Received: 16 June 2025

Revised: 9 March 2026

Accepted: 9 March 2026

DOI: 10.14814/phy2.70838

REVIEW

I gl sl PHYSIOLOGICAL REPORTS 8

physiological
Society Sodiety

w

Cold exposure and metabolic health: Therapeutic potential
for obesity, diabetes, and beyond

Xirong Li' | Jiale Dang' | Rui Guo® | Helen R. Griffiths® | Shemin Lu“*?

Dan Gaol**

!Institute of Molecular and
Translational Medicine, School of

Basic Medical Sciences, Xi'an Jiaotong
University Health Science Center, Xi'an,
China

Department of Pathology, The Second
Affiliated Hospital of Xi'an Jiaotong
University, Xi'an, China

3Swansea University Medical School,
Swansea University, Swansea, UK

“Key Laboratory of Environment
and Genes Related to Diseases (Xi'an
Jiaotong University), Ministry of
Education, Xi'an, China

*Department of Biochemistry and
Molecular Biology, School of Basic
Medical Sciences, Xi'an Jiaotong
University Health Science Center, Xi'an,
China

6Department of Human Anatomy,
Histology and Embryology, School of
Basic Medical Sciences, Xi'an Jiaotong
University Health Center, Xi'an, China

Correspondence

Dan Gao, Institute of Molecular and
Translational Medicine, Xi'an Jiaotong
University Health Science Center, Xi'an,
People’s Republic of China.

Email: dangao@xjtu.edu.cn

Funding information

The National Natural Science
Foundation of China, Grant/Award
Number: 81873665 and 82102726;
Natural Science Foundation of Shaanxi
Province (Shaanxi Province Natural
Science Foundation), Grant/Award
Number: 2024JC-YBMS-608

Abstract

Cold exposure, an inducer of brown adipose tissue thermogenesis, has been ap-
plied to relieve exercise-induced pain and inflammation, modulate circulation
and enhance metabolism. However, its role in managing metabolic diseases and
the underlying molecular mechanisms remain inadequately understood. This re-
view provides a comprehensive, updated perspective on the therapeutic potential
of cold exposure in obesity, diabetes, inflammation, and cancer. First, we address
the physiological effects of cold exposure on adipose tissue thermogenesis and
metabolic adaptations. Next, we summarize findings from preclinical and human
studies demonstrating that cold exposure reduces serum lipid levels, enhances
insulin sensitivity and glucose homeostasis, modulates immune responses, and
inhibits tumor growth. Mechanistically, cold sensing is primarily mediated by
transient receptor potential channels (TRPMS8, TRPA1) in preclinical models,
with downstream signaling involving the calcium-protein kinase A-uncoupling
protein 1 pathway regulating thermogenesis and metabolism. Despite promising
potential, cold exposure is linked to stress and cardiovascular risks, especially
in vulnerable populations with metabolic disorders or advanced age. The clini-
cal translation is hindered by unstandardized protocols, flawed cooling devices,
and incomplete understanding of human brown adipose tissue function. Further
research is necessary to elucidate these risks and develop strategies balancing the
benefits and harms of cold exposure for clinical translation.
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1 | INTRODUCTION

Cold therapy, or cryotherapy, is an established treatment
approach that uses low temperatures to treat various con-
ditions and enhance overall health, such as muscle in-
jury (Racinais et al., 2024), post-exercise recovery (Allan
et al., 2022), and certain types of skin disease (Garcia-
Oreja et al., 2022). Cold therapy typically involves expos-
ing the body or specific body parts to low temperatures,
which can be achieved through lower environmental tem-
perature, cold water immersion, cold/ice packs, or cold-
water perfused blankets or vest (Allan et al., 2022). Cold
stimulation triggers a series of physiological responses
in the body, including vasoconstriction and tissue tem-
perature reduction. These responses offer several poten-
tial benefits such as reducing inflammation, pain relief,
enhancing muscle recovery, and increasing metabolism
(Allan et al., 2022).

It is widely acknowledged that cold exposure induces
thermogenesis, which may promote energy expenditure
and thus represents a potential approach to treating met-
abolic disorders, including obesity and diabetes (Ivanova
& Blondin, 2021). In humans, cold exposure elicits broad
systemic metabolic changes across diverse tissues, includ-
ing adipose tissue, liver, and muscle (van Beek et al., 2023).
Specifically, cold exposure markedly enhances the utili-
zation and metabolism of circulating glucose by skeletal
muscle and possibly white adipose tissue (WAT), thereby
improving glucose homeostasis (van Beek et al., 2023).
The discovery of functional brown adipose tissue (BAT)
in adult humans has spurred significant research interest
in activating BAT as a potential treatment for human met-
abolic disease (Cypess et al., 2009; Lee et al., 2011; van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).
Notably, the presence of BAT in humans is more pro-
nounced during cold stimulation (Saito et al., 2009; van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).
However, the metabolic benefits of cold exposure in the
context of obesity and its related diseases, along with the
underlying molecular mechanisms, remain inadequately
understood.

In this review, we aim to provide an up-to-date over-
view of the therapeutic potential of cold exposure for
obesity, diabetes, inflammation, and certain types of
cancer. We discuss the physiological roles of cold ex-
posure in regulating adipose tissue thermogenesis and
metabolic adaptations and summarize findings from
preclinical and human research regarding its therapeu-
tic potential. These studies demonstrate that cold ex-
posure lowers circulating lipid levels, improves insulin
sensitivity and glucose homeostasis, regulates immune
responses, and suppresses tumor growth. Furthermore,
we explore the underlying mechanisms of cold-induced

metabolic benefits, as well as the risks of cold exposure
in clinical contexts.

2 | COLD-INDUCED ADIPOSE
TISSUE THERMOGENESIS AND
ENERGY ALTERATIONS

Cold-induced adipose tissue thermogenesis is a vital phys-
iological process for maintaining body temperature and
regulating energy metabolism, which has been extensively
investigated in both animal models and human studies.
Fundamentally, cold induces thermogenesis through two
distinct processes, namely shivering and non-shivering
thermogenesis, and these two processes serve as the core
basis for understanding the molecular and physiological
basis of cold-induced thermogenesis, which will be dis-
cussed in detail in the subsequent sections.

2.1 | Animal studies on cold-induced
adipose thermogenesis

In mice, non-shivering thermogenesis is mediated by two
distinct forms of thermogenic adipose tissue: classical
BAT and beige adipose tissue. Classical BAT originates
from My5*Pax7" skeletal muscle progenitors during em-
bryonic development and is primarily located in the in-
terscapular area (Seale et al., 2008). Beige adipocytes, by
contrast, develop postnatally from Myf5~ progenitors, are
inducible by cold exposure (Cousin et al., 1992), and reside
in inguinal white adipose tissue (iWAT) (Wu et al., 2012).
Additionally, lineage tracing studies have identified two
unique progenitor populations: Sca-1*Pdgfra* progeni-
tors give rise to brown adipocytes, while Acta2*Myh11*
progenitors differentiate into beige adipocytes during
cold stimulation (Berry et al., 2016; Lee et al., 2015; Long
etal., 2014). In addition to Sca-1"Pdgfra™ progenitors, a re-
cent study demonstrated that Trpvl™ progenitors derived
from vascular smooth muscle serve as a source of cold-
induced brown adipocytes in mice (Finlin et al., 2018).

In response to cold, the sympathetic nerves release
norepinephrine (NE) in mice, which can induce WAT
lipolysis and release free fatty acids (FFAs) via the p3-
adrenergic receptor (3-AR)/protein kinase A (PKA) path-
way (Sakers et al., 2022). FFAs then act as the substrate
for activating BAT thermogenesis in a UCP1-dependent
manner (Sakers et al., 2022). In addition to WAT lipoly-
sis, BAT intracellular lipolysis also contributes to cold-
induced BAT thermogenesis in mice, especially during
fasting and cold acclimation, as evidenced by the finding
that mice with a double-knockout of adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL) in BAT
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exhibit reduced body temperature in the fasted and cold
state (Mouisel et al., 2025).

Beyond UCP1-dependent thermogenesis, several
ATP-dependent futile cycles have been proposed as alter-
native adipose thermogenesis mechanisms in response
to cold stimulation in mice. These include the Sarco/
Endoplasmic Reticulum Calcium-ATPase (SERCA)-
mediated calcium cycle (Ikeda et al., 2017), the creatine
cycle (Kazak et al., 2015), and the triglyceride (TG)-FFAs
cycle (Anunciado-Koza et al., 2008). Intriguingly, a recent
study demonstrated that the creatine futile cycle operates
in parallel with UCP1 and promotes BAT thermogene-
sis during cold exposure via the SNS/NE/al-AR path-
way (Rahbani et al., 2024). Furthermore, two research
groups independently identified two distinct subpopula-
tions of beige adipocytes in mice, which utilize either a
futile cycle or UCP1 for thermogenesis (Vargas-Castillo
et al., 2024; Wang et al., 2024). Moreover, mice subjected
to long-term cold exposure exhibited increased beige fat
formation, occurring through de novo beige adipocyte dif-
ferentiation within iWAT (Cohen & Kajimura, 2021) and
the conversion of low-thermogenic brown adipocytes into
high-thermogenic cells (Song et al., 2020). Additionally,
in A/J mice with impaired 3-AR signaling in BAT, skele-
tal muscle can compensate for BAT-mediated nonshiver-
ing thermogenesis during cold adaptation and therefore
contribute to energy expenditure and resistance to obe-
sity (Bardova et al., 2024). In summary, cold stimulation
in mice induces multiple thermogenic mechanisms in-
cluding both UCP1-dependent and UCP1-independent
pathways, promoting beige fat formation, and activating
skeletal muscle shivering thermogenesis to regulate en-
ergy metabolism.

2.2 | Human studies on cold-induced
adipose thermogenesis

In humans, cold-induced BAT thermogenesis is not only
crucial for maintaining body temperature, particularly in
infants, but also confers potential metabolic benefits in
adults (Betz & Enerback, 2018). Similar to animal models,
human thermogenesis in response to cold relies on two
distinct processes: shivering and non-shivering thermo-
genesis. During acute cold exposure, muscle shivering
serves as the primary heat-generating mechanism for body
temperature maintenance (Castellani & Young, 2016). In
contrast, long-term cold adaptation is associated with at-
tenuated muscle shivering and increased contribution of
BAT-mediated adaptive thermogenesis to heat production
(Betz & Enerback, 2018). Notably, signaling through p2-
AR is the primary pathway underlying cold-activated BAT
in humans (Blondin et al., 2020).

sssss

BAT abundance and characteristics in humans vary
markedly with age. Newborns exhibit relatively high
BAT levels (Singh et al., 2021), whereas in adults, BAT is
significantly reduced and detectable in only a small sub-
set of individuals (7.5% women and 3.1% men) (Cypess
et al., 2009); however, it becomes evident in most adults
following cold stimulation (96% men) (van Marken
Lichtenbelt et al., 2009). Anatomically, adult human BAT
is predominantly localized to paravertebral junctions,
cervical regions, and axillary areas (Leitner et al., 2017).
Histologically, infant interscapular BAT closely resembles
classical murine BAT, characterized by multilocular brown
adipocytes (Lidell et al., 2013). In contrast, adult human
BAT contains discrete islands of multilocular adipocytes
surrounded by unilocular adipocytes, a feature similar to
that of murine beige adipose tissue under mild cold con-
ditions (21°C) (Cannon et al., 2020; de Jong et al., 2019).
Consistent with these phenotypic differences, gene ex-
pression profiling reveals that infant interscapular BAT
expresses characteristics of classical brown adipocytes,
while adult human BAT displays a transcriptional profile
more similar to that of beige adipocytes (Lidell et al., 2013;
Shinoda et al., 2015; Wu et al., 2012). However, conflict-
ing evidence exists regarding the nature of human BAT. A
recent study using physiologically humanized mice sug-
gests that human supraclavicular BAT may be more sim-
ilar to murine classical BAT (de Jong et al., 2019; de Jong
et al., 2020; Kajimura & Spiegelman, 2020). Notably, these
mice were housed at thermoneutrality and fed a high-fat
diet (HFD) for 1year, which could induce systemic meta-
bolic impairments and thus may not represent an optimal
model for mimicking human BAT physiology.

Furthermore, recent advancements in single-cell or
single-nucleus transcriptomics have uncovered exten-
sive adipocyte heterogeneity in both WAT and BAT. For
example, dipeptidyl peptidase-4 positive (DPP4™) stromal
vascular fraction (SVF) cells are bona fide multipotent
mesenchymal progenitors that give rise to white adipo-
cytes in both murine and human adipose tissue (Nisoli
& Cinti, 2024). Importantly, cold exposure has also been
shown to induce beiging of subcutaneous WAT in both
lean subjects and individuals with obesity, which may pro-
vide an additional thermogenic pathway contributing to
metabolic benefits (Finlin et al., 2018).

3 | COLD EXPOSURE-INDUCED
METABOLIC ALTERATIONS

Cold exposure profoundly regulates whole-body me-
tabolism in a species-specific manner. Given the distinct
responses observed between rodents and humans, we sep-
arately outline cold-induced metabolic alterations in mice
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and humans to clearly differentiate preclinical data from
clinical observations.

3.1 | Cold-induced metabolic alterations
in animal models

In mouse models, multiple fuel sources including free fatty
acids, glucose, lactate, amino acids, and glutamine are
utilized by BAT mitochondria for thermogenesis during
cold exposure (Figure 1a). Using arteriovenous sampling
and stable isotope tracing, metabolic fluxes across tissues
have been comprehensively quantified in cold-exposed
mice (Bornstein et al., 2023; Park et al., 2023). Specifically,
in mice subjected to acute cold exposure and fasting
(Figure 1b), fatty acids released from TG stores in WAT
serve as the primary energy source for BAT thermogenesis
(Bornstein et al., 2023). Moreover, acute cold exposure in
fasted mice promotes liver gluconeogenesis to support
the tricarboxylic acid (TCA) cycle in BAT (Bornstein
et al., 2023), while branched-chain amino acids (BCAAs)
and liver-derived 3-hydroxybutyrate (3HB) fuel muscle
thermogenesis (Bornstein et al., 2023; Xu et al., 2019).
Conversely, in acutely cold-exposed mice fed a chow
diet, BAT predominantly uses glucose for thermogenesis
(Bornstein et al., 2023; Park et al., 2023) (Figure 1c). These
preclinical findings in mice suggest that cold exposure re-
shapes whole-body metabolism via tissue-specific fuel se-
lection, orchestrating complex inter-tissue crosstalk.

Chronic cold exposure further alters metabolism in
preclinical mouse models. In ad libitum chow-fed mice,
chronic cold exposure increases BAT uptake of multiple
circulating metabolites, including glucose, lactate, 3HB,
long-chain fatty acids, and most amino acids (including
BCAAs) (Figure 1d) (Park et al., 2023). Among these, fatty
acids are the preferential fuels for BAT thermogenesis
during long-term cold exposure in mice (Park et al., 2025).
Chronic cold exposure also induces glutamine synthesis
and catabolism in mouse BAT, a metabolic pattern that
potentially supports BAT thermogenic function (Park
et al., 2023). Overall, in mice, BAT's enhanced uptake of
circulating metabolites during prolonged cold exposure
sustains its role in body temperature maintenance. This
unique property of mouse BAT confers metabolic benefits
in preclinical settings and implies therapeutic potential
for metabolic diseases.

3.2 | Cold-induced metabolic alterations
in humans

In humans, acute cold stimulation appears to significantly
modulate glucose and lipid metabolism (Table 1). In

healthy human subjects, acute mild-cold exposure (ambi-
ent temperature of 17+1°C for ~2h) increases BAT glu-
cose (Orava et al., 2011; Virtanen et al., 2009) and FFAs
uptake (Ouellet et al., 2012), improves insulin sensitivity
by approximately 20% (Iwen et al., 2017), but does not alter
pancreatic insulin secretion (Iwen et al., 2017). Beyond
BAT, skeletal muscle contributes to glucose uptake dur-
ing acute cold exposure accompanied by shivering in hu-
mans (Blondin et al., 2015). Consistent with this, healthy
human males exposed to cold conditions with shivering
(7.5°C for 24h) display reduced total carbohydrate oxi-
dation and elevated lipid oxidation (Haman et al., 2016).
However, acute cold exposure (10°C for 1h, with shiver-
ing) followed by 90 min of rest does not affect glucose tol-
erance in healthy subjects (Sellers et al., 2021), suggesting
that cold-induced changes in glucose metabolism may be
transient in humans.

Acute cold exposure also alters nearly all serum lipids
levels in healthy humans (Horing et al., 2025). For exam-
ple, 2h of cooling via a cold-water perfused mattress or
170 min of intermittent cold-water bathing (both with-
out shivering) increases serum FFAs, TGs, and HDL in
humans (Eimonte et al., 2022; Hoeke et al., 2017; Horing
et al., 2025). In contrast, 10 min of cold-water immersion
has no effect on serum TC, TGs, or LDL levels (Eimonte
et al., 2022). These divergent results in human studies may
be due to increased WAT lipolysis and hepatic VLDL-TG
production, driven by enhanced systemic sympathetic ac-
tivity (Geerling et al., 2014).

Additionally, acute cold exposure reshapes the circu-
lating fatty acid profile (Straat et al., 2022). Specifically,
levels of long-chain monounsaturated fatty acids (C22:0)
and very long-chain saturated fatty acids (C20:1n9 and
C24:1n9) decrease in human subjects (Iwen et al., 2017).
A recent human trial further reported that 2h of cold ex-
posure raises plasma signaling lipids (omega-6 oxylipins
by 47% and omega-3 oxylipins by 77%) in young adults
(Jurado-Fasoli et al., 2024). These changes correlate with a
healthier cardiometabolic profile, including lower adipos-
ity, improved glucose homeostasis, more favorable lipid
levels, and better liver function markers (Jurado-Fasoli
et al., 2024). Importantly, this association is independent
of BAT activation, as only 5% of the total measured lipid
species show a weak negative correlation with BAT vol-
ume (Jurado-Fasoli et al., 2024). This implies that non-BAT
mechanisms contribute to cold-induced improvements in
the cardiometabolic lipid profile in humans.

Furthermore, a 4-week human study of mild-cold ex-
posure (18°C, 2h/day) demonstrated that this interven-
tion increases BAT oxidative capacity by 2.6-fold but does
not enhance dietary fatty acids (DFA) uptake or systemic
fatty acid clearance (Blondin et al., 2017). This finding in-
dicates that BAT plays a minimal role in DFA clearance
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FIGURE 1 Cold-induced adipose adaptive thermogenesis and metabolic changes. (a) Mitochondrial metabolic pathways in
thermogenesis. Mitochondrial metabolic fuels enter the tricarboxylic acid (TCA) cycle, contributing to uncoupling protein 1 (UCP1)-
dependent thermogenesis. Concurrently, the creatine kinase B (CKB)-mediated creatine futile cycle operates in parallel with UCP1 to
enhance brown adipose tissue (BAT) thermogenesis. (b) Substrate mobilization under acute cold and fasting conditions. During acute cold
exposure and fasting, fatty acids are released from triglyceride stores in white adipose tissue (WAT), while glucose is generated via liver
gluconeogenesis to support the TCA cycle in BAT for thermogenesis. Fatty acids serve as the primary fuel for heat production in BAT. In
muscle, branched-chain amino acids (BCAAs) and liver-derived 3-hydroxybutyrate (3HB) act as key energy sources for the thermogenesis
process. (c) Fuel preference during acute cold exposure with chow diet. Under acute cold exposure and fed a chow diet, BAT primarily
utilizes glucose thermogenesis. (d) Metabolic flexibility during chronic cold exposure. During chronic cold exposure on a chow diet, BAT
exhibits a significant increase in the uptake of diverse circulating fuel metabolites, including glucose, lactate, 3HB, long-chain fatty acids,
and most amino acids (e.g., BCAAs). Glucose and lactate serve as the dominant fuels for BAT thermogenesis, accounting for approximately
85% of the carbon source utilized. Additionally, the glutamine synthesis and catabolism cycle may function as an alternative futile cycle to
support BAT thermogenesis. BAT, brown adipose tissue; BCAAs, branched-chain amino acids; CKB, creatine kinase B; TCA, tricarboxylic
acid; UCP-1, uncoupling protein 1; WAT, white adipose tissue.
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TABLE 1 (Continued)

Detection
of BAT

activity

Outcome

CE duration

CE modality

Achieved CE temperature

Participants

References

EE}

10days (2h on
Day1,4hon

Air

16°C-17°C

9 subjects with ob+T2DM

(4F/5M)

Remie et al. (2021)

Day 2, 6h on
Day 3-10)

Subjects with cancer
Seki et al. (2022)

PET-CT

BAT glucose uptake?

7 days

Air

22°C

A patient with Hodgkin's

lymphoma

Tumor glucose uptake|

society’

Abbreviations: CE, cold exposure; DFA, dietary fatty acids; F, female; FFAs: free fatty acids; GLTU4, glucose transporter 4; M, male; ob, obese (BMI >30 kg/m?); ow, overweight (BMI 25.0-29.9 kg/m?); PET-CT, positron

emission tomography-computed tomography; REE, resting energy expenditure; SM, skeletal muscle; T2DM, type 2 diabetes mellitus; TG, triglycerides.
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in humans compared with other organs such as the heart,
liver, skeletal muscles, or WAT. Given the relatively small
volume of BAT in humans, it remains debatable whether
BAT activation alone can serve as the primary driver of
substantial metabolic improvement (Gupta, 2023).

4 | MOLECULAR MECHANISMS
OF COLD-INDUCED METABOLIC
CHANGES

Thermal sensation, encompassing cold and heat percep-
tion, is a fundamental component of somatic sensation.
Among the receptors mediating thermal sensation, the
transient receptor potential (TRP) channel family is criti-
cal. These protein-based transducers detect and relay en-
vironmental stimuli, including temperature, pain, tactile
pressure, and osmotic pressure. Two key TRP channels
involved in cold sensation, TRPMS8 and TRPA1, are ana-
lyzed in detail below, with clear distinctions between pre-
clinical and human studies.

4.1 | Role TRPMS in cold sensation and
metabolic regulation

In preclinical mouse models, TRPMS8 serves as the pri-
mary transducer for non-noxious cold sensation in pri-
mary afferent neurons (Bautista et al., 2007). As a calcium
ion channel, it exhibits high sensitivity to non-noxious
cold temperatures (below 25°C) and cooling agents
such as menthol and icilin (Bautista et al., 2007; Dhaka
et al., 2007). TRPM8 expression is widely distributed
across various tissues in rodents, particularly in those
critical for cold perception, including skin, dental pulp,
nasal mucosa, and respiratory airways (Liu et al., 2020).
Notably, studies using rodent models have shown that
TRPMS transcripts are expressed in small-diameter neu-
rons of the trigeminal ganglia and dorsal root ganglia
(DRG), which contain subpopulations of C and AS afferent
nerve fibers (Kobayashi et al., 2005). Functional studies
using HEK293T cells have confirmed that the C-terminal
domain of rat TRPMS is responsible for mediating its tem-
perature sensitivity (Brauchi et al., 2006). Furthermore,
experiments in TRPM8-overexpressing CHO cells dem-
onstrated that a temperature decrease from 25°C to 15°C
enhances intracellular Ca*" influx (Peier et al., 2002); the
resultant alterations in transmembrane calcium concen-
tration generate bioelectrical signals relayed to the cen-
tral nervous system, ultimately mediating cold perception
(Peier et al., 2002).

Consistent with rodent data, TRPMS is also widely ex-
pressed in human tissues, with high abundance in cold
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perception-related sites such as the skin, dental pulp,
nasal mucosa, and respiratory airways (Liu et al., 2020).
Studies have confirmed TRPMS expression in human
dorsal root ganglia (DRG) neurons (Nguyen et al., 2021).
However, the detailed molecular mechanism underlying
its temperature sensitivity (e.g., the role of the C-terminal
domain) has not been fully validated in human-derived
cells, leaving gaps in our understanding of its functional
role in human cold perception.

All evidence linking TRPMS8 activation to metabolic
regulation comes from rodent models, with no supporting
human clinical data. In these preclinical settings, TRPMS8
activation mimics cold stimulation and exerts metabolic
benefits, showing promise for improving outcomes in
obese and type 2 diabetic mice (Sanders et al., 2021). For
example, feeding mice a diet supplemented with menthol
(a TRPMS agonist) induces thermogenesis and protects
against high-fat diet (HFD)-induced obesity and glucose
intolerance via the TRPM8-Ca**-PKA-UCP1 pathway (Ma
et al., 2012). Notably, TRPMS is also expressed in rodent
brown adipocytes, and menthol treatment upregulates
UCP1 expression in these cells (Ma et al., 2012), suggest-
ing an alternative pathway for cold-induced thermogene-
sis in BAT. Acute and chronic topical menthol treatment
further activates BAT in mice, increasing UCP1 expres-
sion and thermogenesis (Sankina et al., 2024); these ef-
fects persist even in mice housed at thermoneutrality
(McKie, Medak, et al., 2022). Global Trpm8 knockout
mice develop age-related obesity and glucose intolerance
at room temperature, a phenotype partially driven by day-
time hyperphagia and reduced fat oxidation (Reimundez
et al., 2018). Critical insights from conditional knock-
out models show that neuron-specific Trpm8 knockout
mice develop obesity on a chow diet, whereas peripheral
sensory neuron-specific Trpm8 knockout mice do not
(Liskiewicz et al., 2023), indicating that the anti-obesity
effect of TRPMS is likely mediated by central nervous
system stimulation rather than peripheral sensory neu-
rons. Similarly, subcutaneous injection of icilin, another
TRPMS agonist, elicits positive effects in HFD-fed mice,
such as increased energy expenditure and reduced body
weight (Clemmensen et al., 2018); unlike menthol, how-
ever, icilin exerts no direct cell-autonomous effects on cul-
tured brown adipocytes (Liskiewicz et al., 2023).

4.2 | Role TRPAL1 in cold sensation and
metabolic regulation

In preclinical mouse models, TRPA1l, a TRP family
member also known as ankyrin-like protein with
transmembrane domains protein 1 (ANKTM1), serves
as a nociceptive receptor in sensory neurons, specifically

sssss

detecting noxious cold stimuli (temperatures below
18°C) (Story et al., 2003). Notably, TRPA1 is co-expressed
with TRPV1/VR1, the well-characterized capsaicin/
heat receptor, but not with TRPMS (Story et al., 2003), a
distinct profile that supports the limited role of TRPMS8
in noxious cold sensing. However, a recent study reported
conflicting findings. A substantial proportion of TRPM8™*
cold-sensing nerve fibers in the cornea co-express TRPV1
(Li et al., 2019). This co-expression enhances neuronal
excitability and ocular cold nociception (Li et al., 2019),
indicating that TRP receptor co-expression patterns are
tissue-specific rather than universal. In contrast to the
robust preclinical data, research on human TRPA1 in
cold perception is relatively scarce. Existing evidence
only preliminarily confirms TRPA1's basic expression in
human sensory neurons, with insufficient clinical data
to validate its specific response to noxious cold (below
18°C) or its co-expression patterns with TRPV1/TRPMS.
Whether the expression characteristics and functional
mechanisms of human TRPA1 align with those in animal
models remains unconfirmed.

TRPA1 activation also confers metabolic benefits in
rodent models. For instance, treating mouse 3T3-L1 ad-
ipocytes with cinnamaldehyde (CIN), a TRPA1 agonist,
reduces lipid accumulation and downregulates key adi-
pogenic transcription factors (PPARy, C/EBP-a, and C/
EBP-B) (Hoi et al., 2020). In contrast, the TRPA1 inhib-
itor AP-18 enhances TG synthesis in adipocytes (Hoi
et al., 2020). In vivo, a single oral gavage of CIN in mice
activates TRPA1 in gastric epithelial cells and inhibits the
production of ghrelin, the hunger hormone (Camacho
et al., 2015). This reduces food intake and slows gastric
emptying, ultimately alleviating obesity and improving
glucose tolerance (Camacho et al., 2015). CIN also in-
duces thermogenesis in adipocytes derived from mouse
primary adipose stem cells (Jiang et al., 2017), thereby
reducing HFD-induced obesity in mice (Zuo et al., 2017).
However, the exact role of TRPA1 in thermogenesis re-
mains uncertain and debate persists over whether its ac-
tivation mimics cold stimulation as TRPM8 does. Despite
TRPMS's established role as a key cold-sensing receptor,
the contribution of TRPA1 activation to cold mimicry and
metabolic regulation is not fully understood, necessitating
further research to clarify its similarities and differences
with TRPMS.

Research on TRPA1 and human metabolism is limited
to in vitro experiments using human-derived cells, with
no in vivo clinical data available. CIN has been shown to
induce thermogenesis in adipocytes derived from human
primary adipose stem cells (Jiang et al., 2017), but the
physiological relevance and clinical translational value of
this effect in humans remain invalidated. The specific role
and molecular mechanism of TRPA1 in human metabolic
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regulation thus require further confirmation through
large-scale clinical studies.

In summary, TRPMS8 and TRPA1, two key cold-sensing
TRP channels, are closely linked to energy metabolism,
and their activation holds potential for treating obesity
and other metabolic diseases. Notably, most current evi-
dence for their regulatory roles comes from preclinical an-
imal models, with human research remaining scarce and
limited to in vitro studies. Elucidating how these neural
cold receptors regulate metabolic processes will require
integrating more human clinical data with preclinical
findings, providing a robust basis for developing novel
therapeutic strategies for metabolic disorders.

5 | COLD EXPOSURE AND
OBESITY

Cold exposure, a potent inducer of BAT thermogenesis
and energy expenditure, has attracted considerable re-
search interest for its implications in body weight regula-
tion and obesity treatment (Table S1). Below is a detailed
analysis of relevant findings, with clear distinctions be-
tween preclinical (animal) and human study results.

5.1 | Preclinical studies

Preclinical studies on cold exposure and obesity primarily
use rodent models, which provide valuable insights into
the underlying mechanisms of cold-induced metabolic
regulation due to their well-characterized adipose tissue
physiology and genetic tractability. These studies focus on
dissecting the effects of different cold exposure paradigms,
metabolic outcomes, and interactions with therapeutic
agents, laying the groundwork for understanding transla-
tional potential to humans.

5.1.1 | Effects of sustained and intermittent
cold exposure on body weight

In rodent models, sustained cold exposure exerts con-
sistent anti-obesity effects regardless of dietary regimen.
When fed either a chow or high-fat diet (HFD), rodents
subjected to continuous prolonged cold exposure (4°C
for over 1week) exhibit increased energy expenditure
(Vaanholt et al., 2009) and reduced body weight, even
with elevated food intake (Harri et al., 1984; Kibler &
Johnson, 1961; Park et al., 2023; Vallerand et al., 1986;
Yahata & Kuroshima, 1989). Prolonged mild cold expo-
sure also elicits beneficial effects. For example, exposure
to 12°C-17°C for 4weeks (Zietak et al., 2016) or 22°C

for 5days (van der Stelt et al., 2017), reduces fat mass
and adiposity in HFD-fed obese mice. Consistently, sus-
tained cold exposure is accompanied by increased BAT
mass (Harri et al., 1984; Vallerand et al., 1986; Wang,
Che, et al., 2015; Yahata & Kuroshima, 1989) and activity
(Paulus et al., 2020), indicating that BAT activation serves
as a key mediator of cold-induced body weight changes.
This is further supported by experiments showing that
housing mice under thermoneutral conditions to inacti-
vate BAT diminishes or reverses the weight-loss effects
of cold exposure (Aldiss et al., 2022; McKie, Shamshoum,
et al., 2022), confirming the critical role of BAT in this
process.

In contrast, studies on intermittent cold stimulation
have yielded highly divergent results owing to varia-
tions in experimental designs. Most studies failed to de-
tect changes in body weight or fat mass, or only observed
minor reductions in fat mass (da Silva et al., 2020; Huo
et al., 2022; Raun et al., 2024; Ravussin et al., 2014; Wang,
Liu, et al., 2015). Surprisingly, some reports even suggest
that intermittent cold stimulation may promote weight
gain. The underlying mechanisms for this discrepancy re-
main unclear, potentially involving hyperphagia (McKie,
Shamshoum, et al., 2022) or cold-induced activation of fat
synthesis in the liver and white adipose tissue (WAT) (Yoo
etal., 2014). In addition, the effects of cold stimulation vary
across animal models. For example, 2weeks of continu-
ous cold exposure (3°C-35°C) did not alter body weight in
Swiss mice (Zhao et al., 2022), an effect attributed to com-
pensatory changes where reduced adipose tissue mass was
counterbalanced by weight gain in other organs such as
liver and intestines. Targeted local cold stimulation (e.g.,
restricted to mice's feet) also fails to improve body weight
or fat mass (Zhu et al., 2018). Collectively, sustained cold
exposure reliably induces weight loss in rodents via BAT
activation, whereas intermittent cold stimulation and
studies using non-generalizable animal models yield in-
consistent outcomes.

5.1.2 | Effects of cold exposure on
glucose and lipid metabolism in obesity

Beyond energy expenditure, cold exposure improves
glucose tolerance, insulin sensitivity, and serum lipids
profiles in obese rodent models. Prolonged cold expo-
sure (4-10weeks at 4°C) in HFD-fed obese Wistar rats or
mice enhances glucose tolerance and insulin sensitivity
(Vallerand et al., 1986; van der Stelt et al., 2017; Zietak
et al.,, 2016), while reducing serum TG, TC, and low-
density lipoprotein (LDL) levels (He et al., 2021; Pernes
et al., 2021). However, inconsistencies exist, as 10days
of cold exposure at 4°C fail to improve insulin resistance
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in obese fa/fa rats and instead increase serum TG levels
(Bobbioni-Harsch et al., 1994), likely due to phenotypic
differences between obese animal models.

Mechanistically, cold exposure modulates lipid metab-
olism through multiple pathways in rodents. BAT from
mice exhibits greater mass-specific TG uptake efficiency
than skeletal muscle or WAT, contributing to circulating
TG clearance (Bartelt et al., 2011). Cold exposure reduces
serum TG only in HFD-fed ApoE knockout mice without
affecting TC or LDL (He et al., 2021), indicating ApoE is
required for cold-induced cholesterol reduction. It also
upregulates the activity of lipoprotein lipase (LPL) and
ATGL (Weng et al., 2023), two key lipid metabolic en-
zymes. Angiopoietin-like protein 4 (ANGPTL4), an ad-
ipokine that inhibits LPL activity, plays a critical role in
cold-induced TG reduction. Specifically, cold exposure
downregulates ANGPTL4 in BAT, enhancing LPL activity
and promoting fatty acid uptake from plasma triglyceride-
rich lipoprotein (TRL) by BAT (Dijk et al., 2015; Singh
et al.,, 2018). In addition, BAT produces the lipokine
12,13-dihydroxy-9Z-octadecenoic acid (12, 13-dihome),
which stimulates membrane translocation of the fatty
acid transporters FATP1 and CD36, thereby enhancing
FFA uptake and lowering serum TG (Lynes et al., 2017).
Cold exposure also increases BAT endothelial cell perme-
ability in mice, facilitating TRL internalization (Bartelt
et al., 2011). These mechanisms collectively regulate lipid
profiles in obese and hyperlipidemic rodents (Figure 2a),
and whether these mechanisms are conserved in humans
remains a key focus of future research.

5.1.3 | Interaction with anti-obesity drugs
Cold exposure further modulates the efficacy of anti-
obesity drugs in rodents, with effects dependent on drug
type and housing temperature; this interaction has yet
to be fully validated in human trials. At conventional
housing temperature (22°C), cold acts as a stressor that
increases energy expenditure in diet-induced obese mice
relative to thermoneutrality (30°C), confounding assess-
ments of drug-induced weight loss (Jacobsen et al., 2024).
Specifically, 22°C cold exposure enhances the weight-loss
effect of growth differentiation factor 15 (GDF15), dimin-
ishes the efficacy of Peptide YY, and exerts no impact on
glucagon-like peptide-1 (GLP-1), human fibroblast growth
factor 21 (hFGF21), or melanocortin-4 receptor (MC4R)
agonists (Jacobsen et al., 2024). Critically, 22°C cold expo-
sure does not predict drug efficacy in humans who live at
thermoneutral conditions, underscoring the need to test
anti-obesity drugs in mice housed near thermoneutrality
to avoid overestimating effects, and to validate such inter-
actions in human clinical research.
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5.2 | Human studies

Human studies on cold exposure and obesity focus on
translating preclinical findings into clinical relevance,
with an emphasis on understanding cold-induced meta-
bolic responses in diverse human populations, including
lean individuals, individuals with overweight, and those
with obesity. These studies differ from preclinical rodent
models due to the complexity of human physiology, di-
etary patterns, and environmental adaptations, and they
primarily investigate the effects of cold exposure on en-
ergy metabolism, body composition, and glucose homeo-
stasis to evaluate its potential as a non-pharmacological
intervention for obesity.

5.2.1 | Effects on energy expenditure and
body weight

Findings from human studies diverge from rodent models,
as there is limited evidence that cold exposure could alter
human body weight or composition (McInnis et al., 2020;
Yoneshiro et al., 2013), likely due to concurrent increases
in energy intake and expenditure that offset each other
(Mclnnis et al., 2025; Unlu et al., 2025). Cold-induced
thermogenesis and elevated energy expenditure (EE) are
observed in both lean individuals and those with obesity,
but the magnitude of this response is highly dependent
on cold exposure parameters, consistent with rodent data
showing parameter-dependent effects.

In lean subjects, acute cold exposure (10°C water-
perfused suit for 1h, 15°C-16°C water-perfused blankets
for 2h, or 19°C air with a water-perfused cooling vest for
2h) increases EE (Acosta et al., 2018; Mengel et al., 2022;
Sellers et al., 2021). However, no EE increase is observed
in lean subjects exposed to mild cold (19°C air) without
additional local cooling devices (Unlu et al., 2025), high-
lighting that the use of local cooling devices may contrib-
ute to the EE response to mild cold exposure. In addition,
cold-induced EE is influenced by outdoor temperature
(Senn et al., 2018) but not by diurnal variations (Acosta
et al., 2021), further clarifying the factors that modulate
EE responses to cold in lean individuals.

In subjects with obesity, acute cold exposure via a
10°C liquid-conditioned suit increases EE (McInnis
et al., 2025), although some studies report no significant
EE changes (Mengel et al., 2022), potentially due to re-
duced BAT activity in obesity (Brychtaetal., 2019; Leitner
et al., 2017; Saari et al., 2020; van Marken Lichtenbelt
et al., 2009; Yoneshiro & Saito, 2015). Intriguingly, a
recent study found comparable BAT activation in BAT-
positive obese and BAT-positive lean subjects during
acute cold exposure (Kulterer et al., 2022), suggesting
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FIGURE 2 Cold stimulation in the context of obesity, diabetes, chronic inflammation, and cancer. (a) In obesity, cold stimulation
promotes lipolysis by enhancing adipose triglyceride lipase (ATGL) activity and upregulates lipoprotein lipase (LPL) expression in white
adipocytes. Through the action of adipokines/lipokines, it also promotes the uptake of free fatty acids (FFAs) by brown adipocytes.

Collectively, these mechanisms reduce circulating lipid levels in individuals with obesity. (b) In diabetes, cold stimulation activates the
B3-adrenergic receptor (p3-AR)/12-lipoxygenase (12-LOX)/12-hydroxyeicosapentaenoic acid (12-HEPE)/Gs/phosphatidylinositide 3-kinase
(PI3K)/AKT pathway in brown adipocytes. This activation promotes glucose transporter 4 (GLUT4) translocation, thereby enhancing
glycolysis and the tricarboxylic acid (TCA) cycle activity. Concurrently, cold exposure activates the AMP-activated protein kinase (AMPK)/

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-a) pathway in skeletal muscle cells, facilitating GLUT4

translocation to the cell membrane. These actions lower blood glucose levels and improve glucose tolerance in individuals with type 2
diabetes (T2DM). (c) During obesity-associated chronic inflammation, cold stimulation activates the 12-LOX-soluble epoxide hydrolase
(sEH)-maresin 2 (MaR2) pathway in brown adipocytes, triggering the release of MaR2—a bioactive lipid that promotes inflammation
resolution. This lipid enhances the migration of Trem2™ anti-inflammatory macrophages to the liver, thereby reducing hepatic
inflammation. Moreover, cold stimulation reduces chemotaxis of inflammatory cells and production of inflammatory factors, alleviating

the chronic inflammation in joints and brain. (d) In cancer, cold stimulation induces systemic glucose redistribution: Increased glucose
uptake by brown adipose tissue (BAT) and reduced glucose supply to cancer cells, thereby inducing their apoptosis. 12-HEPE, 12-hydroxy-
eicosapentaenoic acid; 12-LOX, 12-lipoxygenase; AMPK, Adenosine 5'-monophosphate-activated protein kinase; ATGL, adipose triglyceride
lipase; BAT, brown adipose tissue; FFAs, free fatty acids; GLUT4, glucose transporter 4; LPL, lipoprotein lipase; MaR2, maresin 2; PGC-1a,
PPARYy coactivator-1a; PI3-K, phosphatidylinositide 3-kinase; SEH, soluble epoxide hydrolase; T2DM, type 2 diabetes; TCA, trichloroacetic

acid; p3-AR, p3-adrenergic receptor.

that discrepancies stem from heterogeneous subject
populations in earlier studies. Indeed, in BAT-positive
individuals with overweight or obesity, prolonged mild
cold exposure (19°C for 5-8 h) increases resting energy

expenditure (REE) by 15% (Chondronikola et al., 2014),
and 10days of intermittent cold exposure (14°C-15°C)
enhances BAT activity and EE by approximately 14%
(Hanssen et al., 2016).
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5.2.2 | Effectson glucose metabolism and
underlying mechanisms

Parallel to rodent models, acute cold exposure lowers blood
glucose levels and enhances insulin sensitivity in individu-
als with obesity (Hanssen et al., 2016; Mengel et al., 2022).
Cold acclimation involving daily shivering (10days, 1h/
day) further improves glucose tolerance and reduces serum
FFAs and TG in subjects with overweight or obesity (Sellers
et al., 2024). Notably, a key inter-model difference emerges
here in that cold-induced improvements in glucose metabo-
lism in humans with obesity stem from enhanced glucose
transporter 4 (GLUT4) translocation and increased skeletal
muscle glucose uptake, rather than by BAT-mediated effects
(Hanssen et al., 2016; van Beek et al., 2023), highlighting a
species-specific regulatory mechanism.

In conclusion, cold exposure exerts distinct, model-
specific effects on obesity-related phenotypes. In rodents,
sustained cold exposure reliably reduced weight via BAT
activation, while also modulating glucose and lipid me-
tabolism and anti-obesity drug efficacy. In humans, it
partially restores thermogenesis, increases EE, and im-
proves glucose metabolism, yet exerts minimal effects on
body weight and composition (Table 1). These inter-model
differences emphasize the importance of cautious trans-
lation of preclinical findings and highlight the need for
targeted human studies to clarify cold exposure's thera-
peutic potential in obesity management.

6 | COLD EXPOSURE AND
DIABETES

Cold exposure has emerged as a potential non-
pharmacological intervention for diabetes management,
with accumulating evidence supporting its beneficial ef-
fects on glucose metabolism and insulin sensitivity in both
preclinical diabetic models and human patients with type
2 diabetes (T2DM). Below, findings are organized into pre-
clinical (animal) and human studies, with a clear distinction
between experimental models and emphasis on underlying
mechanisms and inter-model consistencies or discrepancies.

6.1 | Preclinical studies

Both acute and long-term cold exposure exert positive
effects on reducing blood glucose levels in streptozotocin-
induced diabetic rodents. For example, cold exposure at
4°C for 24h or 14weeks leads to decreased blood glucose
levels (Li et al.,, 2024; Smith & Davidson, 1982), while
simultaneously improving glucose tolerance and insulin
sensitivity (Li et al., 2024). The cold-enhanced glucose
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metabolism observed in these models may be mediated via
plasma-derived extracellular vesicles, which act on multiple
tissues including skeletal muscle, liver, WAT, and pancreas
through the AKT/IRS1 signaling pathway (Li et al., 2024).

Additionally, prior studies have demonstrated that cold
exposure induces GLUT4 translocation in multiple tissues
critical for glucose homeostasis, including BAT (Leiria
et al., 2019; Nikami et al., 1992), skeletal muscle (Oliveira
et al., 2004), and WAT (Gao et al., 2015); this ultimately
enhances glucose uptake and lowers blood glucose levels.
Notably, increased GLUT4 translocation in skeletal muscle
occurs via the AMP-activated protein kinase (AMPK) sig-
naling pathway (Alvim et al., 2015; Oliveira et al., 2004).
Cold exposure also upregulates GLUT4 expression in iWAT,
thereby enhancing the anti-diabetic efficacy of the liver X
receptor (LXR) T0901317 agonist in streptozotocin-induced
diabetic mice (Gao et al., 2015), suggesting potential syner-
gistic effects between cold exposure and pharmacological
interventions in diabetes management.

6.2 | Human studies

Human studies on cold exposure and diabetes focus
on patients with T2DM, aiming to translate preclinical
findings into clinical practice and evaluate the safety
and efficacy of cold exposure as a complementary thera-
peutic strategy. These studies investigate the effects of
different cold exposure paradigms (acute vs. chronic,
mild vs. moderate) on glucose metabolism and insulin
sensitivity, while also exploring factors that may influ-
ence treatment outcomes.

In patients with type 2 diabetes (T2DM), cold exposure
exhibits promising therapeutic potential, as it improves
glucose metabolism and enhances insulin sensitivity
(Ivanova & Blondin, 2021) (Table 1). For instance, acute
cold exposure, such as a 20-min cold hip bath, reduces
blood glucose levels by ~18% in patients with T2DM
(Mooventhan et al., 2020). Similarly, 10days of cold ac-
climation at 14°C-15°C improves peripheral insulin
sensitivity by 43% in this patient population (Hanssen
et al., 2015). However, findings are not universally consis-
tent. A recent study reported that 10 days of mild cold ac-
climation (16°C-17°C, no obvious shivering) had no effect
on insulin sensitivity, postprandial glucose levels, or lipid
metabolism in patients with T2DM (Remie et al., 2021).
These results suggest that muscle contraction (e.g., shiv-
ering) may be a key factor for cold exposure to exert favor-
able effects on glucose management in human diabetes.

Notably, cold exposure increases GLUT4 translocation
in the skeletal muscle of diabetic patients, which may me-
diate the cold-induced improvement in insulin sensitivity
(Townsend et al., 2023; van Beek et al., 2023), a mechanism
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consistent with that observed in preclinical rodent mod-
els. Additionally, patients with T2DM who exhibit higher
BAT activity have better cardiometabolic profiles, such as
lower TG, VLDL, and LDL levels, indicating a potential
beneficial role of BAT activation in diabetes management
and cardiovascular risk reduction (Bonfante et al., 2025).

Collectively, these findings indicate that cold-induced
improvements in glucose metabolism and insulin sensi-
tivity are a complex process, possibly involving multiple
tissues (Figure 2b). While preclinical and human studies
consistently support the anti-diabetic potential of cold
exposure, discrepancies in human findings highlight the
need to optimize cold exposure parameters (e.g., duration,
temperature, presence of shivering) to maximize thera-
peutic efficacy in patients with T2DM.

7 | COLD EXPOSURE AND
CHRONIC INFLAMMATORY
DISEASES

Chronic inflammatory diseases, including obesity-
induced metabolic inflammation, metabolic dysfunction-
associated fatty liver disease (MAFLD), cardiovascular
diseases, and autoimmune diseases, impose significant
health burdens globally. Emerging evidence suggests
cold exposure exerts anti-inflammatory effects by regulat-
ing innate and adaptive immune responses, with poten-
tial therapeutic implications for these conditions. Below,
findings are organized into preclinical studies and human
studies, with a focus on underlying mechanisms and clini-
cal relevance.

7.1 | Preclinical (animal) studies
Preclinical studies utilize diverse rodent and animal
models to explore the anti-inflammatory effects of cold
exposure and their underlying molecular mechanisms,
covering obesity-induced inflammation, metabolic
dysfunction-associated fatty liver disease (MAFLD), auto-
immune arthritis, and neuroinflammation. These models
provide critical insights into tissue-specific inflammatory
regulation and the pathways mediated by cold exposure,
laying the foundation for translational research.

7.1.1 | Obesity-induced chronic
inflammation and metabolic diseases

Obesity is characterized by chronic low-grade inflamma-
tion, triggered by macrophage infiltration and the local
and systemic secretion of pro-inflammatory cytokines.

This inflammation promotes insulin resistance and meta-
bolic disorders such as MAFLD and cardiovascular dis-
eases (Hotamisligil, 2017; Li et al., 2023). Research on
MAFLD has investigated various environmental and di-
etary factors that may modulate its progression, including
housing temperature. Nunes, Julia R C et al. examined
whether thermoneutral housing (~29°C) accelerates
MAFLD in male and female C57Bl/6J mice fed a Western
diet high in fat, sugar, and cholesterol (Nunes et al., 2023).
Their findings revealed that thermoneutral housing did
not accelerate MAFLD in either sex under this obeso-
genic diet, suggesting that while environmental tempera-
ture influences metabolic processes, it may not be a key
driver of MAFLD progression under high-calorie intake.
Beyond MAFLD, cold exposure also effectively alleviates
obesity-induced inflammation in diet-induced obese mice
(Sugimoto et al., 2022), as it reduces circulating levels of
the pro-inflammatory cytokine TNF-a and inhibits the
Toll-like receptor-mediated inflammatory pathway in the
liver (Sugimoto et al., 2022).

Mechanistically, cold activates 12-lipoxygenase in BAT,
releasing the pro-resolving bioactive lipid MaR2, which
increases the proportion of anti-inflammatory TREM2*
macrophages in the liver (Sugimoto et al., 2022). Moreover,
cold exposure promotes anti-inflammatory responses in
mesentery adipose tissue, perivascular adipose tissue, and
peripheral blood mononuclear cells in ferrets, which may
benefit cardiovascular health (Reynés et al., 2017).

7.1.2 | Autoimmune disease-associated
inflammation

In addition to attenuating obesity-induced chronic in-
flammation, cold exposure has recently been shown to
regulate inflammation linked to autoimmune diseases in
several rodent models. For example, in antigen-induced
arthritis mice, local cryotherapy (20-min ice-cold bag
application every 2h, 2 sessions) alleviates joint inflam-
mation by reducing neutrophil migration and lowering
levels of the inflammatory cytokines IL-1p, IL-6, and
TNF-« in synovial fluid (Castro et al., 2022). Similarly, in
adjuvant-induced arthritis rats, local cryotherapy (place-
ment in cages lined with ice pops for 30 min, twice daily
for 14days) exerts local and systemic anti-inflammatory
effects, primarily by targeting the IL-6/IL-17A pathway
(Guillot et al., 2017). It also reduces endothelial activa-
tion, immune cell migration, and arterial inflammation,
thereby improving vascular health in these rats (Peyronnel
et al., 2022). Furthermore, cold exposure attenuates neu-
roinflammation and delays the onset of experimental au-
toimmune encephalomyelitis in mice by downregulating
Ly6Chigh monocyte activation and reducing autoreactive T
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cell priming and cytokine secretion during inflammation
(Spiljar et al., 2021).

7.1.3 | Mechanisms: Regulation of
innate and adaptive immunity

Mechanistically, acute and chronic cold exposure exert
distinct effects on immune cells and functions, influ-
encing both innate and adaptive immunity. Acute cold
exposure triggers cold stress and may modulate innate
and adaptive immunity in healthy young men (Brazaitis
et al., 2014). In contrast, chronic cold exposure generally
benefits immune function in rodents, with prolonged
cold exposure (2°C for over 2weeks) enhancing murine
cellular immune function as evidenced by increased
splenic lymphocyte blastogenesis (Xu et al., 1992).
Mice continuously exposed to 10°C for 2weeks show
no change in total immune cell numbers but exhibit
suppressed innate immune responses characterized by
reduced Ly6C"€" monocytes with lower MHCII expres-
sion in bone marrow and blood, which alleviates neuro-
inflammation (Spiljar et al., 2021). Notably, intermittent
cold-water immersion (12 min at 7°C, four times weekly
for 3weeks) in healthy men has no impact on circulat-
ing leukocyte counts (Versteeg et al., 2023), highlighting
that cold exposure intensity may be critical for regulat-
ing leukocyte numbers.

Cold exposure also exerts regulatory effects on adap-
tive immunity. In vitro, cold treatment of T cells activates
T cell receptor (TCR) signaling and induces widespread
intracellular signaling similar to that elicited by soluble
antibody stimulation (Ji & Salomon, 2015), suggest-
ing potential utility as a T cell activator. Additionally,
both in vitro and in vivo studies show that acute cold
stimuli enhance the induction of human FOXP3" reg-
ulatory T cells (Tregs) from naive CD4" T cells (Becker
et al., 2019), while chronic cold exposure in mice re-
duces pro-inflammatory cytokine production in conca-
navalin A-activated splenocytes (Makarova et al., 2005).
Collectively, these findings indicate that chronic cold
exposure shifts the immune system toward an anti-
inflammatory state.

7.2 | Human epidemiological studies

Human epidemiological studies complement preclini-
cal findings by exploring associations between cold
exposure, inflammation, and chronic diseases, with a
focus on cardiovascular health and the role of BAT in
modulating cardiometabolic risk. Epidemiological stud-
ies demonstrate temperature-dependent cardiovascular
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risk, with extreme cold weather associated with higher
cardiovascular risk and moderate cold contributing to
a considerable attributable risk for cardiovascular dis-
eases (Tian et al., 2016). This may be linked to BAT
activation during cold exposure, as a recent study re-
ported that individuals with active BAT have a lower
prevalence of cardiometabolic conditions including dys-
lipidemia, coronary artery disease, cerebrovascular dis-
ease, congestive heart failure, and hypertension (Becher
et al., 2021).

In summary, cold exposure exhibits promising anti-
inflammatory effects in obesity, arthritis, and neuroinflam-
mation by regulating both innate and adaptive immune
responses (Figure 2c). While preclinical studies provide
robust mechanistic evidence for its anti-inflammatory ac-
tions, further human research is required to elucidate the
underlying molecular pathways in clinical settings and
evaluate the feasibility of cold exposure as a complemen-
tary intervention for chronic inflammatory diseases.

8 | COLD EXPOSURE AND
CANCER

Obesity is associated with several types of cancer, in-
cluding breast, gastrointestinal, and thyroid cancer
(Lauby-Secretan et al., 2016), establishing a link between
metabolic dysregulation and tumorigenesis. Notably, cold
exposure, a key modulator of metabolic and immune
function, has been implicated in tumor development and
progression, with emerging evidence revealing complex,
sometimes contradictory roles. Below, findings are organ-
ized into preclinical studies and human studies, focusing
on cold exposure's dual effects on tumorigenesis, underly-
ing mechanisms, and potential therapeutic implications.

8.1 | Preclinical studies

Preclinical studies primarily use tumor-bearing rodent
models to explore the relationship between cold expo-
sure and cancer, dissecting its effects on tumor growth,
immune microenvironment, and molecular pathways.
These studies have uncovered both pro-tumorigenic and
anti-tumorigenic effects of cold exposure, highlighting the
complexity of this interaction.

8.1.1 | Pro-tumorigenic effects and related
mechanisms

Surprisingly, previous epidemiological and preclinical
evidence suggests that cold exposure might be linked
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to enhanced tumor development. For instance, an eco-
logical study demonstrated a correlation between low
ambient temperatures and increased cancer incidence
(Steiner et al., 2002), providing population-level support
for this association. In tumor-bearing mice, housing at a
sub-thermoneutral temperature (22°C-23°C) resulted in
larger tumor volumes compared to those maintained at
a thermoneutral temperature (30°C-31°C), alongside a
reduction in CD8" T cells within the tumor microenvi-
ronment (Kokolus et al., 2013), indicating impaired im-
mune surveillance, a key factor in tumor progression.
Beyond these observations, cold-sensing receptors, spe-
cifically TRPM8 and TRPAI, have also been identified
as prognostic biomarkers for cancer (Marini et al., 2023),
further linking cold-sensing pathways to tumor biology.
Mechanistically, cold exposure can induce positive regu-
latory factors involved in tumorigenesis, such as the cold-
inducible RNA-binding protein (CIRP) and RNA-binding
motif protein 3 (RBM3) (Zhu et al., 2016). These factors
have been implicated in promoting cell proliferation,
survival, and metastasis in various cancer types, provid-
ing a potential molecular link between cold exposure and
tumor progression.

8.1.2 | Anti-tumorigenic effects and related
mechanisms

In contrast to its pro-tumorigenic potential, recent pre-
clinical studies have demonstrated that cold exposure can
inhibit tumor growth in mice by depriving tumor cells
of glucose, a critical nutrient for their rapid proliferation
(Figure 2d). For example, 20days of cold exposure sup-
pressed tumor growth and improved survival in tumor-
bearing mice implanted with various murine and human
tumor cells, including breast cancer, colon cancer, pancre-
atic ductal adenocarcinoma, fibrosarcoma, and melanoma
cells (Seki et al., 2022).

The anti-tumor mechanism is primarily mediated
by BAT activation, as cold exposure induces UCP1-
dependent BAT thermogenesis, which increases systemic
glucose consumption, thereby reducing glucose uptake in
tumors and lowering circulating blood glucose levels (Seki
et al., 2022). Additionally, cold exposure inhibits the glyco-
lytic pathway, a key energy-generating process for tumor
cells, inducing metabolic reprogramming within tumors
that impairs their growth and survival (Seki et al., 2022).
This mechanism was further validated by experiments
showing that surgical removal of BAT combined with a
high-glucose diet reversed the cold-induced tumor growth
inhibition, emphasizing the essential roles of BAT and
glucose limitation in the cold-mediated anti-cancer effect
(Seki et al., 2022).

8.1.3 | Interaction with tumor vaccines
Beyond direct metabolic effects, cold exposure can en-
hance the efficacy of tumor vaccines, providing additional
support for its potential in cancer therapy. Specifically,
cold exposure promoted the proliferation of CD8" T cells
and memory T cells, thereby enhancing the protective ef-
ficacy of tumor vaccines against 4 T1 breast cancer cells or
CT26 colon cancer cells (Ye et al., 2025). These findings
suggest that cold exposure could be used as an adjuvant
strategy to improve the effectiveness of cancer immuno-
therapy (Seki et al., 2022).

8.2 | Human studies

Human research on cold exposure and cancer remains
limited, with only a pilot study providing preliminary
evidence for its anti-tumor potential. In cancer patients
with Hodgkin's lymphoma, mild cold exposure reduced
glucose uptake in tumor tissue (Seki et al., 2022), mirror-
ing the glucose-deprivation mechanism observed in pre-
clinical models. However, no additional human studies
have been conducted to validate these findings, and the
pro-tumorigenic correlates observed in epidemiological
studies require further investigation to clarify their clini-
cal relevance.

9 | POTENTIAL RISKS
ASSOCIATED WITH COLD
EXPOSURE

While cold exposure holds therapeutic potential for meta-
bolic, inflammatory, and even cancer-related conditions,
it is also associated with several potential health risks, in-
cluding stress responses, cardiovascular effects, transient
cognitive impairment, and disrupted reproductive endo-
crine function. Importantly, two distinct cold exposure
paradigms, whole body cooling and cold pressor tests,
elicit unique physiological responses, and their effects
must not be conflated when evaluating cold-related risks.

Whole-body cooling, the primary paradigm relevant to
cold exposure as a therapeutic intervention, can induce
transient physiological responses in healthy humans. For
example, acute whole-body cold exposure via 14°C cold-
water immersion (either 10min per session or 20min
intermittently for 6 sessions) triggers a marked release
of stress hormones (e.g. cortisol, epinephrine, and nor-
epinephrine) immediately after exposure and even 2days
post-exposure (Eimonte et al., 2022). Similarly, preclinical
studies in rats show that acute mild whole-body cold ex-
posure (15°C and 18°C for 24h) (Chen, Wu, et al., 2021)
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or 10°C for 4days (Yoshimoto et al., 2025) elicits elevated
blood pressure and increased renal sympathetic nerve ac-
tivity. These response are adaptive, serving to maintain
core body temperature, and do not equate to inherent
health risks.

In contrast, the cold pressor test represents a local-
ized acute stressor that induces distinct physiological
effects not representative of whole-body cooling. For
example, in patients with diabetes or glucose intoler-
ance who exhibit platelet activation, 15-min forearm
immersion in melting ice increased thrombotic activity
(Maiello et al., 1988), potentially raising cardiovascular
disease risk. This finding is specific to the cold pressor
test and cannot be extrapolated to whole-body cooling
paradigms.

Beyond cardiovascular-related responses, cold ex-
posure has been associated with transient changes in
cognitive function and reproductive endocrine param-
eters in specific contexts. For instance, females exposed
to 10°C cold air for 140 min demonstrated impaired re-
action time during cognitive function testing, as mea-
sured by wearable electrodermal activity (EDA) and
electrocardiography (ECG) devices (Kong et al., 2025).
This impairment is temporary, likely linked to the body
prioritizing thermoregulation over cognitive processes,
rather than a long-term health risk. In preclinical stud-
ies, chronic intermittent cold exposure (10°C, 4h/day
for 2weeks) in Sprague-Dawley (SD) female rats in-
duced peri-ovarian adipose tissue browning, but also
caused local microvascular circulatory disturbances in
ovarian and uterine tissue (Wang et al., 2020), abnormal
follicular development, and impaired ovarian function
(Zhang et al., 2021) These findings are preliminary and
require translational research to determine their rele-
vance to humans.

Collectively, these findings underscore the impor-
tance of distinguishing between cold exposure paradigms.
While specific contexts may elicit transient physiological
responses, these are not universal risks. Future human
research should prioritize clarifying paradigm-specific ef-
fects, particularly in vulnerable populations such as indi-
viduals with metabolic disorders and women.

10 | CONCLUSIONS AND
PERSPECTIVES

The rising prevalence of obesity and related comorbidi-
ties has underscored the urgency of developing novel
therapeutic strategies. The discovery of BAT in adult hu-
mans and cold-induced browning of WAT have sparked
extensive research on the therapeutic potential of cold
exposure for treating obesity and metabolic disorders.
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Emerging evidence demonstrates that cold exposure re-
duces serum lipid levels and enhances insulin sensitivity
in both healthy individuals and patients with obesity or
T2DM (Figure 3). Preclinical studies further reveal its role
in mitigating neuroinflammation and inhibiting tumor
growth, suggesting broad applications in managing meta-
bolic diseases, inflammatory conditions, and even cancer
(Figure 3).

Despite these promising attributes, several critical fac-
tors must be addressed for the clinical translation of cold
exposure-based therapies. First, the absence of standard-
ized guidelines for the optimal intensity, duration, and
frequency of cold exposure across patient populations
warrants further investigation. For example, individuals
with obesity exhibit variability in body mass index (BMI)
and fat distribution, which can influence their response to
cold (Tashani et al., 2017). Moreover, patients with diabe-
tes may experience altered cold perception due to diabetic
peripheral neuropathy (Fang et al., 2020), complicating
the standardization of treatment protocols. In addition,
genetic variation in cold receptors differs substantially
among populations (Schutz et al., 2014). While the iden-
tification of cold receptors, primarily from preclinical
studies, has clarified how cold exposure acts on sensory
neurons, the in vivo molecular mechanisms underlying its
metabolic and anti-inflammatory effects remain incom-
pletely understood. Further research is needed to unravel
the cellular and molecular pathways through which cold
exposure modulates adipose tissue function, muscle me-
tabolism, and endocrine signaling.

Second, limitations of current cooling devices present
practical barriers to clinical application. Three distinct
cooling techniques are currently used to activate human
BAT (Chen et al., 2016): (1) maintaining a fixed ambi-
ent room temperature, a mild cooling strategy that min-
imizes muscle shivering while activating BAT; (2) using
a water-cooling blanket or personalized suit set to 1-2°C
above the symptomatic shivering threshold; and (3) im-
mersing the participant's arms or legs in cold water or ice.
The water-cooling blanket or personalized suit method
likely maximizes BAT activation (Chen et al., 2016), but
it also enhances thermogenesis in muscles and other tis-
sues. A major drawback of these devices, however, is their
potential to cause uneven cooling and frequently trigger
shivering (Chen, Malhotra, et al., 2021). Cold water or ice
immersing, by contrast, can induce pain-mediated sym-
pathetic activation, rendering it intolerable for prolonged
use.

Third, a more comprehensive understanding of human
BAT activation and thermogenesis mechanisms is essen-
tial. Historically, ®F-fluorodeoxyglucose positron emis-
sion tomography/computed tomography (**F-FDG PET/
CT) has been the most widely used imaging technique
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FIGURE 3 Summary of the beneficial effects of cold exposure on health, obesity, diabetes, inflammation, and cancer. Cold exposure
increases brown adipose tissue (BAT) activity and enhances glucose and lipid metabolism in both healthy humans and rodents. In obese and
diabetic conditions, cold exposure can also improve glucose and lipid metabolism and insulin sensitivity. Moreover, in murine models, cold
exposure has been demonstrated to modulate inflammation, including obesity-induced inflammation, arthritis-related inflammation, and
neuroinflammation; yet, its translational potential to humans remains uncertain. Additionally, recent research suggests that cold exposure
may inhibit tumor growth, possibly through mechanisms involving increased glucose uptake by BAT and decreased glucose availability for
tumors. BAT, brown adipose tissue; EE, energy expenditure; REE, resting energy expenditure.

for evaluating BAT mass and activation (Ong et al., 2018).
While this method has yielded valuable insights, its ability
to accurately reflect BAT thermogenesis is debated because
preclinical studies have shown that BAT utilizes not only
glucose but also FFAs and BCAAs for energy production
(Carpentier & Blondin, 2023). To address this limitation,
isotope-tracing studies are needed to precisely define the
role of glucose in human BAT thermogenesis. Magnetic
resonance imaging (MRI) represents a highly promising
alternative due to its non-invasive nature and lack of ra-
diation exposure. Several MRI studies have successfully
quantified dynamic changes in human BAT volume, ac-
tivation status, and fat content following cold exposure
(Chen et al., 2013; Stahl et al., 2017). More recently, a non-
invasive, radiation-free metabolic MRI technique based
on creatine chemical exchange saturation transfer (Cr-
CEST) contrast has been validated for evaluating in vivo
BAT activity in both rodents and humans, offering a novel
approach for BAT functional mapping (Cai et al., 2024).
Finally, several key research avenues need to be ex-
plored to fully realize the potential of cold exposure as
a therapeutic strategy. Long-term follow-up studies are
required to assess the sustainability of cold-induced met-
abolic improvements and determine whether initial bene-
fits persist over time. Combination therapies pairing cold
exposure with established interventions such as exercise
programs or anti-obesity and anti-diabetic medications

may also represent a viable strategy for metabolic diseases.
In addition, investigating regulators of BAT activation and
cold-responsive signaling molecules in preclinical mod-
els provides promising directions for identifying novel
therapeutic targets. Furthermore, future research could
integrate cold exposure with lifestyle modifications such
as fasting and exercise to maximize its metabolic benefits
(Asghari Alashti et al., 2025).

In summary, cold exposure holds substantial promise
as a therapeutic intervention for obesity, metabolic dis-
orders, inflammation, and cancer. However, addressing
gaps in standardized protocols, advancing cooling device
technology, refining BAT imaging methods, and unravel-
ing the underlying molecular mechanisms will be critical
to translating its preclinical potential into safe, effective
clinical treatments.
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