
consequently impacting systemic metabolism, mitochondrial
structure, and even muscle fiber type distribution”*”*. Prolonged
cold exposure induces structural adaptations in muscles, including
increased mitochondrial content, volume, density of cristae, and
microvascularization, enhancing their thermogenic capacity and
contributing to overall metabolic homeostasis™.

Regulation of SERCA calcium cycling by SLN is pivotal in
orchestrating thermogenic responses®’®. Studies involving
mice lacking intra-scapular BAT and myelin, exposed to cold
environments (4°C), demonstrated an inability to maintain core
temperature. However, the introduction of SLN restored body
temperature levels. Furthermore, cold-adapted neonatal mice
exhibited elevated levels of SLN in skeletal muscle, suggesting its

role in cold adaptation®"".

Despite advances, accurately determining the contribution of
non-shivering H (prod) remains challenging™®. The potential
involvement of muscle UCP in cold-induced response warrants
further investigation. Given muscle's enormous oxidative capacity,
it presents an intriguing avenue for UCP activation during
thermogenesis. However, it remains uncertain whether UCP
activation correlates with changes in muscle oxidative capacity.
Notably, muscle proton leakage diminishes after prolonged mild
cold exposure, coinciding with reduced skeletal muscle tremors®.

The regulatory mechanisms governing SLN expression remain
poorly understood. However, its presence of in rodent slow-
oxidizing fibers (type | fibers) suggests a physiological link
between SLN expression and oxidative metabolism. This notion is
reinforced by findings showing that SLN over-expression in fast-
twitch glycolytic muscle (type Il fibers) promotes mitochondrial
organogenesis and oxidative metabolism™7¥. Notably, SLN
appears insensitive to catecholamines and triiodothyronine (T3)
hormones®™. The upstream signaling mechanisms for SLN-
mediated thermogenesis during cold exposure remain elusive,
representing crucial avenues for future research into human
thermogenesis in cold environments.

3.3 Substance consumption for muscle H (prod)

Muscle tissue draws upon both intracellular and extracellular
energy sources for H (prod). energy sources for H (prod)
glycogen, stored in varying amounts and utilized to fuel muscle
activity®". Glycogen serves as the principal fuel for high-
intensity exercise, playing a critical role in determining muscle
endurance®. Glycogen stores are distributed across different
subcellular regions within muscle cells, strategically located
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near sites of high energy expenditure®®. Experimental evidence
suggests that glycogen utilization varies among these subcellular
regions during activity, indicating potential subtle regulatory
relationships between them®!
relies on glycogen as a key energy source for H (prod), with its
distribution within the cell influencing its utilization during muscle
activity. Understanding the dynamics of glycogen utilization within
muscle cells sheds light on the complex mechanisms underlying
muscle H (prod).

. In summary, muscle tissue

Muscle fibers boast a distinctive structure known as T-tubules,
crucial for facilitating their robust demand for external fuel access.
Comprising an inward depression of the muscle membrane,
T-tubules cover approximately 60% of the muscle's surface
area. Beyond transmitting contractile signals, they serve a
pivotal role in enhancing membrane area, thereby optimizing
substance transport efficiency®®". Within the T-tubules, the
fatty acid transport protein 1 (FATP1) is prominently distributed,
particularly concentrated in central regions. FATP1 exhibits
heightened sensitivity to insulin, reflecting the T-tubules' insulin
responsiveness®. This sensitivity extends to glucose transport,
as T-tubules contain five times more glucose transport proteins
compared to the muscle membrane®*". This abundance of
transport proteins facilitates robust uptake of external fuels by
muscle fibers, ensuring the feasibility of multi-fuel metabolism. In
essence, the specialized structure of T-tubules in muscle fibers
plays a dual role: facilitating signal transmission and maximizing
fuel uptake efficiency, thereby supporting the metabolic demands
of muscle tissue.

Different types of muscle fibers exhibit distinct preferences for
energy substrate utilization®"!
profiles. while Experimental evidence indicates that muscle fibers
can adjust metabolic pathways to maintain normal activity without
altering recruitment patterns, highlighting the body's preference
for maintaining caloric production consistency™****?. During short-
term cold exposure, the recruitment mode of muscle fibres and
the overall thermogenic efficiency during shivering thermogenesis
remain unaffected by glycogen store size or degree of glycogen
engagement“>®!. However, the entry of external fuel into the
muscle tissue is constrained by transport processes such as
transporter proteins, limiting dramatic increases during shivering
or exercise®. Meanwhile, apparent disparities in metabolic fuel
sources, both in terms of biochemical properties and storage
size, may influence utilization outcomes™®. The low shivering H
(prod) mode favors lipid utilization, thereby conserving glycogen
for potential subsequent exercise demands. This underscores
the organism's rational metabolic pathway arrangement based on
fuel characteristics, ensuring efficient energy utilization in varying
physiological contexts.

, reflecting their specialized metabolic
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Fuel consumption during shivering is primarily derived from
CHO, lipids, with a minimal contribution from protein sources®".,
Given that muscles are involved in both ST and NST, the precise
relationship between shivering, mitochondrial uncoupling,
and SERCA pumps in these thermogenic modes remains
unclear. However, evidence suggests a potential synergistic
effect between shivering and mitochondrial thermogenesis®.
Experiments involving cold-stimulated shivering indicate that fuel
consumption associated with NST persists alongside shivering.
Thus, it can be tentatively inferred that the fuel consumption
observed during shivering thermogenesis may align with the
substance consumption characteristic of muscle thermogenesis
Overall. Further research is warranted to elucidate the intricate
interplay between these thermogenic modes and their respective

fuel utilization patterns.

It is worth noting that the fuel consumption patterns during
shivering and exercise differ significantly®"*®. Studies have
shown that at equivalent metabolic rates, shivering tends to
utilize more CHO and fewer lipids compared to exercise®®. This
disparity in fuel preference may be attributed to various factors,
including hormonal and neuromodulatory influences. The precise
mechanisms underlying these differential fuel utilization patterns
between shivering and exercise remain to be fully elucidated.
However, the observed differences underscore the complexity
of metabolic regulation in response to distinct physiological
stressors, highlighting the need for further investigation into the
underlying hormonal and neuromodulatory mechanisms involved.

3.4 Brown adipose tissue and beige adipocytes for H
(prod)

BAT is a specialized type of adipose tissue, morphologically
characterized by multi-compartmental, intracellular lipid droplets
and possess both thermogenic and endocrine functions®. In
humans, active BAT can account for 2-5% of the resting metabolic
rate (RMR)®®. Regulation of BAT is primarily orchestrated by
the hypothalamus, with cold exposure being a potent activator
of its thermogenic function®®. In response to cold stimulation,
the hypothalamus regulates sympathetic nerve activity to
brown adipocytes, leading to the release of noradrenaline
which activates BAT thermogenesis. This process is regulated
by various hormones®'*. The thermogenic capacity BAT
stems from its abundance of mitochondria with high-density
cristae structures and the expression of UCP1, which accounts
for approximately 10% of mitochondrial proteins. than white
adipose tissue!""*. UCP1 is predominantly expressed in brown
adipocytes and plays a central role in BAT thermogenesis®.
Unlike other UCPs involved in oxidative stress regulation, UCP1
is specifically implicated in BAT thermogenesis. In the absence
of UCP1, noradrenaline fails to induce thermogenesis in brown
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adipocytes'"®. The mode of thermogenesis mediated by UCP1
"% primarily activated by fatty
acids (FAs) rather than reactive oxygen species (ROS) as seen
in other UCPs!"®"%! Energy dissipation in BAT cells is achieved
through various mechanisms, including inefficient cycling of FAs,
creatine metabolism, and intracellular calcium cycling”"". These
processes collectively contribute to the thermogenic function of
BAT, highlighting its significance in regulating energy expenditure
and metabolic homeostasis.

involves mitochondrial uncoupling

BAT constitutes a significant proportion of the body's mass in
newborns, playing a crucial role in thermogenesis and metabolic
regulation"*""¥. However, with advancing age, both the number
and activity of BAT decline. Despite this decline, BAT persists in
adults and retains metabolic functionality™*. Recent studies have
underscored the substantial contribution of BAT to total resting
energy expenditure, emphasizing its importance in metabolic
homeostasis"'®". Furthermore, research has elucidated the pivotal
role of BAT in cold-induced thermogenesis!''®, demonstrating a
remarkable a two- to three-fold increase in BAT thermogenesis in
response to cold adaptation!""”""®.

These findings highlight the dynamic nature of BAT and its
profound impact on metabolic regulation. Given its metabolic
significance, current research endeavors are increasingly focused
on strategies to activate BAT as a therapeutic approach for
combating metabolic disorders. By harnessing the thermogenic
potential of brown adipocytes, researchers aim to develop
innovative interventions to promote metabolic health and address
metabolic dysregulation.

Beige adipocytes, also known as brite adipocytes, are inducible
thermogenic adipocytes dispersed within white adipose tissue
(WAT)". Similar to brown adipocytes, beige adipocytes exhibit
dense mitochondrial cristae and express UCP1, contributing
to their thermogenic capacity. Additionally, they possess
multicompartmental lipid droplets characteristic of thermogenic
adipocytes!"”. Recent studies propose that beige adipocytes
serve as a "reservoir" of brown-like adipocytes within WAT.
These cells are believed to differentiate from white adipocytes in
response to environmental stimuli, a process known as "browning"
or "beiging" of white adipose tissue!”?"'*!. Environmental cues,
such as cold exposure or pharmacological agents, can induce
the transformation of white adipocytes into beige adipocytes,
enhancing their thermogenic function!®*'* However, when
environmental stimuli diminish, beige adipocytes may revert to
a white adipocyte phenotype through mitochondrial autophagy,
transitioning back to an energy-storing state. This dynamic
interconversion between beige and white adipocytes underscores
the plasticity of adipose tissue and its responsiveness to
environmental cues in regulating metabolic homeostasis.
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3.5 The substance sources for BAT and beige
adipocytes thermogenesis

The thermogenic activity of BAT and beige adipocytes is
predominantly fueled by FAs, sourced from both intracellular
and extracellular origins!™®®. Brown adipocytes contain multi-
compartment lipid droplets, distinct from those found in other cell
types, which serve as a readily available reservoir of FAs for fuel.
Lipid droplets (LDs) release FAs via lipolysis, subsequently burned
by mitochondria to generate heat""'?®!. BAT thermogenesis
necessitates a substantial uptake of external FAs to meet energy
demands, with triglycerides (TG) serving as the primary energy
source, transported in the bloodstream as triglyceride-rich
lipoprotein (TRL)"#"?® Notably, BAT adipocytes do not directly
process TRL particles but instead break them down through
endothelial cells in neighboring adipose tissue!'”. The released
FAs are transported intracellularly via FA transporter protein 1

(FATP1) on the surface of brown adipocytes™.

In addition to FAs derived from WAT lipolysis, free fatty acids
(FFAs) are mainly taken up by the liver for the production of very
low-density lipoprotein (VLDL), facilitating FA delivery to activated
BAT!"*""® Furthermore, brown adipocytes exhibit the ability to
uptake glucose, with glucose transporter proteins GLUT-4 and
GLUT-1 present in these cells!®!. While FAs are the primary
substrate for BAT thermogenesis, glucose serves as a secondary
fuel source (5%-15%), primarily converted to pyruvate and
lactate, and a portion can be converted to FAs and triglycerides to
supplement fat consumption.

Recent studies have highlighted the critical role of BAT in glucose
homeostasis and insulin sensitivity!"**™". Insulin plays a pivotal
role in regulating BAT function, with insulin deficiency resulting in
decreased BAT mass and thermogenic capacity!'**'*. Conversely,
insulin administration restores BAT function and mass in insulin-
deficient animal models. Insulin receptor knockout rodents also
exhibit reduced BAT mass, underscoring the importance of
insulin signaling in BAT regulation™*“. In insulin receptor knockout
rodents, a decrease in BAT mass was observed"*, and insulin
increased BAT glucose uptake by BAT and converted it to lipid
droplets rather than oxidizing it in adipose tissue'™*.

In summary, while FAs are the dominant substrate for BAT
thermogenesis, glucose serves as a significant energy source
and plays a crucial role in regulating BAT function and insulin
sensitivity. The interplay between these substrates ensures
metabolic flexibility and optimal energy utilization in brown and
beige adipocytes.

Indeed, research has revealed that beige adipocytes exhibit
distinct thermogenic mechanisms compared to brown adipocytes.
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While both cell types rely on UCP1 for thermogenesis, beige
adipocytes also demonstrate a higher capacity for glycolysis and
glucose utilization"”. Additionally, beige adipocytes appear to
rely more on the endoplasmic reticulum calcium null cycle for
thermogenesis, highlighting their metabolic flexibility. Despite
these insights, the relative contribution of UCP1-dependent
thermogenesis to whole-body energy homeostasis in beige
adipocytes remains understudied.

Understanding the interplay between UCP1-mediated
thermogenesis and other metabolic pathways in beige adipocytes
will be crucial for elucidating fuel utilization strategies in these
cells. Further research into the specific mechanisms governing
thermogenesis in beige adipocytes, as well as their impact on
overall energy balance and metabolic homeostasis, will provide
valuable insights into the physiological role of these cells and their
potential as therapeutic targets for metabolic disorders.

3.6 Rationing of substance consumption in cold
environments

In cold environments, the human body adapts to H (prod)
mechanisms, leading to changes in fuel utilization ratios!*”.
Understanding these patterns can shed light on new H (prod)
pathways and provide insights into metabolic responses to cold
exposure. Studies have investigated fuel utilization ratios during
shivering in cold environments*"*®. Haman et al."®" quantified
the oxidation shares of various fuel substrates, during low-intensity
shivering over a prolonged period. They found that lipids accounted
for 50% of H (prod), muscle glycogen for 30%, plasma glucose for
10%, and protein for 10%"*®. As shivering intensity increased, the
utilization of muscle glycogen increased significantly, leading to
a higher proportion of CHO in H (prod). However, blood glucose
share did not change significantly, indicating a preference for
muscle glycogen utilization during shivering.

Further research explored the effect of glycogen reserves on
shivering efficiency!"®. Contrary to expectations, glycogen
reserves did not affect thermogenesis during shivering but
compensated for glycogen depletion through increased lipid and
protein oxidation. Lipids maintained a consistent share of H (prod)
at 50% even with varying glycogen reserves. During shivering
rewarming after cold exposure, the rate of CHO oxidation
decreased while lipid oxidation remained constant, indicating a
shift in fuel utilization dynamics"®. This highlights the importance
of shivering behavior in influencing fuel utilization patterns and
overall H (prod) in cold environments. These findings underscore
the complex interplay between shivering intensity, glycogen
reserves, and fuel utilization dynamics during cold exposure,
providing valuable insights into the body's metabolic responses to
environmental challenges.
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The findings from subsequent exposure experiments lasting
more than 3 hours shed further light on fuel utilization dynamics
during prolonged cold exposure™'. It was found that whole-
body shivering intensity reached a constant value after 6 h
of cold exposure and remained stable thereafter. Despite a
significant reduction in CHO utilization during this period, it was
entirely compensated by a gradual increase in lipid oxidation,
which accounted for up to 80% of total heat production (Hprod).
This indicates a high degree of fuel substitutability, suggesting
that the body adapts its energy source preferences to sustain
thermogenesis over extended cold exposure durations.

While the relevance of these findings for examining cold
adaptation is emphasized, it is important to note that the
involvement of NST H (prod) cannot be entirely excluded,
although its contribution to the rewarming process may be
minimal"®. In another study by Acosta’®, fuel oxidation rates
were examined before shivering under cold exposure conditions.
It was observed that fat oxidation increased substantially (+72.6%),
while CHO oxidation rates remained constant during this process
and increased near the onset of shivering, suggesting a potential
contribution of NST, particularly through BAT thermogenesis.

However, contrasting findings were noted in Acosta's study
compared to previous research by Haman, wherein no sustained
increase in lipid utilization was observed under cold exposure
conditions"®'®¥ This discrepancy raises questions regarding the
maximum extent of NST thermogenesis and its activation rate.
Further studies are needed to elucidate the systemic regulatory
mechanisms governing the contribution of total H (prod) during
cold exposure. Moreover, studies related to cold acclimation
have demonstrated that prolonged cold exposure can effectively
reduce shivering thermogenesis while substantially increasing
NST and BAT quantity®""7-"18164183 |nterestingly, these changes
did not alter the absolute rate and relative contribution of
CHO and lipids to total H (prod), suggesting the presence
of a systemic regulatory mechanism maintaining overall
thermogenic balance during cold adaptation. Furthermore, the
NST pathway in muscle did not show enhancement parallel to
BAT thermogenesis, indicating the potential isolation of multiple
pathways of NST thermogenesis and providing avenues for
future research in this area.

In conclusion, the complex fuel rationing patterns observed during
cold exposure suggest a considerable degree of flexibility in H
(prod) recruitment and fuel utilization. The overall substance
consumption ratios in cold environments reflect the organism's
adaptive responses to various H (prod) modalities and metabolic
shifts in cold conditions.

These findings underscore the significant alterations induced



FRIGID ZONE MEDICINE

by cold on human metabolism, highlighting the dynamic nature
of thermoregulation and energy expenditure in response to
environmental challenges.

4 Systemic adaptations in response to cold
exposure

The effect of cold on the human body extends beyond a mere
increase in material consumption. Clear evidence suggests that
cold exposure disrupts various aspects of the body's original
equilibrium, prompting it to seek a new state of balance.

4.1 Blood substance alterations

The changes in blood substances under cold conditions largely
reflect the body's response to cold. While these parameters
may not directly elucidate the mechanisms and pathways
of thermogenesis, they provide insight into the utilization of
substances throughout the body during thermogenesis. The
concentration of substances in the blood not only meets the
metabolic demands of heat-producing tissues but also influences
the microenvironment of tissues and organs throughout the body.
We are intrigued by whether the cold environment adjusts the
metabolic homeostasis of the body.

Studies have suggested that in a cold environment, stimulation
of circulating glucose utilization does not necessarily coincide
with changes in plasma glucose or insulin concentrations. Earlier
studies focused on the detecting blood substances!'® 51671661691
and this consistent finding was verified in subsequent
studies!””. These studies showed no significant changes in
plasma glucose and triglyceride concentrations during cold
exposure, while FFAs levels increased fold, albeit with varying
degrees of oxidation. This phenomenon was also observed in
cold-adapted individuals®. In the cold condition, insulin levels
associated with plasma glucose uptake were not consistently
increased and, in some cases, even decreased, despite an
increased rate of plasma glucose uptake correlating with
increased insulin sensitivity"'”"""? a process in which brown
adipocytes play an important role!*?. Experiments have
illustrated the beneficial effects of cold exposure on insulin
resistance'”*"". The elevation of FFAs is mainly attributed
to white adipocytes lipolysis, stimulated by heightened by
sympathetic activity in the cold environment''”. Cold exposure
significantly increases circulating FFAs, while triglyceride levels
remain largely unchanged. A recent study'”® on human TAG
metabolism during cold exposure has proposed a relationship
between TAG dynamics and TAG saturation state, highlighting
the correlation between TAG uptake in heat-producing tissues
and increased hepatic lipogenesis. It suggests that elevated
FFAs may be related to the uptake capacity of heat-producing
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tissues. Although mouse experiments investigating the acute
effects of cold exposure on FFA levels (< 2 h) are scarce in the
literature, numerous human studies have consistently reported
an exponential increase in FFAs, even in cases of NST
dominance. In conclusion, the changes in blood substances
under cold conditions persist despite the body's adaptation.
Moreover, the increased insulin sensitivity and higher rate of
energy substance uptake in the blood, while concentrations
remain stable except for FFAs, collectively suggest a disruption
and adjustment of the organism's metabolic balance.

4.2 Important role of the liver in cold environments
4.2.1 Energy hubs for thermogenesis

The liver serves as a central hub for energy metabolism in the
body, particularly crucial during cold exposure. Studies on rats
have shown that in cold environments, there is an increase in
hepatic gluconeogenesis, total liver and mitochondrial mass,
respiratory capacity of hepatocytes, and liver temperature,
alongside a reduction in hepatic glycogen stores!"®'7-"78],
Consequently, the liver supplies glucose and FAs from very low-
density lipoproteins (VLDL) to thermogenic tissues!"”. Notably,
BAT exhibits a preference for FAs sourced from hepatic VLDL!®",
while cold exposure activates adrenaline-induced hepatic
gluconeogenesis to supply glucose!””.

Research by Simcox et al."™® utilizing non-targeted metabolomics
in in cold-exposed mice demonstrated an increase in hepatic
synthesis of acylcarnitine during cold exposure. This acylcarnitine
serves as a fuel source for peripheral tissues, specifically
highlighting its role as a thermogenic fuel for BAT, while liver and
WAT decreased uptake of acylcarnitine. Subsequently studies
proposed that adipose tissue lipolysis and FFA activation of
hepatic Hepatocyte nuclear factor 4a (HNF4a) drove the increase
in acylcarnitine, as FFA activation stimulated the expression of
genes related to acylcarnitine production. Furthermore, the release
of FFAs in cold environments increases substrate concentrations
in the liver, supplementing the fraction secreted through VLDL.
Hepatocytes esterify these FFAs to form complex lipids such as
triglycerides, cholesteryl esters and phospholipids™®"
has demonstrated increased hepatic cholesterol synthesis in
cold environments"®. Collectively, these findings underscore the
liver's pivotal role in maintaining blood substance balance in cold
environments.

I Research

4.2.2 Effects of the liver on metabolism in cold
environments

Beyond its role as an energy material transfer station, the
liver exerts endocrine functions that can impact H (prod)
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by generating and releasing thermogenic factors. In cold
environments, the conversion of cholesterol to bile acids
(BAs) accelerates in mice!®. These BAs play a pivotal role
in systemic metabolic regulation by activating specific BA
receptors such as the farnesoid X receptor (FXR) and Takeda
G-protein-coupled receptor 5 (TGR5) in various tissues
including the intestine, adipose tissue, pancreas, and skeletal
muscle!®. Notably, TGR5 activation induces thermogenesis
in BAT, contributing to H (prod)"'®!. Research has indicated
that increased levels of intestinal BAs during cold exposure
lead to distinctive alterations in the gut microbiome!"®®. This
highlights the far-reaching impact of cold environments on the
physiological processes of the human body.

Fibroblast Growth Factor 21 (FGF21) is produced in various
tissues, notably in the liver™. Circulating FGF21 induces WAT
browning process!"® and enhances BAT glucose uptake!"®.
Moreover, it stimulates neurons in the hypothalamus, thereby
increasing sympathetic activity in adipose tissue!™”. Cold
exposure in humans triggers an increase in circulating FGF21
levels, primarily originating from the liver!"®"%%,

Research using liver-specific Fgf21 knockout (FGF21-KO) mice
has demonstrated that hepatic FGF21 plays a pivotal role in
maintaining body temperature during short-term hypothermic
exposure™. Conversely, adipose-specific FGF21-KO mice did
not exhibit similar changes in body temperature. The hepatic
FGF21-brain-BAT axis regulates sympathetic activity to BAT, as
evidenced by reduced sympathetic activity in BAT in liver-specific
FGF21-KO mice!™. However, some experimental studies!'®,
including those using the Adiponectin-Cre mouse and aP2-Cre
transgenic mice, have not shown an increase in hepatic FGF21
secretion during cold-induced thermogenesis. These findings
suggest that the role of hepatic FGF21 in cold adaptation requires
further investigation and clarification.

4.3 Cold-induced changes in metabolic rhythm

Organisms exhibit circadian periodic rhythms in various
physiological activities, including body temperature, which
correlates with metabolic rhythms. Typically, animals have higher
body temperatures during wakefulness and lower temperatures
during sleep, mirroring metabolic fluctuations!*. Adipocytes
also display circadian metabolic rhythms!*. Numerous
factors, including diet!'®”, environmental conditions!*®, and
light exposure!" influence the body's metabolic rhythm. Cold
exposure has also been shown to alter this rhythm, suggesting
its impact on metabolic processes. Further research is needed to
elucidate the specific mechanisms through which cold affects the
metabolic rhythm and to understand its implications for overall
metabolic function and health.
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The nuclear receptor Rev-erba, known for its potent transcriptional
repression activity, serves as a crucial link between circadian
rhythms and metabolic networks®?®®. Previous research has
highlighted Rev-erba's role in regulating glucose and lipid
metabolism in various tissues such as skeletal muscle, brown
tissue, white has been found to be altered in response to
adipocytes, and the liver. Its expression has been found to be

altered in response to cold environments®?”'*"",

Clock proteins, encoded by clock genes, are central to the
formation of circadian rhythm®®. The expression pattern of
the period circadian clock 2 (PER2) rhythm is affected in cold
environments, potentially contributing to cold-induced adaptive
thermogenesis®®. Cold exposure can also affect clock gene
expression through channels like transient receptor potential
melastatin 8 (TRPM8) channel®'” and transient receptor potential
vanilloid 1 (TRPV1)P"",

Even a slight decrease in ambient temperature (Ta) can greatly
impact the circadian rhythm of FGF21 in humans, which in turn
mediates cold-induced metabolic changes'". Moreover, there are
observed differences in the metabolic responses to cold between
men and women®"". Understanding the intricate interplay between
cold exposure, circadian rhythms, and metabolic networks is
crucial for unraveling the mechanisms underlying metabolic
adaptation to cold environments and may have implications for
personalized approaches to metabolic health management.

4.4 Influence of cold environment on human behavior

In cold environments, the body's increased H (prod) demands
a higher caloric intake from the diet®?. As a result, individuals
living in cold regions typically adopt a high-calorie diet, which is
both recommended and widely accepted®'®. However, the cold
conditions also have specific effects on hormone regulation and
appetite. Cold conditions suppress the secretion of leptin®'**'®, a
hormone involved in regulating energy balance and appetite®"”.
Additionally, they stimulate the release of pro-appetite hormones,
further increasing the body's desire to eat. Consequently,
individuals in cold regions often experience heightened cravings
and appetite. Moreover, the pursuit of high-calorie foods is often
accompanied by increased fluid intake, including a preference
for strong alcoholic beverages. This behavior is influenced by
the desire to generate internal heat and maintain warmth in
cold climates. Understanding these behavioral responses to
cold environments is essential for addressing nutritional needs
and promoting overall well-being in populations residing in such
regions.

Subtle changes in Ta have complex effects on sleep-wake
(S-W) cycle in mammals®?'®?"1. Cold environments not only
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affect circadian rhythms but also disrupt sleep patterns in
humans!"¥'?*?% and these effects are also manifested in sleep
rhythms®". These environmental effects interact with various
situational factors encountered during human existence, shaping
specific behaviors that, in turn, impact metabolism and overall
health. However, analyzing these interactions in a laboratory
setting remains challenging.

It is essential to recognize that individuals in frigid zones do not
solely inhabit cold environments; they also work, play, eat, and
live through prolonged winters. Therefore, the cold environment
is more than just the sum of individual cold factors; it represents
a unique natural setting intertwined with the lifestyle of their
communities.

These factors collectively influence the distinctive metabolic
characteristics of populations in cold environments. Effectively
understanding and studying the interactions among these complex
factors are crucial for guiding clinical practice and addressing
the unique health challenges faced by populations living in cold
regions.

5 Metabolic adaptations in cold environments: a Yin-
Yang perspective

In TCM, the concept of Yin-Yang represents the balance and
harmony of opposing forces within the body. When individuals
are exposed to cold environments, their metabolic equilibrium
is challenged, offering insights into TCM's rich ideas. While the
body may achieve a new equilibrium in response to cold, these
adaptations come with consequences. Prolonged exposure to
cold environments may lead to depletion of vital energy reserves,
exacerbating Yin-Yang imbalances and predisposing individuals to
various health issues. Additionally, the stress placed on organs and
metabolic pathways during adaptation can impact long-term health
outcomes, influencing susceptibility to diseases and disorders.
Understanding metabolic changes in cold environments from a Yin-
Yang perspective underscores the holistic nature of health in TCM.
It emphasizes the interconnectedness of physical, emotional, and
environmental factors in shaping overall well-being.

By recognizing the importance of Yin-Yang balance in
metabolic adaptations, TCM offers valuable insights into
maintaining health and resilience in challenging environments.
In conclusion, examining metabolic changes in cold
environments through the lens of Yin-Yang balance provides
a deeper understanding of the body's adaptive mechanisms
and highlights the importance of holistic health approaches
in addressing environmental challenges. Cold temperatures
disrupt the body's natural balance, tipping the equilibrium
towards Yin, characterized by coldness, stagnation, and
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contraction. The body's metabolic processes, typically
regulated to maintain a delicate balance between Yin and
Yang, are thrown off by the extreme cold, leading to disruptions
in energy flow and organ function. To adapt to the cold
environment, the body initiates various metabolic adjustments
to restore Yin-Yang balance. Increased thermogenesis,
heightened energy consumption, and altered hormonal
responses serve to counteract the excess Yin caused by cold
exposure. These adaptations aim to restore harmony within
the body, ensuring optimal function despite the challenging
environmental conditions. Indeed, the human body undergoes
significant metabolic changes in frigid environments to maintain
temperature balance and ensure survival. These adaptations
involve increased H (prod), heightened metabolic intensity,
and alterations in the function of key organs like muscle and
adipose tissue. However, these adjustments also disrupt
certain equilibriums within the body, placing additional strain
on organs like the liver to maintain homeostasis. Homeostasis,
or the maintenance of internal equilibrium, is a fundamental
purpose of metabolism. Understanding how the body's
metabolism responds to cold conditions requires considering
both the positive and negative aspects of these adaptations.
While increased H (prod) and metabolic intensity are necessary
for survival, they can also lead to metabolic imbalances and
health issues if not properly regulated.

Therefore, studying the adjustments that occur in the body's
metabolism in response to cold environments is crucial for
understanding human physiology in frigid zones. By promoting the
concept of balance, we can better comprehend the changes and
characteristics of human metabolism in extreme cold, ultimately
advancing our knowledge of how the body adapts to challenging
environmental conditions.

6 TCM theory on the metabolic homeostasis maintenance
in cold environments

TCM views humans as an integral part of nature, highlighting
the importance of adapting to local environmental conditions for
maintaining health and balance. Throughout history, TCM has
recognized the influence of different natural environments on
human physiology, offering insights into how to live harmoniously
in various climates. While specific effects of cold environments on
the body are still being explored, TCM provides valuable principles
for coping with cold conditions:

Moderate consumption: In cold environments, it's essential to
reduce excessive consumption to conserve energy and maintain

balance within the body.

Sunlight exposure: Despite the cold, exposure to sunlight remains
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crucial for overall well-being. Sunlight provides essential vitamin
D and supports mood regulation, helping individuals adapt to cold
climates.

Rhythmic adaptation: Paying attention to changes in body
rhythms, such as sleep patterns, can aid in adapting to the cold
environment. Embracing these changes in rhythm is believed to
enhance survival.

Gratitude and emotional balance: Cultivating gratitude for one's
present circumstances can foster emotional resilience in the face
of challenging environments. Maintaining a positive outlook is
beneficial for mental and physical health.

Warmth and injury prevention: Rather than confronting the cold
directly, TCM advises prioritizing warmth and taking precautions
to prevent cold-related injuries.

These principles, rooted in centuries of observation and practice,
offer valuable guidance for individuals living in cold regions,
helping them navigate the challenges of their environment while
promoting overall well-being and balance.

The principles of TCM emphasize maintaining balance within
the body as a fundamental aspect of health. In the context of
cold environments, achieving equilibrium between H (prod) and
dissipation is essential for overall well-being. This balance ensures
that the body can replenish energy stores to meet increased
caloric demands and restore depleted energy substrates in
the blood plasma. TCM recognizes that the body adapts to its
environment, evidenced by modern studies on cold adaptation
showing higher resting H (prod) and increased tolerance to cold
conditions. Moreover, TCM advocates certain behaviors and
interventions to promote balance and health in cold environments.
These may include consuming foods or herbs known for their
warming properties and engaging in exercises that enhance blood
circulation throughout the body.

While many of these principles are rooted in ancient Chinese
practices and observations, their efficacy and underlying
mechanisms require further scientific investigation. Nonetheless,
they offer valuable insights and inspiration for future research
into cold-related metabolism and health. By combining ancient
wisdom with modern scientific inquiry, we may uncover new
strategies for maintaining balance and promoting health in cold
environments.

7 Conclusion

The article delves into the mechanisms by which the human
body regulates temperature and material balance in a cold
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environment, exploring the sources of energy consumption
and the evidence supporting the body's ability to adapt and
rebalance its metabolism in response to cold stress. This
exploration is guided by the Yin-Yang balance concept in TCM,
which emphasizes harmony between human beings and nature.

Cold's pervasive and enduring effects on the human body align
with TCM's view of the interconnectedness between humans and
their environment. While there remain gaps in our understanding,
it is clear that individuals living in cold climates possess unique
metabolic traits shaped by their surroundings. Additionally, this
paper outlines TCM-based recommendations for promoting
health in cold environments, drawing from centuries of empirical
knowledge.

Despite limited knowledge about the precise impacts of cold
on the body, it is crucial to address key questions: (1) What
metabolic changes and new metabolic balances occur in
response to cold? (2) How do these changes affect overall
health and disease? (3) Base on the above, what strategies do
people employ to maintain homeostasis and achieve health in
cold environments?

Answers to these questions will form the foundation for the
development of frigid zone medicine, guiding future research
and interventions to enhance human health and resilience in
cold climates.
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