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Abstract figure legend Cold-water immersion (CWI) elicits autonomic, somato-motoric (shivering thermogenesis),
endocrine and metabolic, sensory transduction, and local biophysical effects that may converge on the transcriptional
co-activator PGC-la (centre). From this hub, canonical programmes like mitochondrial biogenesis/respiration,
angiogenesis, antioxidant/immune modulation and metabolic shifts are engaged and may contribute to potential health
benefits (right).

Abstract Cold-water immersion (CWI) elicits a coordinated thermoregulatory and
stress-response programme that may converge on molecular pathways linked to peroxisome
proliferator-activated receptor-y co-activator-la (PGC-1a), a master regulator of mitochondrial
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biogenesis and a coordinator of angiogenesis, antioxidant defence and metabolism. Through
activation of peripheral cold receptors (e.g. TRPMS8), CWI triggers sympathetic noradrenaline
release and hypothalamic-pituitary-thyroid axis stimulation (TSH—D2—T3), driving
B-adrenergic/cAMP-PKA-p38MAPK-CREB signalling that could robustly upregulate
PGC-1la and uncoupling protein-1 in brown adipose tissue and skeletal muscle. Concurrent
shivering-induced Ca’" fluxes engage calcium/calmodulin-stimulated protein kinase II
and calcineurin, enhancing PGC-la expression in an AMP-activated protein kinase
(AMPK)-independent manner. Elevated PGC-lo coactivates nuclear respiratory factors
(NRF1/NRF2) and mitochondrial transcription factor A to expand mitochondrial content
and oxidative capacity, while upregulating key antioxidant enzymes (superoxide dismutase,
catalase, glutathione peroxidase). Together with oestrogen-related receptor o, PGC-la can
co-activate vascular endothelial growth factor, a pathway compatible with angiogenesis and
improved perfusion; however, in humans the link to CWI remains indirect and is largely limited
to acute molecular responses. Downstream metabolic adaptations, including increased fatty acid
oxidation (via carnitine palmitoyltransferase 1, peroxisome proliferator-activated receptors o/y
and AMPK) and fibroblast growth factor 21 secretion, enhance insulin sensitivity and energy
expenditure. Most of the evidence currently rests on molecular signalling data, heterogeneous
study designs, or acute gene expression responses. Direct evidence for increased mitochondrial
content, improved mitochondrial function, or long-term health benefits in humans is scarce.
Therefore, this article introduces a hypothetical dose-response relationship, linking immersion
time to proposed health benefits and death, and provides practical recommendations for safe
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CWI protocols.
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Introduction

The use of cold-water immersion (CWI) has a
long-standing history as a therapeutic, health-promoting
and sport-recovery intervention. As early as the year
3500 B.C., cold exposures were used for therapeutic
purposes in Egypt (Wang et al., 2006). Around 400 B.C,,
Hippocrates employed cold to treat medical conditions
like pneumonia, hepatitis and herpes (Tsoucalas et al,
2015). He also attributed the potential for improved
preservation of energy and power and also for relaxation
to cold exposure (Allan et al., 2022). These historical
observations demonstrate a long-standing interest in
the use of cold therapies to promote human health. The

immersion in cold water can be defined as immersion
in water at a temperature <15°C, whereas ice bathing is
related to water temperatures <5°C (Bleakley et al., 2012;
Knechtle et al., 2020). Although there is no consensus on
the minimum proportion of body surface that must be
immersed to qualify as CWI, most experimental protocols
and recreational practitioners use head-out immersion
to approximately the level of the sternum. Extensive
research has investigated the physiological challenges
associated with cold-water survival. For example, Tipton
demonstrated that sudden stimulation of the peripheral
cutaneous cold receptors initiate hazardous physiological
responses, collectively known as the ‘cold-shock’ response
(Tipton, 1989).
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The benefits of cold-water immersion for post-exercise
recovery remained scientifically largely unexplored until
the 1960s, when Clarke’s research brought attention to
this topic (Clarke, 1963). Since then, the interest in ‘cold’
research has constantly increased (Allan et al., 2022)
and the physiological reactions to cold stress have been
successively uncovered in numerous studies (Castellani
& Young, 2016; Medicine, 1996; Tipton, 1989). The use
of CWTI as an athletic recovery intervention has become
widely adopted in the athletic field, primarily due to the
water’s superior thermal conductivity compared with air
(Bleakley et al., 2014). The beneficial effects of cold in this
area can be assigned to its change in the vasomotor tone
(i.e. vasoconstrictive effects), its effect of reducing cellular
metabolism and increased analgesia (White & Wells,
2013). On the other side, CWI during recovery from
resistance-type exercise was associated with a reduced
capacity of skeletal muscle to incorporate dietary amino
acids into de novo myofibrillar protein (Fuchs et al., 2020).
Furthermore, CWI reduced myofibrillar protein synthesis
rates over the course of prolonged resistance-training
programmes (Fuchs et al., 2020). Independent of effects
on exercise-induced adaptations, the subsequent section
examines the evidence regarding potential generalized
health benefits of CWI.

Numerous health benefits of cold water have been
suggested. Especially in the popular sciences, CWI has
been postulated to have antioxidative effects, enhance
the immune system’s capacity, contribute to weight loss
and boost mood (News, 2023; Yankouskaya et al., 2023).
Although the popular sciences and anecdotal reports on
this topic, spread for example on social media, make cold
therapies appear to be a magical cure, most of these claims
remain highly controversial from a scientific perspective
(Esperland et al., 2022).

Nevertheless, the regular exposure to cold water
or ice water has become a popular contemporary
trend. Scientific studies on regular cold-water exposure
have primarily investigated the effects on metabolism
(Checinska-Maciejewska et al., 2017; Gibas-Dorna et al.,
2016), the cardiovascular system (Kralova Lesna et al,
2015; Manolis et al., 2019), the immune system (Brazaitis
et al, 2014; Jansky et al., 1996) and well-being (van
Tulleken et al., 2018). Isolating the independent effects
of cold-water exposure per se is challenging because
the water temperature, immersion depth and duration
vary widely across studies. The hydrostatic pressure
and convection alter preload, afterload and individual
factors, modifying the cold-shock response in addition to
co-factors like physical activity level or health status.

Peroxisome proliferator-activated receptor gamma
co-activator-1 alpha (PGC-la) functions as a trans-
criptional co-activator and is now widely recognized as
a key regulator of mitochondrial biogenesis in skeletal
muscle (Puigserver & Spiegelman, 2003). Its role as

Cold water and health benefits 3

a so-called ‘master regulator’ is supported by rodent
studies showing that elevated levels of PGC-1a enhance
insulin sensitivity (Handschin & Spiegelman, 2006; Lira
et al., 2010), protect against age-related muscle loss (Ji &
Kang, 2015) and improve physical endurance (Baar et al.,
2002; Lin et al., 2002). Due to the importance of these
adaptations for both health and athletic performance, the
mechanisms controlling PGC-1a expression in human
skeletal muscle have become a major focus of current
research. Notably, acute bouts of exercise have been shown
to upregulate PGC-la expression (Bartlett et al., 2012,
2013; Perry et al., 2010), with the extent of this response
being influenced by exercise intensity (Egan et al., 2010)
and mediated by upstream signalling pathways. In line
with its initial identification as a gene responsive to cold
(Puigserver et al., 1998), increasing evidence from both
animal models (Kim et al., 2005; Oliveira et al., 2004;
Stancic et al., 2013) and human studies (Ihsan et al., 2014;
Thsan et al., 2015; Slivka et al., 2012, 2013) has shown that
both short-term and sustained cold exposure, whether
through low ambient temperatures or CWI, can elevate
PGC-1la expression. Collectively, these findings suggest
that cold exposure may potentiate the molecular response
typically triggered by exercise, potentially amplifying
the cellular adaptations associated with endurance
training.

While heat exposure has been linked to the activation
of PGC-1a (Liu & Brooks, 2012; Yamaguchi et al., 2010),
it is notable that PGC-la was originally identified in
research focused on how cold exposure influences the
expression of uncoupling proteins (UCP) (Puigserver
et al., 1998). In that initial study, mice exposed to
cold temperatures (4°C) for 3-12 h showed a marked
increase in PGC-1oe mRNA levels within brown adipose
tissue (BAT), accompanied by elevated expression of
mitochondrial oxidative phosphorylation (OXPHOS)
components such as cytochrome-c-oxidase (COX) 2,
COX4 and ATP synthase (Puigserver et al., 1998).
Similar findings have been observed in hibernating
animals, where cold exposure leads to a broad induction
of PGC-lo across multiple tissues, including skeletal
muscle (Eddy & Storey, 2003). This effect is thought to be
mediated by adrenergic signalling pathways, particularly
through cAMP responsive element-binding protein
(CREB) activation at the PGC-1a promoter (see Fig. 3),
as comparable increases in PGC-lo transcription were
also seen in brown fat and muscle cell cultures treated
with the B-adrenergic agonist isoproterenol (Puigserver
et al., 1998). Although these in vitro findings highlight a
central role for B-adrenergic - CREB dependent trans-
criptional control of PGC-1«, the precise intracellular
intermediates and their physiological relevance following
CWI remain to be delineated.

Therefore, this review seeks to summarize the key
molecular pathways by which CWT stimulates PGC-1c
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expression and to explore the associated potential health
benefits.

Additionally, we provide practical recommendations
for safe cold-water exposure, highlight the main risks
that can arise if critical safety guidelines are not followed
and emphasize the requirements for future studies on
mechanistic aspects of CWL.

Thermal sensation and acute responses. Any
environmental condition that raises heat loss and triggers
heat-preservation mechanisms can be categorized as
cold stress (Haman et al., 2022). Although the term ‘cold
water’ has no precise definition, it is usually defined as
water at <15°C since most observable harmful reactions
to cold water seem to peak while submerged between
10 and 15°C (Tipton et al., 1991). Since the thermal
conductivity of water is 25 times higher than, for example,
air (Toner & McArdle, 2011), even in moderately cold
water, heat dissipation occurs rapidly due to conduction
and convection (blood circulation), which deliver heat
from deeper tissues to the skin (Castellani & Young,
2016). This disparity in thermal conductivity results in
different thermoneutral zone temperatures for water
immersion compared with air cooling. The thermo-
neutral zone is generally reported to be between 31
and 33°C for water, with noticeable shivering often
occurring below this temperature range, whereas the
thermoneutral zone in the air is between 22 and 24°C
(Cannon & Keatinge, 1960; Craig & Dvorak, 1966). The
critical water temperature reflects the water temperature
between 28°C and 34°C, in which a nude individual
can tolerate a 3 h prolonged water immersion without
experiencing shivering thermogenesis (Rennie et al,
1962). Humans mainly use behavioural thermoregulatory
strategies to survive in cold environments, such as
migration, constructing or seeking shelter, wearing
clothing and utilizing fire-making skills (Blondin &
Haman, 2018).

The physiological effects of cold stress vary greatly
depending on the exposure medium (air vs. water), level
of cold (differences in temperature and humidity) and
exposure duration (minutes vs. days).

To preserve homeostasis, the body initiates a variety
of cold-protective processes (Fig. 1). Initially, a cold
signal is transduced through the transient receptor
potential melastatin 8 (TRPMS8) receptors from the skin
to the brain. These receptors are temperature-sensitive,
calcium-permeable, cation ion channels that also respond
to specific chemical stimuli such as menthol (Johnson
et al.,, 2009). Although these receptors are possibly one
of the best studied innocuous cool sensors (<27°C), the
transient receptor potential canonical 5 (TRPC5) exhibits
cold sensitivity in vitro and can be activated by cooling
in the temperature range of 37-25°C (Zimmermann
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et al,, 2011). Besides transient receptor potential (TRP)
channels, the transmembrane guanylyl cyclase G (GC-G)
may directly respond to cooling and mediate the cool
sensation in the mouse Grueneberg ganglion that
is located at the rostral tip of the nose (Chao et al,
2015). Mammalian transient receptor potential ankyrin
1 (TRPA1) has a cold temperature activation threshold
of about 17°C in vitro and was first cloned as a noxious
cold sensor (Story et al., 2003). However, as TRPAI
knockout mice escape noxious cold temperatures largely
normally, there is disagreement on the physiological
involvement of TRPA1 in noxious cold feeling (Kwan
et al., 2006). Previous research mostly used candidate
gene approaches to find temperature sensors, successfully
identifying many heat-sensitive TRP channels. However,
this method has been less effective for detecting cold
sensors, especially those outside the known thermosensor
families like TRP channels (Xiao & Xu, 2021). A recent
unbiased genetic screen in C. elegans identified glutamate
receptor 3 (GLR-3), a kainate-type glutamate receptor, as
a cold sensor (Gong et al., 2019). GLR-3 is expressed in
the intestine, the right amphid sensory neuron E (ASER)
and ring interneurons A (RIA), and is essential for cold
sensitivity (<18°C) and ASER-mediated cold-avoidance
behaviour (Gong et al, 2019). Ectopic expression
of GLR-3 or its mouse homolog glutamate receptor
ionotropic kainate 2 (GluK2) imparts cold sensitivity to
normally insensitive cells, and homologs from zebrafish,
mouse and human also function as cold sensors in
heterologous systems (Gong et al, 2019), indicating
evolutionary conservation. Notably, mammalian kainate
receptors, including GluK2, have both ionotropic and
metabotropic functions (Rodriguez-Moreno & Lerma,
1998).

When the skin is exposed to cold, it triggers a
receptor-mediated neural pathway extending from the
dorsal horn of the spinal cord to the lateral brachial
nucleus and then to the preoptic area of the hypothalamus
(Fig. 2). Efferent signals are then transmitted from the
brain through the intermediolateral cell column of the
spinal cord to sympathetic nerves, which control the skin’s
blood vessels (Castellani & Young, 2016).

Reflex cutaneous vasoconstriction represents the
body’s immediate autonomic response to reduce
convective heat loss and preserve core temperature
during cold exposure (Alba et al., 2019). In addition to
heat-preservation mechanisms, thermogenesis is another
important mechanism to counteract cold exposure.
Shivering, consisting of involuntary muscle contra-
ctions, generates heat as most of the metabolic energy is
converted into thermal energy (Castellani & Young, 2016).
Non-shivering thermogenesis, resulting predominantly
from BAT and skeletal muscle proton leak, have been
demonstrated to be significant contributors to this kind of

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

35UBD1 T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ 43I UO (SUO N PUOD-PUR-SWLB}WOD" A3 | 1M A ed 1 pUIUO//:Sd1Y) SUORIPUOD pue SWB | 83U 39S *[5202/TT/90] Uo AkelqiauliuQ A8|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsIUedS AQ 9E568Z4r/ETTT OT/I0p/wod A 1m Arlqipul|uo-oosAud//sdny wouij pepeojumoq ‘0 ‘€6..69VT



J Physiol 0.0

heat production (Blondin et al., 2017; Ouellet et al., 2012).
However, in adults exposed to cold, shivering thermo-
genesis remains the dominant source of heat production
(Gordon et al., 2019). Noradrenaline is the main neuro-
transmitter together with neuropeptide-Y, contributing
to the reflex cold-induced vasoconstriction in the skin’s
blood vessels (Charkoudian, 2010; Stephens et al., 2001).
Local cooling of the blood vessels in the skin also results
in vasoconstriction. During the first minutes of the local
cooling response, noradrenaline via the «2-adrenergic
receptor predominantly mediates vasoconstriction (when
no reflex cooling occurs from other areas) (Johnson,
2007). However, the decrease in cutaneous blood flow
as cooling proceeds is caused by non-adrenergic and
non-neuronal mechanisms (Thompson-Torgerson et al.,
2008). This vasoconstrictive response begins when
the skin temperature falls below 35°C and reaches
its maximum when skin temperature falls to 31°C or
lower.

Heat loss
Homeostasis
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PGC-1« and cold exposure

PGC-1a-related molecular pathways in response to
cold-water immersion. Some results suggest that
the positive effects that can arise from cold might
be mediated by the modulation of specific molecular
factors, like PGC-1a (Thsan, Watson, & Abbiss, 2014).
PGC-1la is a transcription co-activator that interacts
with many different transcription factors involved in
glucose/fatty acid metabolism, mitochondrial biogenesis,
adaptive thermogenesis, fibre type switching in skeletal
muscle and cardiac development, among other biological
processes (Liang & Ward, 2006). It is strongly expressed
in tissues with high oxidative activity, such as BAT,
the heart, brain and skeletal muscle (Liang & Ward,
2006; Puigserver et al., 1998). PGC-1a is upregulated
in response to increased energy demands such as cold,
exercise, and fasting (Ventura-Clapier et al., 2008).
Instead of binding specific sequences of DNA (Puigserver
& Spiegelman, 2003), PGC-1ua coactivates several nuclear

swsiueyosw uoneAsssald JeeH

Behavioural change

Figure 1. Schematic representation of thermoregulatory mechanisms in response to cold exposure

The cold signal is mediated to the central nervous system through peripheral cold receptors like transient receptor
potential channels (TRP) and Kainate-type glutamate receptors (KAR) in the skin; As/C-fibre input to dorsal
horn — lateral parabrachial nucleus — preoptic area and brainstem integrators. Increasing heat loss triggers
heat-preservation mechanisms to balance the heat production and heat loss. B-adrenergic activation leads to
immediate cardiorespiratory responses such as hyperventilation and tachycardia. Behavioural changes, such as
seeking shelter in warmer environments, vasoconstriction of peripheral blood vessels (via «;-adrenoreceptors),
shivering thermogenesis (via somatic motor drive to skeletal muscle) and non-shivering thermogenesis through
brown adipose tissue (via sympathetic B-adrenergic activation) and gland activation (adrenal catecholamines; i.e.
adrenaline/noradrenaline), and hypothalamic—pituitary—adrenal axis activity, lead to increased heat production until

homeostasis is reached.
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receptors, including peroxisome proliferator-activated
receptors (PPARs) (Liang & Ward, 2006), which (PPAR-«
and PPAR-$/8) have been shown to promote fatty
acid oxidation in tissues like the heart (Gilde et al.,
2003). PGC-la also interacts with and co-activates
oestrogen-related receptors (ERRs), key transcriptional
factors for the regulation of cellular energy metabolism.
Most glycolysis-related genes have been found to be
regulated by ERRa and ERRy, particularly in response
to various environmental challenges or biological stresses
(Audet-walsh & Giguére, 2015; Cai et al., 2013). In muscle
tissue, ERRa coordinates mitochondrial biogenesis,
muscle regeneration/differentiation and, along with
ERRy, modulates OXPHOS and angiogenesis (Huss
et al., 2015).

ERRu signalling plays an important role in lipogenesis
in white adipose tissue (WAT) and thermogenesis in BAT

J Physiol 0.0

(Huss et al., 2015). PGC-1a contributes to the regulation
of mitochondrial biogenesis and respiration by strongly
inducing the expression of the transcription factors, NRFs,
NRF1 and NRF2 (Ventura-Clapier et al., 2008). NRF1 and
NRF2 control the expression of numerous mitochondrial
genes (e.g. NADH dehydrogenase subunit 8, and succinate
dehydrogenase subunit B) (Kelly & Scarpulla, 2004).

On the mitochondrial level, UCPs are of particular
interest for cold responses and thermoregulation.
UCPs increase proton conductance across the inner
mitochondrial membrane, dissipating the proton-motive
force and uncoupling electron transport from ATP
synthesis; the proton movement induced by uncoupling
generates heat (Puigserver et al., 1998; Wei et al., 2009).
UCPs 1-3 protect against radical oxygen species (ROS)
production, thereby reducing oxidative damage; for
example, in the heart (Cadenas, 2018). Mammals express

( Y . Y Responses and physiological )
Stress input Central regulation pbehavioral I;u!t,comegs !
f Hypothalamus ) Behavioural stress avoidance
Stress hormone release
Immune system stress ){ Preoptic area ) <
Cardiovascular Cardiac, pressor

system —— response
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[ Dorsomedial hypothalamus J

noradrenaline

A

Skeletal Shivering
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AL adipose ——| thermogenesis
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[»(L I J /V noradrenaline
S ’\.‘é;_"!( Spinal cord \
Cold receptors, q Blood vessels Vaso-
e.g. TRP receptors in the skin —| constriction
L L A noradrenaline )

Figure 2. Signals and pathways by which cutaneous cold sensing drives hypothalamic-brainstem
networks to coordinate cardiovascular, thermogenic and vasomotor responses

Peripheral cold receptors in the skin (TRPM8/TRPA1-expressing AS8/C fibres) transduce cooling and relay
glutamatergic input via dorsal horn (lamina I) projection neurons to the lateral parabrachial nucleus. The signals
ascend to the preoptic area integrators, whose predominantly GABAergic output disinhibits the dorsomedial hypo-
thalamus, thereby activating rostral raphe pallidus premotor neurons. These premotor centres drive (1) sympathetic
noradrenergic outflow to cutaneous vasoconstrictors («q-adrenergic) increasing total peripheral resistance and
mean arterial pressure, (2) sympathetic g-adrenergic signalling to brown adipose tissue to increase thermogenesis,
and (3) reticulospinal pathways to spinal @-motor neurons, with acetylcholine at the neuromuscular junction
mediating shivering thermogenesis. Cardiac chronotropy is shaped by sympathetic noradrenaline (tachycardia),
while adrenal catecholamines amplify systemic responses. Collectively, these pathways integrate afferent cold
signals with autonomic, endocrine and motor effectors to conserve heat and restore internal homeostasis.
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at least five types of UCP, and UCPs 1-3 are best studied.
UCP-1 is specific to brown adipocytes (Ricquier, 2017),
while UCP-2 is widely expressed (Donadelli et al., 2014)
and UCP-3 can be predominantly found in skeletal
muscle and BAT (Ledesma et al., 2002). PGC-la and
other co-regulators are essential for the coordinated
control of UCP-1 gene transcription (Villarroya et al,
2017). Transcription factors like PPARs, sterol regulatory
element-binding proteins and PGC-1a directly control
UCP-2 transcription (Liu et al., 2014; Tian et al., 2018).
Moreover, the PGC-1a/PPAR-p axis is a crucial pathway
that activates UCP-3 in skeletal muscle cells by PGC-1«
transactivation of a distal PPAR response element at
the UCP-3 promoter (Lima et al, 2019). In addition
to UCP-mediated proton conductance, other inner
mitochondrial membrane mechanisms can contribute to
uncoupling and thermogenesis. The adenine nucleotide
translocase (ANT; also referred to as the ADP/ATP
carrier, AAC) is abundant in the inner membrane and
has been shown to mediate a substantial fraction of
basal proton conductance in multiple tissues, acting
as a regulated route for H' re-entry that is distinct
from ATP synthase (Bertholet et al., 2019; Brand et al,,
2005). ANT-dependent H' flux can be promoted by
long-chain fatty acids and by chemical uncouplers, and
recent structural/electrophysiological work indicates
that AAC/ANT itself is capable of H transport under
physiological modulatory conditions, where long-chain
fatty acids promote and ADP/ATP restrain flux (Bertholet
etal., 2019). Free fatty acids are also central modulators of
mitochondrial leak: they act both as activators/co-factors
of UCP-1 in BAT and, via protonophore-like cycling or
protein-assisted transport models, as direct promoters of
UCP-independent proton leak (Fedorenko et al., 2012).
Mechanistic models (fatty acid cycling, fatty acid-assisted
H" transport and protein-mediated shuttling) remain
debated, but collectively they imply that free fatty
acids and ANT can contribute to thermogenic proton
conductance independent of UCP-1 (Bertholet et al.,
2019; Wojtczak & Wieckowski, 1999). Collectively,
these findings outline plausible pathways by which cold
exposure could influence metabolic, vascular and anti-
oxidant programmes; however, durable health benefits
attributable to CWT alone remain to be demonstrated in
humans.

The role of PGC-1« in cold-induced molecular pathways.
Thermoregulatory control operates through three main
pathways: the sensory afferent axis, the thermoregulatory
control centre and the efferent pathways. According
to contemporary thermoregulatory models, a negative
feedback mechanism continuously regulates core body
temperature. Deep (core) temperature serves as the main
feedback signal and control variable in this system. The
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feedback arises from temperature-sensitive neurons in
the brain or TRP channels located in the brain, spinal
cord and visceral organs. Additionally, skin temperature
acts as a fast-responding secondary feedback signal,
mediated by TRP channels in the skin, offering either
negative or positive control (Romanovsky, 2014; Werner,
2010). On the other hand, some theories suggest that
feedforward mechanisms control thermoregulatory
responses, in which variations in skin temperature set
off cold-defence reactions (Morrison, 2016; Nakamura,
2024). An example of such a feedforward mechanism
in thermoregulation is when a sudden drop in skin
temperature triggers shivering and vasoconstriction
before core body temperature begins to decline. It has
been suggested that each cold-defence effector response
(i.e. vasomotor tone, BAT, and shivering thermogenesis)
is thought to be regulated independently. Each effector is
influenced by unique combinations of core temperature
and skin temperature inputs (Haman & Blondin, 2017).
Cold exposure triggers a complex physiological stress
response that involves both thermoregulatory and neuro-
endocrine systems (Fig. 3). In addition to activating
peripheral thermogenic mechanisms, cold acts as
a potent stimulus for the release of S-endorphins,
endogenous opioids synthesized in the pituitary
gland as part of the hypothalamic-pituitary—adrenal
axis activation. This release is thought to be
initiated via sympathetic-adrenergic pathways and
corticotropin-releasing hormone signalling, contributing
to analgesia and improved mood during cold exposure
(Esperland et al., 2022; Shevchuk, 2007).

B-adrenergic signalling pathways.  Cold stimulation leads
to the release of noradrenaline from the sympathetic
nervous system which initiates adrenergic signalling via
B-adrenergic receptors (Liu et al., 2019). B-adrenergic
receptors are mostly coupled to Gs protein and activate
adenylyl cyclase, which synthesizes cyclic adenosine
monophosphate (cAMP) (Pidoux & Taskén, 2010). It
has been postulated that cAMP promotes the production
of interferon regulatory factor 4 (IRF4) in BAT (Kong
et al, 2014). This cytokine in turn mediates UCP-1
expression through interaction with PGC-la (Kong
et al., 2014, 2018). cAMP activates cAMP-dependent
protein kinase A (PKA) and downstream targets, such
as p38 mitogen-activated protein kinases (MAPK) and
CREB (Cao et al, 2004; Liu et al, 2017; Shi &
Collins, 2017). p38 MAPK phosphorylates nuclear factor
activating transcription factor 2 (ATF 2), which enhances
the transcription of PGC-la (Cao et al, 2004). The
zinc-finger protein Zfp516 is induced by cold stimulation
through the CREB/ATF2 pathway, mediated by PKA
(Dempersmier et al., 2015). Finally, the activated p38
MAPK activates myocyte enhancer factor 2 (MEF2) (Abu
Shelbayeh et al., 2023) and can directly phosphorylate
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PGC-1a, thereby enhancing its transcription-regulating
activity (Cao et al., 2004).

Thyroid hormone crosstalk. In addition to the intra-
cellular signalling cascades triggered by B-adrenergic
stimulation, systemic endocrine responses play a crucial
role in cold adaptation. Among these, thyroid hormones
have long been recognized as central regulators of
thermogenesis. The hypothalamic-pituitary-thyroid
axis tightly regulates circulating thyroid hormone
levels through a negative feedback mechanism (Fliers
et al., 2014; Joseph-Bravo et al., 2015). The thyroid
gland primarily produces thyroxine (T4), with
smaller amounts of the biologically active hormone
3,3',5-triiodothyronine (T3). Notably, in many tissues,
the enzyme type 2 deiodinase (D2) converts T4 into
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T3 (van der Spek et al, 2017). Cold exposure strongly
stimulates the hypothalamic-pituitary—thyroid axis,
increasing thyrotropin-releasing hormone synthesis,
thyroid-stimulating hormone release and circulating
thyroid hormone levels. Together, these changes promote
thermogenesis and facilitate cold adaptation (Zhang et al.,
2018) with elevated levels of T3 and T4 in the blood
during cold adaptation (Eastman et al., 1974). Moreover,
generation of T3 in target tissue not only raises the basal
metabolic rate but also synergizes with B-adrenergic
signalling to drive UCP-1 expression. Specifically, T3 acts
via the receptor subtype T3RS1 to potentiate adrenergic
induction of UCP-1 and D2 (Martinez de Mena et al.,
2010). Moreover, hypothyroidism significantly reduced
UCP-3 levels (by around 70%), a fatty acid transporter
and thermoregulator, in skeletal muscle, while hyper-
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Figure 3. Putative cold-induced activation of thermogenic and metabolic pathways via PGC-1«

Cold stimuli triggers the release of noradrenaline (NE) and B-endorphines (B8-EP), activating B-adrenergic
receptors (AR) — adenyl cyclase (AC), and cyclic adenosine monophosphate (cAMP), protein kinase (PKA),
p38 mitogen-activated protein kinases (p38 MAPK) and subsequent intracellular signalling cascades involving
calcium (Ca?t) — calcineurin and calcium/calmodulin-stimulated protein kinase Il (CaMK ). These pathways
stimulate transcription factors (CAMP responsive element-binding protein (CREB), activating transcription factor
2 (ATF2), myocyte enhancer factor 2 (MEF2), and the zinc-finger protein 516 (ZFP516)) which upregulates
PGC-1a. Thyroid-stimulating hormone (TSH) via type 2 deiodinase (D2) increases local T3, upregulating PGC-1a
expression with a direct influence on uncoupling protein (UCP) expression. Ultimately, the cold-stimulus promotes
tissue-specific adaptations in several tissues like liver, heart kidney, endothelium, white adipose tissue (WAT), brown
adipose tissue (BAT) and muscle tissue, enhancing energy metabolism and contributing to beneficial health effects.
PPAR: peroxisome proliferator-activated receptor, ERR: oestrogen-related receptors, IRF: interferon regulatory factor
4, FGF21: fibroblast growth factor 21, TFAM: mitochondrial transcription factor A, VEGF: vascular endothelial
growth factor, NRF: nuclear respiratory factors, SOD: superoxide dismutase, Sirt1: Sirutin 1, WAT, white adipose

tissue, BAT, brown adipose tissue.
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thyroidism induced a sixfold increase in UCP-3 levels in
rats (Gong et al., 1997). Consistent with this, T3 injections
increased UCP-3 expression fivefold in skeletal muscles
and fourfold in WAT and BAT (Gong et al., 1997). Today
T3 is known to stimulate UCP-1 and UCP-3 expression in
various tissues, enhancing the adrenergic response. Thus,
enhanced deiodination of T4 to T3 during cold exposure
amplifies the adrenergic upregulation of UCPs, leading
to heat production to facilitate rapid thermogenesis
(Tsibulnikov et al., 2020).

Calcium-dependent and adrenergic independent pathways.
PGC-1a activation is influenced by crosstalk with various
other pathways. For example, the increased expression
of PGC-la induced by raising cytosolic Ca®" levels
is mediated by calcium/calmodulin-stimulated protein
kinase II (CaMK II), the predominant CaMK iso-
form in skeletal muscle (Zhang et al., 2014). Moreover,
Ca*"-mediated PGC-la expression is likely regulated
in part through the phosphatase calcineurin, which
activates transcriptional factors involved in mitochondrial
biogenesis and muscle adaptation (Ihsan, Watson, &
Abbiss, 2014). In the context of cold adaptation, a
significant (around 50%) increase in basal muscle Ca**
levels in mice exposed to prolonged cold, accompanied
by no significant change in AMP-activated protein kinase
(AMPK) phosphorylation was reported (Bruton et al.,
2010). AMPK is a key energy sensor that can also activate
PGC-la under metabolic stress, such as exercise or
nutrient deprivation. AMPK is activated under conditions
of low cellular energy (high AMP/ATP ratio), e.g. when
ATP consumption outpaces production during intense
muscle contraction (exercise), hypoxia or ischaemic stress
(Carling, 2004; Hardie, 2003; Mulligan et al., 2007).
However, the lack of AMPK activation in the study
above suggests that Ca*"-dependent signalling may act
independently of AMPK to stimulate PGC-1la during
cold adaptation. This hypothesis is supported by findings
that multiple signalling pathways activated during muscle
contraction, such as those involving CaMK II (Zhang
et al., 2014) and calcineurin (Ihsan, Watson, & Abbiss,
2014), can stimulate PGC- 1« independently of adrenergic
input. Both kinases influence transcriptional regulators
like MEF2 and CREB, which promote PGC-1« expression
(Booth et al., 2015; Fernandez-Marcos & Auwerx, 2011).
Interestingly, this Ca?*-driven regulatory mechanism
resembles intracellular signalling events triggered by
exercise, where repeated muscle contractions increase
cytosolic Ca’", activating CaMK II and calcineurin
pathways (Fernandez-Marcos & Auwerx, 2011; Zhang
et al.,, 2014). While these mechanisms are not exclusive
to cold exposure, they may be particularly relevant in
shivering thermogenesis or cold-exercise interventions,
where skeletal muscle activity plays a key role in thermo-
genic adaptation (Booth et al., 2015; Fernandez-Marcos &
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Auwerx, 2011; Thsan, Watson, & Abbiss, 2014; Zhang et al.,
2014).

Health benefits of cold exposure

Figure 4 depicts a deliberately speculative model
of potential molecular cascades initiated by CWI
that could converge on PGC-loe and downstream
processes (mitochondrial biogenesis, substrate switching,
angiogenesis, antioxidant and immune modulation). The
directional arrows represent plausible mechanistic links
identified in the literature, which are supported to varying
degrees by: (1) acute molecular/hormonal responses
measured in humans, (2) studies combining CWI with
exercise interventions, and (3) preclinical or in vitro
experiments. Because the evidence base is heterogenous
and predominantly relies on acute exposures and animal
models, these arrows do not imply causal relationships,
and translational validity remains to be demonstrated.

Mitochondrial biogenesis. Mitochondrial biogenesis
can be defined as the making of new components
of the mitochondrial reticulum (Miller & Hamilton,
2012). Mitochondrial transcription is stimulated by
PGC-la, PGC-18 and PGC-1-related co-activator,
with PGC-1a being considered the master regulator of
mitochondrial biogenesis. On the other hand, PGC-1«
is strictly controlled on two levels: by transcriptional
factors and external stressors (which could potentially
include cold exposure) on the transcriptional level,
and secondly through post-translational modifications,
such as acetylation, phosphorylation, methylation or
ubiquitination on the post-translational level (Di et al.,
2018; Fernandez-Marcos & Auwerx, 2011). Activation of
PGC-1la stimulates the expression of NRF1 and NRF2
which in turn promote nuclear-encoded mitochondrial
transcription factor A (TFAM) expression (Irrcher
et al., 2008; Olesen et al., 2010). TFAM translocates to
mitochondria, where it initiates mitochondrial-DNA
transcription and replication (Onyango et al, 2021).
Although CWI has been shown to acutely increase
PGC-1la mRNA expression in skeletal muscle (Ihsan,
Watson, et al., 2014; Ihsan et al., 2015; Slivka et al., 2012,
2013), there is currently no direct evidence that this
translates into higher mitochondrial content or improved
mitochondrial respiratory capacity in humans, since
increased PGC-1a levels do not necessarily translate to
mitochondrial biogenesis changes (Miller & Hamilton,
2012).

The SIRT1 gene, which encodes sirtuine 1 (Sirtl),
an NAD™-dependent histone deacetylase, is known as
a ‘longevity gene’ and is crucial for mitochondrial
protein deacetylation (Wang et al., 2018). Sirtl1-mediated
deacetylation of PGC- 1« is thought to enhance its activity
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and promote mitochondrial quality and biogenesis.
Additionally, Sirtl interacts with AMPK, further linking
energy-sensing pathways to mitochondrial regulation (Xu
et al., 2021).

Angiogenesis. Blood flow is crucial for maintaining the
oxygen and nutrients required for energy production. ATP
is the primary energy source used by cells and it is most
efficiently produced by (oxygen-dependent) OXPHOS.
OXPHOS occurs in mitochondria, the main producers of
ATP, in which the oxidation of substrates (e.g. glucose)
yields energy in the form of ATP (Bonora et al., 2012;
Glancy et al., 2021; Herzig & Shaw, 2018).

The endothelium is responsible for modulating the
vascular tone by producing vasoactive substances that
either constrict or dilate vessels (Kadlec et al., 2016). Nitric
oxide (NO) has a vasodilatory effect on the endothelial
smooth muscle cells. Pathologies where NO bioavailability
is reduced, for example if increased ROS levels react with
NO or disrupt NO production, lead to impaired end-
othelial dilatation (Davignon & Ganz, 2004; Kubo et al,,
1991). Mitochondrial dysfunction is a contributing factor
to endothelial dysfunction, mainly through excessive
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production of ROS (Davidson & Duchen, 2007; Kluge
etal., 2013).

NO and PGC-la interact to regulate ROS levels,
though their interplay is complex (Borniquel et al., 2006).
In the short term, NO suppresses PGC-1o expression,
reducing mitochondrial antioxidant defence activity.
Conversely, prolonged exposure to NO enhances anti-
oxidant defences by promoting PGC-1« expression. This
temporal regulation of antioxidant pathways via PGC-1a
may explain the dual roles of NO as both a pro-oxidant
and an antioxidant (Patel et al., 2000).

The formation of new blood vessels, known as
angiogenesis, is an important physiological process for
wound healing, growth and reproduction (Swerlick,
1995). Disruption in angiogenesis regulation can
contribute to the pathogenesis of various diseases
ranging from cancer and arthritis, to ischaemia and
neurodegeneration (Tahergorabi & Khazaei, 2012). The
therapeutic use of angiogenesis has been investigated
extensively, especially as a potential treatment for
ischaemic disorders (Fallah et al, 2019; Tahergorabi
& Khazaei, 2012). Growth factors, such as vascular
endothelial growth factor (VEGF) are pro-angiogenic
signals that induce the process of angiogenesis (Chen
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Figure 4. Hypothetical model: potential molecular pathways linking cold-water immersion-induced

PGC-1« activity to downstream effects

Cold triggers adrenergic, Ca?*-dependent and thyroid-related signalling which can activate PGC-1a, which
may coordinate pathways related to mitochondrial biogenesis, substrate switching toward fatty acid oxidation,
angiogenesis, anti-inflammatory mediators, antioxidant defenses and immune modulation.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

35UBD1 T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ 43I UO (SUO N PUOD-PUR-SWLB}WOD" A3 | 1M A ed 1 pUIUO//:Sd1Y) SUORIPUOD pue SWB | 83U 39S *[5202/TT/90] Uo AkelqiauliuQ A8|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsIUedS AQ 9E568Z4r/ETTT OT/I0p/wod A 1m Arlqipul|uo-oosAud//sdny wouij pepeojumoq ‘0 ‘€6..69VT



J Physiol 0.0

et al., 2025). Blood vessel formation itself is a complex
physiological process (Karvinen et al., 2011) that upon
stimulation is regulated by the coordination of a multitude
of cellular processes by ‘master regulators; such as hypoxia
inducible factors (HIFs) (Burtscher et al., 2023). These
transcription factors induce the expression of hundreds
of genes necessary for adaptations to environmental
stressors, such as hypoxia (Tirpe et al., 2019). HIFs have
been identified to regulate the expression of various
pro-angiogenic factors, including VEGF (Chen et al,
2009). The regulation of VEGF in response to hypoxia
is thought to be mediated primarily through HIF-1«
and HIF-2¢ (Ferrara et al., 2003). However, expression
of VEGF can also be HIF-independent; for example,
driven by ERRo coactivation (Rowe et al,, 2010).
PGC-la can co-activate ERRa on conserved binding
sites found in the promoter and in a cluster within the
first intron of the VEGF gene (Arany et al., 2008). Thus,
PGC-1u could potentially serve as a therapeutic agent for
treating ischaemic diseases by elevating angiogenesis
and improving blood flow in the affected tissues
(Chinsomboon et al., 2009; Rowe et al.,, 2014). During
four weeks of endurance training, regular post-exercise
CWI application increased PGC-1a protein and several
mitochondrial proteins (Ihsan et al., 2015). However,
these data do not directly demonstrate angiogenesis or
increased capillarity; they indicate upstream signalling
compatible with such adaptations. Even though exercise
is thought to be a powerful stimulus to induce PGC-1«
expression, PGC-1oe mRNA upregulation was not present
in non-cold-immersed limbs, but in cold-immersed legs
(Thsan, W et al., 2014). This observation might suggest
that the response could be mediated by cold-induced
mechanisms, such as increased pB-adrenergic activity
(Hensel & Boman, 1960).

Consistent with the initial discovery as ‘cold-inducible’
factor, a growing body of literature from rodents (Oliveira
et al., 2004; Stancic et al., 2013) and humans (Thsan et al.,
2015; Slivka et al., 2013) shows that acute and repeated
exposure to cold environments might have the potential
to upregulate PGC-lo expression. Evidence cited for
increased capillary density with cold exposure derives
from breath-hold divers versus active controls (Bae
et al., 2003), a cross-sectional comparison with potential
confounding by apnoea/hyperbaric stimuli and training
status. Thus, it cannot serve as direct evidence that CWI
per se increases capillary density, an effect thought to
be mediated through the regulatory role of PGC-l& in
promoting VEGE, the primary pro-angiogenic factor in
skeletal muscle (Chinsomboon et al., 2009). Additionally,
Joo and colleagues tested the hypothesis that both passive
and post-exercise CWI increases PGC-la and VEGF
mRNA expression in human skeletal muscle (Joo et al.,
2016). Passive CWT acutely increased PGC-1a and VEGF
mRNA levels (Joo et al, 2016), but mRNA changes
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do not necessarily indicate increased VEGF protein,
angiogenic signalling in vivo, or structural angiogenesis,
in the context of notable post-transcriptional regulation.
Although p-adrenergic activity may affect PGC-la
expression in human skeletal muscle, the precise
mechanisms remain to be clarified; notably, Miura
and colleagues interrogated (-adrenergic/exercise
signalling rather than CWI specifically, so extrapolation
to cold water per se is limited (Miura et al., 2007). In
human skeletal muscle fibres, PGC-1a expression can be
directly enhanced by increased intracellular cAMP, PKA
activation/phosphorylation, and CREB binding to the
PGC-1a promoter (Fernandez-Marcos & Auwerx, 2011;
Puigserver & Spiegelman, 2003; Wu et al., 1999). Likewise,
in both muscle and vascular endothelial cells, VEGF
expression may be potentiated via f-adrenergic signalling
through PGC-1« and ERRe (Chinsomboon et al., 2009).
In summary, based on current data, there is no direct
evidence that CWI increases angiogenesis or capillary
density in either animal models or humans; available
findings are largely limited to acute transcriptional
responses (e.g. VEGF mRNA) and indirect/mechanistic
inferences.

Fatty acid metabolism. To reduce and offset heat loss to
the environment, humans, when exposed to cold, must
increase cold-defence mechanisms that both produce
and conserve heat. Accordingly, cold water increases
the metabolic rate by 275 and 45 W in individuals
with low and moderate body fat, respectively (Tikuisis
et al., 1988). In healthy men living in typical summer
conditions (ambient temperatures of 20-30°C with no
deliberate cold exposure), 31 days of cold air exposure
(~12°C, 8 h per day) reduced skin temperature by
~ 80% and whole-body heat generation by ~ 15%
(Davis, 1961). In another study, unacclimatized men that
completed 4 weeks of daily compensable cold exposure
(2 h per day at 10°C, 5 days per week) (Blondin et al.,
2017) underwent a standardized acute cold challenge
in the same liquid-conditioned suit (10°C). During that
post-acclimation cold exposure, shivering thermogenesis
was ~ 20% lower than it had been in the identical
cold challenge conducted before acclimation, despite
matching whole-body heat production. Furthermore, the
authors demonstrated that BAT volume and thermo-
genic capability rose by 45% and 182%, respectively,
after cold acclimation and concurrently decreased skeletal
muscle proton leak by combining isotopic and nuclear
imaging techniques in these same subjects (Blondin
etal., 2017). Moreover, cold exposure induces sympathetic
nervous system activity and BAT metabolism in humans
and can result in improved glucose metabolism without
affecting pancreatic insulin secretion (Iwen et al., 2017).
The metabolic and general health benefits arising from
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metabolic adaptation and increased energy expenditure
during cold applications are therefore important topics for
future research.

In response to cold-induced stress, PGC-1a activates
NRF1 and NRF2, which in turn drive the expression
of nuclear-encoded mitochondrial genes such as
TFAM, which is essential for mDNA replication and
transcription (Ranasinghe et al., 2023), increasing
oxidative capacity and favouring fatty acid-supported
ATP production. These pathways are consistent with
cold-evoked transcriptional programmes but do not by
themselves demonstrate functional mitochondrial gains
after CWI. Additionally, PGC- 1w increases the expression
of enzymes involved in fatty acid oxidation, such as
carnitine palmitoyltransferase 1 (CPT1), which facilitates
the entry of long-chain fatty acids into mitochondria for
B-oxidation (Miura et al., 2014). The cold-related AMPK
pathway increases glucose uptake and fatty acid oxidation
in skeletal muscle cells to increase ATP production
(Hayashi et al., 1998; Kurth-Kraczek et al., 1999). The
arcuate, dorsomedial, paraventricular, and ventromedial
nuclei, as well as the lateral hypothalamus and preoptic
area, are some of the hypothalamic neurons that control
thermogenesis and energy expenditure (Dimicco &
Zaretsky, 2007; Lopez & Tena-Sempere, 2017). When
exposed to cold, the preoptic area of the hypothalamus
becomes active and signals to neurons in the ventromedial
nuclei, causing AMPK to become inactive and causing
sympathetic outflow in the direction of BAT (Contreras
et al., 2015; Lopez & Tena-Sempere, 2017). There are two
distinct ways whereby AMPK (in)activation and BAT
are related: (1) through intracellular AMPK activation
in brown adipocytes or (2) through downregulation
of AMPK in the hypothalamus (van der Vaart et al,
2021). As mentioned above, AMPK activity mostly
reflects the whole-body energy balance and raises energy
levels through sympathetic nervous system outflow to
metabolic organs like BAT, whereas AMPK activity in
brown adipocytes is caused by a local energy deficiency
(Lopez, 2018; van Dam et al.,, 2015). When hypothalamic
AMPK is inhibited, a signalling cascade is triggered,
which leads to the excretion of noradrenaline near
brown adipocytes (van der Vaart et al., 2021). Through
noradrenaline binding to f2-adrenergic receptors in
humans (or B3 in rodents) on the surface of brown
adipocytes, intracellular cAMP rises via Gs-activated
adenylyl cyclase, which activates PKA to phosphorylate
lipases and trigger lipolysis; AMPK activation follows
as an indirect response to the energetic changes, not by
direct receptor binding or PKA phosphorylation (van
Dam et al., 2015).

The PPARwx pathway is also upregulated during cold
exposure, regulating the expression of genes involved in
fatty acid transport and oxidation. Upon cold-induced
activation, PPAR« increases the transcription of enzymes
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such as CPT1 and acetyl-CoA carboxylase, which enhance
the breakdown of fatty acids for ATP production (Zhang
et al., 2014). Cold exposure activated noradrenaline
release and binding to B-adrenergic receptors stimulate
the enzyme hormone-sensitive lipase to further promote
lipolysis. This process generates free fatty acids that
fuel the thermogenic process in BAT. Fibroblast growth
factor 21 (FGF21), a hormone that regulates metabolism
through various pathways to activate UCP-1, is involved
in promoting the use of fat for energy by enhancing
lipolysis and fatty acid oxidation (Chau et al., 2024). It
also supports mitochondrial biogenesis in tissues like
BAT and skeletal muscle, further facilitating thermo-
genesis. Mild cold exposure increases circulating FGF21
levels in humans, which is associated with enhanced
lipolysis and cold-induced thermogenesis, suggesting that
FGF21 could play a role in metabolic adaptations to cold
environments (Lee et al., 2013). However, these results
were observed during stays in cold climate chambers and
not in cold water. Increased serum FGEF21 levels were
also detected after CWI, and were linked to increased
BAT activation (Hanssen et al., 2015). Taken together,
these pathways, AMPK activation, PPAR« signalling,
noradrenaline-induced lipolysis in BAT, UCP1-mediated
thermogenesis, and FGF21 production work in concert
to enhance fatty acid oxidation, thermogenesis and
overall energy expenditure, supporting the body’s
adaptive response to cold exposure. Taken together,
these mechanisms plausibly favour fatty acid oxidation
and thermogenesis, but durable metabolic benefits from
CWI alone remain to be established.

Redox regulation. Oxidative stress, inflammation,
disease and ageing are strongly related. Oxidative stress
can increase inflammation, and both are frequently
higher in diseased and older individuals. CWI has been
shown to positively impact the immune system by raising
the metabolic rate and elevating catecholamine plasma
concentrations (Huttunen et al., 2001; Leppéluoto et al,,
2008). Regular CWI may also improve oxidative stress
indicators and have some cardioprotective effects (Kralova
Lesna et al., 2015), although this result was derived from
a cross-sectional study between cold adapted swimmers
and healthy controls. Any causal relationships remain to
be demonstrated.

The immune system’s response to common
non-infectious stressors following CWI has been
examined in a number of studies. In one study (Jansky
et al., 1996), plasma concentrations of interleukin (IL)-6,
total T lymphocytes (CD3), T helper cells (CD4), T
suppressor cells (CD8) and activated T and B lymphocytes
increased after 6 weeks of consistent 1 h CWI at
14°C. al-antitrypsin’s plasma concentration decreased
in the same investigation. While the evidence that
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cold-water exposure modulates autonomic, vascular and
metabolic responses is derived from interventional studies
showing robust catecholamine surges and thermogenic
activation during CWI, causal relationships of CWI and
inflammation remain uncertain. However, observational
cohorts of winter swimmers suggest associations with
favourable lipid and inflammatory profiles (Sramek
et al., 2000). IL-6 levels were considerably greater after a
brief CWI period after an exercise session than during
post-exercise rest at room temperature, according
to a study examining the effects of this treatment
(Pawlowska et al., 2021). IL-6 is the best investigated
myokine, released in response to exercise stimuli and
contributing to beneficial exercise adaptations (Severinsen
& Pedersen, 2020). The cold -induced sympathetic
activation and associated release of catecholamines such
as noradrenaline stimulate (-adrenergic receptors on
BAT and other tissues, triggering thermogenesis and via
the upregulation of UCPs enhancing mitochondrial heat
production. This in turn raises the production of ROS
as byproducts of mitochondrial respiration. Although
ROS are essential signalling molecules, excessive ROS
production can lead to oxidative stress, which can
damage cellular structures, including proteins, lipids
and DNA. To counteract this, the body activates several
protective mechanisms, with PGC-1« being a key player
in regulating oxidative stress (Rius-Pérez et al., 2020).
Cold-induced PGC-lo activation and transcription
relies on various signalling pathways, including AMPK
and noradrenaline. Once activated, PGC-1la coordinates
the expression of a wide range of genes involved in
mitochondrial biogenesis and oxidative metabolism. This
includes the upregulation of mitochondrial respiratory
chain complexes, enhancing the capacity of mitochondria
to generate ATP through OXPHOS. PGC-1« also plays
a crucial role in protecting cells from oxidative stress by
regulating the expression of antioxidant enzymes. One
of the primary mechanisms by which PGC-1o mitigates
oxidative damage is by increasing the transcription
of genes involved in the cellular antioxidant response
(TIacovelli et al., 2016). These include manganese super-
oxide dismutase (MnSOD) which in mitochondria
converts superoxide radicals into hydrogen peroxide
(Liu et al., 2022); catalase which decomposes hydro-
gen peroxide into water and oxygen (Heck et al,
2010), further reducing oxidative stress; and glutathione
peroxidase which reduces hydrogen peroxide to water
(Lubos et al., 2011), providing additional protection
against oxidative damage. By upregulating these anti-
oxidants, PGC-1la helps to balance the increased ROS
production induced by enhanced mitochondrial activity
during cold exposure, preventing cellular damage and
maintaining cellular homeostasis. PGC-1a also acts as
a co-activator for NRF1 and NRF2, two transcription
factors that are crucial for mitochondrial function
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and the antioxidant response (Aquilano et al., 2013).
Cold exposure enhances the activation of NRF1, which
regulates the expression of mitochondrial respiratory
chain genes, further enhancing mitochondrial oxidative
capacity (Chung et al., 2017). PGC-1’s activation of
NRF1 and NRF2 enhances mitochondrial biogenesis
while simultaneously supporting the cellular antioxidant
defence system, ensuring that the cold-induced increase
in ROS does not overwhelm cellular defences.

Collectively, these mechanisms could increase systemic
metabolism with potential cardioprotective effects, which
might be used for therapeutic and healthy ageing
purposes. Most of these outcomes are based on acute
signalling or preclinical data and direct confirmation of
functional improvements in humans following CWTI is
largely lacking.

Health risks of cold-water immersion

Cold water can provide beneficial health outcomes but
also poses risks. Sudden stimulation of the peripheral
cutaneous cold receptors can lead to the occurrence of
a cold-shock response (Tipton, 1989), including a strong
gasp response, uncontrollable hyperventilation, tachy-
cardia and an increase in circulating stress hormones.
Initiated by the dynamic response through sudden
stimulation of the peripheral cold receptors, the physio-
logical effects peak in the first 30 s of immersion and
adapt over the first 2 min (Tipton & Bradford, 2014). This
loss of the control of breathing alongside with aspiration
of a small volume of water can result in drowning
(Bierens et al., 2016; Tipton & Bradford, 2014). Water
temperatures of around 10°C are already associated with
similarly high risks of such hazardous responses like when
being immersed in 5°C cold water (Tipton et al., 1991).
Habituation to the cold-shock response can increase
chances of survival, by reducing the strong physiological
response and thereby the risk of water inhalation and
drowning. Several studies demonstrated consistently the
body’s ability to reduce this stress response after the 4th or
5th exposure to cold water (Eglin & Tipton, 2005; Tipton
et al., 1998, 2000). Some habituation to cold sensation and
cold pain appears to occur already after the first or second
trial (Smith et al., 2009). However, current evidence
does not indicate that progressive increase in intensity
(colder water), duration or frequency is required to retain
cardiometabolic or mental benefits of CWI (Cain et al.,
2025). Rather, regularity appears to be sufficient. On the
other hand, given the rapid habituation of the ventilatory
and cardiac components of the cold-shock response, a
modest adjustment of stimulus parameters over time (e.g.
slightly colder water, longer exposure, or greater body
surface area) may be necessary to maintain a minimum
physiological load. Importantly, current evidence does not

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

35UBD1 T SUOWIWOD dA a1 3|qedt|dde ayy Aq pausenob ake sapie YO ‘38N JO SN Joj A%eiq i 3UluQ 43I UO (SUO N PUOD-PUR-SWLB}WOD" A3 | 1M A ed 1 pUIUO//:Sd1Y) SUORIPUOD pue SWB | 83U 39S *[5202/TT/90] Uo AkelqiauliuQ A8|IM ‘(Pepiues ap 0LBISIUI) UOSINOL [UOITRN aURIY00D UsIUedS AQ 9E568Z4r/ETTT OT/I0p/wod A 1m Arlqipul|uo-oosAud//sdny wouij pepeojumoq ‘0 ‘€6..69VT



14 E. Hohenauer and others

establish that this minimum effective dose must elicit
a cold-shock response; whether provoking a cold-shock
response is required for health-relevant adaptations
remains unresolved. Progression can be considered if
one seeks to preserve acute cold-shock magnitude but is
not mandated by available data (Barwood et al., 2024).
However, cold habitation also includes potential threats
as it can produce so-called hypothermic habituation in
which individuals lose their perceptual and physiological
responses to cooling. The individual’s shivering response
is reduced and one feels paradoxically more comfortable
as the body’s core temperature continues to fall (Tipton,
2019).

If a person is able to control breathing following 2 min
of cold exposure, the individual has to counteract the
musculoskeletal impairment caused by neuromuscular
cooling and interrupted nerve conduction (Castellani
& Tipton, 2016). The arms are particularly susceptible
to such impairments due to their surface area-to-mass
ratio and the relatively superficial anatomical location
of nerves and muscles (Bierens et al., 2016). Since the
conduction velocity of the ulnar nerve falls by 15 m/s/10°C
fall in local temperature, nerve block can occur at a
temperature of 5-15°C for 1-15 min, leading to fatigue
and a reduction in force production (Tipton & Golden,
2006). This is a particular problem when people immerse
themselves occupationally in cold water, far away from
the shore. As a consequence, drowning can be caused by
physical incapacity and can occur before core temperature
falls below 35°C (Bierens et al., 2016). However, even
on exposure to severe cold stress (1°C water), an adult
of average adiposity is unlikely to become hypothermic
within 20 min (Stocks et al., 2004), although several factors
like general health, body composition, morphology, sex,
age, predisposing factors (e.g. pre-existing conditions)
and exercising during exposure significantly modify the
cold response (Esperland et al., 2022; Stocks et al., 2004).
Tipton and colleagues established a model for the pre-
diction of survival time in cold water (Tipton et al., 2022).
The established ‘maximum observed immersed search
time* (MOIST) relationship is intended to (1) provide
a means to incorporate knowledge of observed extreme
survival possibilities, and (2) convey to search and rescue
managers that in the absence of other information (e.g.
that the victim may be aboard a raft or have gone ashore),
the extent to which historic case information supports
the assumption that the victim may still be alive. The
functional expression for MOIST in hours is (Tipton et al.,
2022):

MOIST = 5.75 x exp (0.1 x sea surface temperature
[in°C])

This formula is based on the longest known survival
cases in various water temperatures and includes a
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safety margin to accommodate human variability. It was
designed not to be a prediction of typical survival time,
but a ‘not-to-exceed’ estimate, essentially serving as a
guide for the point beyond which it becomes unrealistic
to expect someone to remain alive in the water. Lott and
colleagues described the classic stages of hypothermia
based on clinical signs that can lead to cardiac arrest.
These can be found in Table 1 (Lott et al., 2021).

A large number of deaths may be attributable to
arrhythmias initiated on immersion by the coincidental
activation of the sympathetic and parasympathetic
division of the autonomic nervous system by stimulation
of cutaneous cold receptors around the body, called
autonomic conflict (Shattock & Tipton, 2012). Perhaps
one of the most powerful and reproducible ways of
inducing the autonomic conflict described above is
by rapid submersion in cold water (<15°C) with
attempted breath-holding (Shattock & Tipton, 2012).
Observed arrhythmias include predominantly supra-
ventricular/junctional arrythmias, short bursts of
ventricular tachycardia interposed between periods
of bradycardia, supraventricular ectopics, and atrio-
ventricular blocks (Datta & Tipton, 2006; Tipton et al.,
1994). Shattock and colleagues have defined various
predisposing factors for the occurrence of such fatal
arrythmias during CWI. These are highlighted in Table 2
(Shattock & Tipton, 2012).

Practical implications

‘Hormesis’ is a key evolutionary and physiological
concept that includes biological plasticity responses and
well-preserved stress defence mechanisms. It is defined
as a biphasic (or triphasic, see below) phenomenon, with
low-dose stimulation providing health-promoting effects
and high-dose inhibition producing negative effects
(Mattson, 2008). Cold water elicits a range of physiological
responses, with both acute and adaptive mechanisms that
primarily support thermoregulation but have crucial
implications for metabolism, cardiovascular health and
oxidative stress/inflammation management. The physio-
logical responses can be categorized as hormesis-like
responses, since regular cold-water exposures may induce
protective plastic adaptations, while too long exposure to
severe cold water entails substantial health risks, including
death. Molecular mechanisms frequently implicated
in cold adaptation, include mitochondrial biogenesis,
angiogenesis, shifts in cellular metabolism, modulation
of oxidative stress and inflammatory signalling pathways,
with PGC-la often being positioned as a central
regulator. These mechanisms, however, mostly lack
validation in humans, an important challenge for future
research. While they may provide a mechanistic rationale
for possible improvements in thermogenic capacity,
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Table 1. Categories of hypothermia from Lott and colleagues

Cold water and health benefits 15

Clinical findings

Estimated core temperature (°C)

Hypothermia | (mild) Conscious, shivering* 35 to 32°C

Hypothermia Il (moderate) Impaired consciousness*, may or <32 to 28°C
may not be shivering

Hypothermia lll (severe) Unconscious*, vital signs present <28°C

Hypothermia IV (severe)
absent

Apparent death, vital signs

Classically <24°C**

*Shivering or consciousness may be impaired by comorbid conditions such as trauma, central nervous system conditions, toxins or
drugs, such as sedative-hypnotic drugs or opioids, independent of core temperature.
** Cardiac arrest can occur at earlier or later stages of hypothermia. Some patients may have vital signs with core temperatures <24°C.

Table 2. Predisposing conditions associated with autonomic
conflict during cold-water immersion

Channelopathies (Long QT syndrome)
Atherosclerosis

QT interval does not match the prevailing heart rate
Acquired (drug-induced) long QT syndrome
Myocardial hypertrophy

Ischaemic heart disease

metabolic efficiency, and antioxidant defence following
controlled CWI, direct causal confirmation of these
adaptations in humans, especially following repeated or
regular CWTI remains limited.

Neuroprotective pathways may be activated by mild
environmental stressors (Burtscher et al., 2022), such as
cold, leading to reductions in neuroinflammation and
neurodegenerative processes, potentially through neuro-
hormesis (Arumugam et al., 2006; Calabrese et al., 2018;
Sahebnasagh et al., 2022). In a study involving mice, the
RNA-binding motif protein 3 (known as a ‘cold-shock
protein’) was overexpressed in the hippocampus (Peretti
etal., 2015). This resulted in sustained synaptic protection
for both prion disease-infected mice and those with
Alzheimer’s disease mutations when subjected to a cooling
protocol. While the translational potential of, especially
genetically modified, rodent models of human neuro-
logical diseases has limitations, these results indicate that
CWI could be neuroprotective and thus might reduce the
risk of developing neurodegenerative diseases (Esperland
etal., 2022).

In response to cold exposure, the body engages thermo-
regulatory processes including vasoconstriction, shivering
and non-shivering thermogenesis, primarily via BAT (van
der Lans et al, 2013). Cold stress activates a trans-
criptional network centred on the co-activator PGC-1a,
and involving downstream factors such as NRF1, NRF2

and ERRa which together drive upregulation of UCPs and
mitochondrial biogenesis in human skeletal muscle (Joo
etal., 2016; Zak et al., 2017). Repeated cold exposures also
promote angiogenic signalling via upregulation of VEGF
mRNA in human skeletal muscle following passive CWI
(Joo et al.,, 2016), thereby improving vascular adaptation
and oxygen delivery. From a metabolic perspective, acute
and repeated cold-water immersion activates AMPK in
human skeletal muscle, observed by increased AMPK
phosphorylation following post-exercise cold-water baths
(10 min at 10°C) in healthy adults (Allan et al., 2017).
Although direct measurements of PPAR activation after
CWTI are scarce, passive CWI alone upregulates PGC-1«
mRNA, the primary co-activator of PPAR«/y, implying
downstream PPAR signalling and enhanced fatty-acid
oxidation in human muscle (Joo et al., 2016). The anti-
oxidative benefits of cold adaptation have likewise been
demonstrated in human CWI protocols: winter swimmers
exhibit elevated activities of catalase, glutathione
peroxidase and SOD after repeated immersions (Park
et al., 2021; Wesotowski et al., 2023). These upregulated
enzymatic defences may mitigate ROS-induced damage,
curb inflammation and may underlie the neuroprotective
and cardiovascular resilience noted in habitual cold-water
practitioners (Esperland et al., 2022; Ivanova & Blondin,
2021; Knechtle et al., 2020). One promising phenomenon
that might partially explain the positive effects of cold
water on health-related factors is cross-adaptation.
This type of adaptation has been demonstrated, for
example, in a study in which habituating the sympathetic
nervous response to CWI also enhanced the body’s
reaction to moderate exercise in hypoxic conditions
(Lunt et al., 2010). Despite these promising physio-
logical benefits, several knowledge gaps remain. A
critical limitation of the field is that the vast majority
of studies have examined acute responses to a single
or a few bouts of CWI, often focusing on transient
changes in signalling molecules such as PGC-1or, AMPK
or VEGE Chronic studies that isolate the long-term
effects of CWI alone, without concurrent exercise, are
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virtually absent. This gap makes it difficult to determine
whether acute molecular responses translate into
persistent adaptations or health benefits. Future research
should prioritize longitudinal interventions to establish
whether repeated CWI yields durable improvements in
mitochondrial content, vascular function, or systemic
metabolism. The dose-response relationship between
water temperature, immersion duration, and health
outcomes requires further investigation to optimize
CWTI protocols. However, interesting findings suggest
that during short-term stress, multiple physiological
systems are activated to enable survival. Dhabhar and
colleagues hypothesized that just as the short-term
stress response (e.g. psychological stress in the face of
danger) prepares the cardiovascular, musculoskeletal
and neuroendocrine system for fight-or-flight, under
certain conditions, stress responses may be required to
prepare the body (e.g. immune system) for challenges
(e.g. wounding or infection) that may be imposed by a
potentially noxious stimulus (Dhabhar & McEwen, 1997;
Dhabhar et al., 1995). Cold-water stress might be such a
stressor, activating protective mechanisms that may not
only reduce future cold-water risk but possibly have other
beneficial effects as well (e.g. cross-adaptation for other
extreme environments). On the other side, chronic or
long-lasting (e.g. psychological or environmental) stress
can be harmful, leading to deleterious effects (e.g. on the
immune system) (Dhabhar, 2014). Therefore, we hypo-
thesize that extensive and long-lasting cold-water baths,
where a lot of heat energy is lost, and stress is produced,
might not stimulate the desired health benefit, especially
if combined with, for example, other environmental
stressors, psychological stress or an already compromised
immune system. It is important to note that there are
significant individual differences in stress perception,
processing, appraisal and coping strategies (Dhabhar &
McEwen, 2007; Gunnar & Quevedo, 2007). To reap health
benefits, it seems plausible that adequate regeneration
periods are required after CWI. The extent and efficiency
with which an organism returns to its resting zone and
can regenerate after stress depends on resilience, which
is defined as the capacity of psychophysiological systems
to recover from challenging conditions. Psychological
and physiological resilience factors determine the over-
all effects of stress on an individual (Dhabhar, 2009;
Dhabhar & McEwen, 2007). Circadian cortisol rhythm
evaluations might be of special interest in this context
as the dysregulation of this rhythm is one marker that
appears to coincide with the deleterious effects of chronic
stress (Dhabhar & McEwen, 1997; Sephton & Spiegel,
2003). Indeed, Eimonte and colleagues showed that even
a single cold bath in resting conditions with 14°C for
10 min led to increased cortisol levels compared with the
control group up to 12 h post-immersion (Eimonte et al.,
2021). On the other side, repeated activity in cold water
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also demonstrated abnormal daily cortisol variations
in winter swimmers, leading to potential immuno-
suppression (Loria et al., 2014). Although the optimal
cold-water dose for health benefits remains unknown and
certainly depends on individual resilience factors, it is
likely that shorter immersion times at appropriate times
during the day (e.g. due to the sympathetic effects not
closely before sleeping) may lead to more beneficial effects
than longer exposures (Tipton et al., 2017). Based on the
above-mentioned findings, a summary of the hypothetical
triphasic dose-response curve of cold-water immersions
on systemic health outcomes is presented in Fig. 5 with
considerations for safe cold-water immersion given in
Table 3.

In summary, cold exposure might trigger distinct
transcriptional programmes in several organs like
BAT and WAT, skeletal muscle, the cardiovascular
system and the intestines. Cold-induced factors (such
as PGC-la, ERRs and IRF4) may synergistically
enhance mitochondrial biogenesis and upregulate
UCP1 expression, promoting non-shivering thermo-
genesis. PPAR«a/y and FGF21 (mainly a hepatokine,
but in stress situations also expressed in other tissues)
facilitate fatty acid mobilization and improve glucose
uptake. Concurrently, TFAM and VEGF could contribute
to mitochondrial proliferation and angiogenesis,
respectively, to meet the increased energetic demands
associated with physiological temperature-regulation
responses. Enhanced mitochondrial respiration elevates
ROS production, which is counteracted by antioxidant
systems regulated by nuclear factor erythroid 2-related
factor 2 and SOD activity. These coordinated cellular
and systemic adaptations contribute to increased energy
expenditure and may improve metabolic health outcomes
following repeated CWI.

Although  CWI  shows  promise as a
non-pharmacological approach for metabolic and
cardiovascular health, the current evidence is largely
preliminary. Future research should clarify the long-term
health outcomes in humans, delineate mechanistic
pathways including dose-response relationships, assess
the translational relevance of findings from animal
and combined-intervention studies and, in particular,
establish standardized and optimized CWI protocols
to test whether such exposures can reproducibly
elicit health-promoting physiological adaptations. We
recommend randomized, adequately powered trials
that evaluate CWI alone (not combined with exercise)
over sufficiently long interventions (>6-12 weeks
for mitochondrial or performance endpoints), use
pre-specified primary outcomes tied to organelle function
(e.g. high-resolution mitochondrial respirometry, citrate
synthase activity, mDNA copy number, or other clinically
relevant endpoints such as insulin sensitivity), and
include rigorous safety monitoring. To improve the
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Table 3. Consideration before cold-water immersion for health purposes

Medical health check even for young and healthy persons

Free of predisposing factors for heart arrhythmias (see Table 2)

Enter the water slowly to reduce cold water shock

Perform head-out immersion without breath holding to reduce risk of autonomic conflict
Habituate to cold water

Feeling comfortable in cold water may be treacherous especially when already well habituated
Stay near the shore

Do not perform cold-water immersion alone

Limit the exposure to severe cold to 10 min to reduce the risk of significant neuromuscular cooling
Consider environmental conditions during immersion and when getting out

robustness and reproducibility of the results, monitoring  temperature and skin temperature. Currently there are no
relevant physiological parameters will be crucial. Those  widely accepted guidelines regarding levels and thresholds
may include - besides the measurement of metabolic,  related to these parameters in CWL.

cardiovascular, respiratory, haematological and immuno- Based on the currently low level of evidence of
logical parameters - in particular, changes in core body =~ mechanistic underpinnings of health benefits of CWI,
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Figure 5. Assumed triphasic dose-response relationship model following cold-water immersion

The response to cold-water exposure follows a triphasic pattern. Initially, a null-effect zone is observed immediately
after exposure to the thermal stimulus. This is followed by a ‘therapeutic zone’, characterized by physiological
benefits that occur in the early phase of the cold-shock response (CSR)/initial response (IR) and the subsequent early
adaptation phase (AP). The therapeutic effect peaks within these windows. Prolonged exposure beyond the body’s
capacity to maintain thermal homeostasis diminishes these benefits, leading to a progressive loss of therapeutic
efficacy. Upon surpassing the threshold into hypothermia (HYP), cold stress induces deleterious effects, ultimately
progressing toward a life-threatening state with continued exposure. The MOIST formula provides an estimate of
the maximum permissible immersion time before fatal outcomes are likely, although significant health benefits are
no longer present at such prolonged durations. The grey shaded area indicates that fatal reactions can already
occur in the IR/CSR and AP stadium, especially if the factors listed in Table 3 are not considered.
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including potential mitochondrial improvements, our
synthesis should be read as a framework to identify
mechanistic targets and to guide the design of future,
adequately powered interventions. Moreover, we hope
that the present review facilitates the development of a
clearer framework and guidelines for future research on
CWL
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