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The development of strategies that promote the activation of adaptive thermogenesis
in brown and beige adipose tissues is expected to lead to advances in the prevention
and treatment of obesity, diabetes, and cardiovascular diseases. Currently, there is
a great effort to identify or develop pharmacological agents that could promote
adaptive thermogenesis. However, the greatest candidates, the p3-adrenergic receptor
agonists, have proven troublesome as they promote unwanted cardiovascular
effects. An important advance in the field of adaptive thermogenesis was made
by the identification of nutrients or nutrient-derived substances that activate
thermogenesis in brown and beige adipose tissue. The detailed characterization of
the mechanisms by which nutrients activate thermogenesis could lead to changes
in the nutritional guidelines for metabolic diseases. In addition, these studies could
unveil new targets for the development of pharmacological strategies to treat
metabolic and cardiovascular diseases. In this article, we review the data that
led to the current understanding of the actions of nutrients or nutrient-derived
substances as thermogenic agents.
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Introduction

All living organisms are capable of producing heat, a process known as thermogenesis.
Independently of the type, thermogenesis is always driven by energy, which means that
organisms must metabolize fuel to heat their bodies (1). Currently, there is great scientific
interest in the mechanisms of thermogenesis, as it is believed that advances in this field could
lead to the development of new strategies to prevent and treat obesity and other highly
prevalent metabolic and cardiovascular disorders (2).

While most organisms produce heat as a consequence of biological processes, such as
cellular metabolism, exercise, and feeding, only mammals, birds, and some reptiles are
capable of producing heat in response to changes in the environmental temperature (3). Three
types of thermogenesis occur independently of environmental temperature: (i) obligatory
thermogenesis that results from energy dissipated during cellular metabolism; (ii)
postprandial thermogenesis that results from the thermal effects of food; (iii) exercise-
induced thermogenesis that results from the energy dissipated during muscle contraction (3,
4). Conversely, there is only one type of thermogenesis that is activated in response to
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environmental cold, adaptive thermogenesis. Due to its plasticity,
adaptive thermogenesis seems the strongest candidate to become a
target for the prevention and treatment of obesity and comorbidities
(5, 6). Thus, over the last 15 years, researchers have evaluated
strategies that could safely increase energy expenditure and substrate
utilization by increasing adaptive thermogenesis. Of course,
pharmacological approaches are the prime focus of research in the
field. However, nutrients have also been studied with a focus on their
putative capacity to promote or facilitate adaptive thermogenesis. The
identification of such nutrients could lead to changes in the current
dietary recommendations aimed at reducing body mass and
improving metabolic control. In this article, we review the advances
obtained in the characterization of nutrients as agents that could
promote or facilitate adaptive thermogenesis. For readers interested
in a broader view of the biology and clinical aspects of thermogenesis,
we recommend the reading of other authoritative reviews (7-9).
Nevertheless, before entering the main subject of the article,
we provide brief descriptions of the mechanisms that regulate
adaptive thermogenesis.

Brief description of the search
strategy

This is a narrative review. The authors BB, GB and MRS performed
the primary search for original articles, published in English and
indexed in PubMed. The search had no limits on the year of
publication. The search terms were: brown adipose tissue; beige
adipose tissue; brite adipose tissue; BAT; brown adipocyte, beige
adipocyte; brite adipocyte; thermogenesis; thermogenic; nutrient;
food; and food component. All articles identified in the primary
search were evaluated by the authors EPA and LAYV, and only those
articles considered relevant by all the five authors were included in
the review.

The control of brown adipose tissue
function

Studies performed originally in hibernating mammals, and later
in other species, including humans, have shown that the brown
adipose tissue (BAT) is the main responsible for adaptive
thermogenesis. It does so by employing fatty acids, carbohydrates,
and even amino acids, as substrates for heat production (10). The
process depends on a biological adaptation of mitochondrial
respiration by which, instead of using the intermembrane
electrochemical gradient to produce ATP, it is employed to produce
heat (11). This is possible mostly due to the existence of an uncoupling
protein (uncoupling protein-1, UCP1) that catalyzes the leak of
protons across the mitochondrial inner membrane, thus, dissipating
the electrochemical gradient generated by the electron transport
chain (Figure 1).

The canonical mechanism of BAT activation occurs when
exposure to cold temperatures triggers a sympathetic response that
promotes norepinephrine (NE) release from nerve terminals near
brown adipocytes. NE then activates f3-adrenergic receptors in brown
adipocytes, promoting lipolysis (12). Within brown adipocytes, fatty
acids induce a conformational change in UCPI leading to its
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activation, and thus to a heat-producing uncoupled mitochondrial
respiration (12, 13) (Figure 2A).

The elucidation of the mechanism of thermogenesis induced by
noradrenergic stimulus has prompted the search for pharmacological
agents that could promote BAT activation, increasing energy
expenditure and substrate utilization. In mice, the treatment with the
CL316243, BAT-induced
thermogenesis, which is accompanied by reduced fat mass and

B3-adrenergic  agonist, promotes
increased glucose tolerance (14). In concert, in humans, a high dose
of mirabegron, a f3-adrenergic agonist approved for the treatment of
overactive bladder, is effective in increasing BAT activation, increasing
metabolic rate, and reducing blood glucose levels (15). However, due
to potent cardiovascular effects, the beneficial metabolic actions
promoted by a high dose of mirabegron are accompanied by adverse
properties, such as increased heart rate and increased blood pressure
(16). Thus, it is currently assumed that the agonism of f3-adrenergic
receptors could be potentially interesting to activate BAT in humans;
however, there are at least two important questions that should
be explored before more conclusive actions could be taken: (i) what
are the particularities about the differences in identity, function and
anatomical distribution of p3-adrenergic receptors in mice and
humans (17)% (ii) is there a possibility of producing p3-adrenergic
that act BAT and lack
cardiovascular effects?

agonists safely in the adverse

As the safe pharmacological activation of BAT thermogenesis
using P3-adrenergic agents remains elusive, other candidates are
under investigation. A great advance was obtained following the
unexpected observation that mice lacking UCPI retained some
adaptive thermogenic capacity (18). The detailed characterization of
this phenomenon led to the identification of UCP1-independent
adaptive thermogenesis. One such mechanism is dependent on
creatine accumulation in the brown adipocytes (19). Under this
condition, the mitochondrial turnover of ATP/ADP is accelerated,
which could occur through the activation of creatine kinase activity
or creatine-dependent spatiotemporal buffering of ATP (20).
Independent of the mechanism, the result is the leakage of protons
from the mitochondrial intermembrane space, producing heat
(Figure 2B). In mouse models, the supplementation with 2% creatine
(weight/volume) during an HED protocol, reduced obesity, improved
insulin sensitivity and also increased the expression of thermogenic
genes in BAT (21). In vegetarian young adult humans (18-30 years),
supplemented with 0.03% (weight) of creatine there was no increased
BAT activity after cold exposure (22). This highlights the importance
of more studies on creatine supplementation to provide a further
understanding of its potential impact on improving thermogenesis
in humans.

A futile cycle of lipolysis/re-esterification has been proposed as yet
another mechanism of UCP1-independent thermogenesis. Brown
adipocytes are equipped with enzymatic machinery capable of
breaking down and re-esterifying fat. In this cycle, the re-esterification
of fatty acid with glycerol acts as a sink for ATP, releasing energy as
heat (23) (Figure 2C). A third mechanism of UCP1-independent
thermogenesis relies on sarcoplasmic/endoplasmic-reticulum calcium
cycling. As this mechanism was described in beige adipose tissue,
details will be presented in the following section.

An interesting advance in the field was obtained by the description
of the thermogenesis-inducing activity of n-acyl amino acids (24).
This mechanism depends on the expression of the secreted enzyme
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FIGURE 1

Adaptive thermogenesis in brown adipose tissue. Brown adipose tissue in humans and other mammals will use substrates, such as fatty acids,
carbohydrates, and amino acids, for heat production. In the mitochondria of the brown adipocytes, the electrochemical gradient produced by
nutrients oxidation will bypass the ATP synthase, which will be catalyzed by the UCP1, generating heat. UCP1, Uncoupler Protein 1; ADP, Adenosine
diphosphate; ATP, Adenosine triphosphate; Pi, Inorganic phosphate; H+, Hydrogen ions. Created in BioRender. Velloso (2025) https://BioRender.com/

pkgycy4.

peptidase M20 domain containing 1 (PM20D1) by brown and beige
adipocytes, as well as other organs, such as the liver. Once secreted,
PM20D1 catalyzes the condensation of fatty acids and amino acids to
produce n-acyl amino acids (Figure 2D). N-acyl amino acids are
produced endogenously by brown and beige adipose tissue or are
produced by other tissues and blood and can enter the adipocytes. In
the adipocytes, these molecules bind to the mitochondria and act as
endogenous uncouplers, independently of UCP1 (24). In a recent
study, it has been shown that this mechanism explains, at least in part,
differences in thermogenesis among mouse strains frequently used in
biomedical research (25).

As research advances in the field, it becomes clear that uncoupled
respiration leading to thermogenesis can occur by different mechanisms,
thus opening a wide window of opportunities for the search of potential
targets to stimulate BAT as an intervention to prevent and treat obesity-
associated metabolic and cardiovascular diseases.

The control of beige adipose tissue
function

In 2012, Bruce Spiegelman’s group identified another type of
adipose tissue that occurs within areas of white adipose tissue and
originates from the trans-differentiation of white adipocytes into
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brown adipocyte-like cells (26). This tissue is mostly referred to as
beige, but in some articles, it appears as brite adipose tissue. In the
original study describing the existence of beige adipocytes, it was
shown that exercise induces the expression and secretion of the
hormone irisin from skeletal muscle cells (27). Circulating irisin binds
to TRCP3 receptors in adipocytes triggering the ERK and AKT
signaling cascades that engage PPARy leading to the transcriptional
induction of UCPI1 expression. Further studies revealed that the
process of trans-differentiation of white to beige adipocytes is very
dynamic and two-handed (28). This means that whole body
metabolism can be improved under certain conditions by increasing
the mass of beige adipocytes; however, it implies that even in
organisms containing a large mass of beige adipocytes, periods of life
under non-healthy conditions, such as sedentariness and ingestion of
large amounts of fats and sugars, can promote the reversal of trans-
differentiation of beige adipocytes back to white adipocytes.

Much less is known about the biology of beige adipocytes as
compared to brown adipocytes. This is particularly relevant
considering that the identity details of beige adipocytes in humans
are still under investigation. The supraclavicular BAT depots present
in adult humans are highly thermogenic and in early studies, it was
believed it was similar to the rodent BAT; however, it is currently
known that its transcriptional signature is closer to the one found
in mouse beige adipocytes as compared to mouse BAT (29, 30). In
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FIGURE 2

Mechanisms that activate adaptive thermogenesis in brown adipose tissue. (A) Cold exposure activates the release of norepinephrine by the

sympathetic nervous system, which activates f3-adrenergic receptors on brown adipocytes. This will trigger a cascade of events, such as intracellular
lipolysis and the expression of mitochondrial thermogenic genes, such as UCP1, leading to energy dissipation as heat. (B) Creatine accumulation in
brown adipocytes will increase the ATP/ADP mitochondrial turnover, due to the activation of creatine kinase, which will increase the electrochemical
gradient, resulting in heat generation. (C) Activation of p-adrenergic receptors will lead to a futile lipid cycle of simultaneous lipolysis and re-
esterification of fat in brown adipocytes. Lipolysis results in the formation of FADH2 and NADH, which increases the proton gradient that contributes to
energy dissipation as heat. The constant turnover of ATP/ADP and increased enzymatic intracellular activity contribute to heat production. (D) In brown
adipocytes, PM20D1 can catalyze the condensation of fatty acids and amino acids to produce N-Acyl Amino Acid. PM20D1, which can be secreted by
brown adipocytes, circulates along with lipoprotein, forming N-Acyl Amino Acid (1). PM20D1 is also secreted by the liver, being able to also form
N-Acyl Amino Acids in this tissue. These N-Acyl Amino Acids can enter the brown adipocytes (2 and 3). Once in the brown adipocytes, N-Acyl Amino
Acids can bind to the mitochondria, by the carriers ANT1 and ANT2, acting as endogenous uncouplers of mitochondria, independent of UCP1,
generating heat (4). CNS, Central Nervous System; GDP, Guanosine diphosphate; GTP, Guanosine triphosphate; AC, Adenylate cyclase; cAMP, Cyclic
adenosine monophosphate; PKA, Protein kinase A; FFA, Free fatty acid; CK, Creatine kinase; a-KG, Alpha-ketoglutarate; B-AR, B-adrenergic receptor;
FADH2, Flavin adenine dinucleotide; NADH, nicotinamide adenine dinucleotide; PM20D1, peptidase M20 domain containing 1 ANT1, Adenine
nucleotide translocator 1; ANT2, Adenine nucleotide translocator 2; UCP1, Uncoupler Protein 1; H+, Hydrogen ions; ADP, Adenosine diphosphate; ATP,

Adenosine triphosphate; TCA, citric acid cycle; Created in BioRender. Velloso (2025) https://BioRender.com/qoh5u7x.

addition, it is still unknown if the rodent beige inguinal depots or
BAT adipose tissue faithfully represents human thermogenic
adipose tissue, as there are several distinctions between them. As an
attempt to address this issue, it was proposed that human
thermogenic adipose depots could be modeled by interscapular
BAT from humanized mice kept at thermoneutrality and fed a
high-fat diet (31). However, this model is rather complex, thus, it
remains unclear how representative this protocol is for human
thermogenic adipose tissue. Nevertheless, in mice the distinctions
between BAT and beige are clearer; as beige adipocytes derive from
white adipocytes, it means that their embryonic development is
different from the brown adipocytes that originate from
Myf5 + cells, as it occurs in skeletal muscle development (32).
Nevertheless, most transcriptional and epigenetic regulators operate
similarly in the development and activation of brown and beige
adipocytes. This is true for PDGFRa, EBF2, BMP7, and PRDM16
(33). Conversely, there are a few factors that act exclusively on beige
adipocyte differentiation, such as MRTFA and KLFI1 (33).
Understanding how the small transcriptional differences between
the two types of thermogenic tissues work could lead to the
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identification of new potential targets for the development of
thermogenic drugs.

As arule, beige adipocyte thermogenesis is mostly dependent on
the expression and activation of UCP1. However, studying mice with
a white adipose tissue (WAT)-selective knockout of UCP1, Shingo
Kajimura’s group identified a novel UCP1-independent mechanism of
mitochondrial respiration uncoupling that leads to a cold-induced
thermogenic response. This mechanism, which also is found in BAT,
results from the SERCA2b-dependent calcium cycling that promotes
not only thermogenesis but also, increased glucose consumption (34).

In addition to irisin, beige adipocytes also respond to the
sympathetic signals induced by exposure to cold, such as occurs in
BAT. In this context, a recent study has provided important advance
in this field demonstrating that, whereas NE is important to induce
uncoupled respiration, NPY, which is co-expressed with NE in 32%
sympathetic fibers, promotes the differentiation of beige and brown
adipocytes from perivascular mural cells (35). This has proven a
very important mechanism of activation of thermogenesis as mice
lacking NPY in sympathetic fibers are obesity-, and diabetes-prone
(Figure 3).
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Beige and brown adipocytes response to sympathetic signals. NPY, co-expressed with noradrenaline in sympathetic fibers in response to stimuli such
as increased sympathetic tonus, can promote the proliferation of iWAT and iBAT mural cells, which are progenitors of thermogenic adipocytes. Animals
with a knockout for NPY in sympathetic fibers had a decrease in adaptive thermogenesis, becoming more susceptible to obesity and diabetes. KO,
Knockout; NPY, Neuropeptide Y; NE, norepinephrine; NPY1R, Neuropeptide Y receptor Y1; TH, Tyrosine hydroxylase. Created in BioRender. Velloso

Another important aspect of beige adipocyte biology is the
apparent capacity of activation by PPARy agonists. Thus, rosiglitazone
has been shown to promote beige adipocyte differentiation in
experimental models and isolated cells (36, 37). However, in humans,
studies are controversial. In primary human adipocytes, the
thiazolidinediones are capable of inducing a thermogenic program.
However, in living humans, the treatment with pioglitazone for 6
months was incapable of producing significant changes in the
BAT (38).

Because of the greater plasticity of beige adipose tissue as
compared to BAT, it is currently believed that developing interventions
capable of increasing the mass of beige adipocytes may result in
important advances in the strategies to prevent and treat obesity-
associated metabolic and cardiovascular diseases. In this context,
nutrients have emerged as important players.

Nutrients and food components that
modulate brown and beige adipose
tissue functions

Most research in the field has evaluated the thermogenic capacity
of food components, instead of nutrients, and most of this work was
performed in experimental models. Nevertheless, some interesting
data came from clinical studies. Here, we will first look at the data on
food components evaluated in experimental studies and human
studies. Next, we will look at the data on nutrients in experimental
studies and clinical studies.

Frontiers in Nutrition

The evidence for the thermogenic actions
of food components in experimental
models

In early studies, caffeine was shown to produce a thermogenic
response in lean (39) and obese (40) rats. In the study evaluating
lean rats, the thermogenic response was shown to depend on BAT
activation (39), whereas, in the study evaluating the obese rats,
there were no experiments aimed at looking at BAT, however,
respirometry determinations revealed increases of up to 50% in
O, consumption. In mice, the thermogenic effect of caffeine was
shown to occur in non-genetic obesity, whereas in the monogenic
ob and db mice, its effect was minimal (41). Most caffeine actions
to promote BAT thermogenesis depend on intact sympathetic
innervation and are due to its activity in the central nervous
system antagonizing adenosine and inhibiting phosphodiesterase
(42). An
thermogenesis in rodents is that it can enhance exercise-induced

activity important aspect of caffeine-induced
thermogenesis (43). In addition, caffeine was shown to improve
glucose metabolism, systemic inflammation, and hepatic steatosis
in an animal model of diet-induced obesity. Thus, in experimental
models, the thermogenic and metabolic actions of caffeine are
scientifically sound.

Capsaicin and capsinoids, the spicy compounds found in chili
peppers, are food components that have been extensively studied
for their thermogenic actions. In rats, it was shown to produce
BAT thermogenesis, which was accompanied by increased GDP
binding and mitochondrial O, consumption (44). In mice fed a
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Food components effect on brown and beige adipose tissue, on animal models and humans. Effect of caffeine, capsaicin and capsinoids, cinnamon,
curcumin, and resveratrol on BAT activity and browning of WAT. The left side of the figure shows the main results on rodents. The right side of the
figure shows the main results of human studies. 02, Oxygen; SERCA2, sarcoplasmic/endoplasmic reticulum Ca2 + -ATPase 2; TRPV, Transient receptor
potential vanilloid; SREBF1C, Sterol regulatory element-binding transcription factor 1; ACACA, Acetyl-CoA carboxylase alpha; LPL, Lipoprotein lipase;
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Proliferator-Activated Receptor Gamma, Coactivator 1; FGF21, Fibroblast Growth Factor 21. Created in BioRender. Velloso (2025) https://BioRender

high-fat diet, capsaicin reduced adiposity and increased
ATP-dependent activation of thermogenic gene expression. This
outcome was due to ATP-consuming calcium and creatine futile
cycles with increased expressions of SERCA2, ryanodine receptor
2, creatine kinase B, and creatine kinase mitochondrial 2, and was
mediated by the combined activation of f3-adrenergic receptor,
al-adrenergic receptor, and TRPV (44). Different from caffeine,
which has predominantly central actions that activate BAT
thermogenesis by sympathetic connections, capsaicin promotes
thermogenesis by both central and direct actions upon the brown
adipocytes (45, 46).

Observational data suggested that cinnamon could act as an
anti-diabetic agent (47), which raised interest in this food
component as a metabolically interesting intervention. In an
experimental mechanistic study, it was shown that, at least in part,
the metabolic benefits leading to improved glucose tolerance were
due to the effects of cinnamon to increase BAT UCP1 expression
(48).
cinnamaldehyde (49). In rats, the treatment with cinnamaldehyde

The main bioactive component of cinnamon is
reduced white adipocyte hypertrophy and the expression of genes
involved in lipogenesis, Srebflc, and Acaca, while stimulating
oxidative genes, Ppargcla and Fgf21 in WAT (49). In BAT,
cinnamaldehyde promoted the increase in the expression of
thermogenesis markers, Ppara, Fgf21, and Ucpl. In rats, a long
period of cinnamaldehyde treatment resulted in metabolic
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reprogramming, leading to a smaller WAT adipocyte size,
accompanied by reduced expression of lipogenesis-related genes,
Pparg and Dgat2; whereas in BAT, cinnamaldehyde led to reduced
lipogenesis marker expression, Pparg and Lpl, associated with the
reduced whitening, and an increase in Fgf21 expression (49).

Curcumin, or diferuloylmethane, is a flavonoid found in
turmeric (Curcuma longa Linn.), a condiment used in Asian and
Latin American cuisine. Early studies demonstrated the anti-
diabetic and cholesterol-reducing properties of curcumin (50, 51).
In addition, it was demonstrated that mice treated with curcumin
presented body mass reduction, mostly due to increased energy
expenditure (52).

Resveratrol, a natural polyphenol present in grapes and
berries, has been studied for its role in activating brown/beige
adipose tissue. In neonatal mice, the use of resveratrol
reprogrammed the BAT toward a more thermogenic phenotype,
and this was associated with changes in DNA methylation (53). In
adult mice, resveratrol increased oxygen consumption, increased
BAT expression of UCP1 and SIRT1, and reduced blood glucose
levels (54). Even in monogenic extreme obesity due to the
mutation of the leptin receptor (db mice), the treatment with
resveratrol increased thermogenesis, activated the BAT, and
attenuated glucose intolerance (55, 56). Figure 4 depicts the
differential expression and role of each nutrient in mice
and humans.
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TABLE 1 Studies that tested the effects of nutrients or food components in human brown adipose tissue.

Nutrient-FC/DOI/Year

Caffeine
10.1016/j.jtherbio.2021.103000

Title

2021 supplementation

Physically active men with high brown adipose tissue

activity showed increased energy expenditure after caffeine

Summary

Human. IR camera. Capsule caffeine (375 mg vs. placebo)
30 min before data collection. BAT activation (temperature

ROI) increased

Caffeine

10.1038/s41598-019-45540-1 tissue in vitro and in vivo

Caffeine exposure induces browning features in adipose

In vitro and in vivo. Adipocytes (1 mM caffeine) increased

UCP1 and enhanced O2 consumption and proton leak +

10.1016/j.jep.2020.113413

2019 browning-like structural changes in mitochondrial and lipid
content + increased thermogenic genes expression. Human:
drinking coffee (vs water) stimulated temperature at
supraclavicular region

Capsaicin Effects of capsinoid intake on brown adipose tissue vascular | Human. Capsinoid (9 mg/d vs. placebo) for 6w. Increased

10.3390/nu12092676 density and resting energy expenditure in healthy, middle- REE and BAT density

2020 aged adults: a randomized, double-blind, placebo-controlled

study
Cinnamon Cinnamomum cassia extract promotes thermogenesis during | Human and in vitro. IR camera. With cinnamon extract,

exposure to cold via activation of brown adipose tissue

increase in EE and body temperature, decreased lipid

10.1002/mnfr.201500892

2021 droplets and increased number of mitochondria, increased
expression of thermogenic proteins

Ginger Grains of paradise (Aframomum melegueta) extract activates =~ Human. PET-CT FDGI18 after 2 h cold (19°C) before ginger

10.1017/S0007114512005715 brown adipose tissue and increases whole-body energy supplementation to determine BAT. After 4w crossover

2013 expenditure in men design, at RT, EE of BAT+ group increased

MUFA PET/MRI-evaluated brown adipose tissue activity may Human. Presence of BAT in subjects with lower

10.1038/s41598-022-08125-z be related to dietary MUFA and omega-6 fatty acids intake consumption of omega-3 and MUFA

2022

MUFA Short dietary intervention with olive oil increases brown Human. 4w olive oil supplementation. Increased BAT

10.1210/clinem/dgaa824 adipose tissue activity in lean but not overweight subjects activity in lean but not OW/obese, increased secretin, FGF21

2021 and 12,13-diHOME

PUFA Eicosapentaenoic acid and arachidonic acid differentially Human preadipocytes were treated with w-3 (EPA) or w-6

regulate adipogenesis, acquisition of a brite phenotype and

(ARA). Day 12 of differentiation. EPA promotes browning

10.1016/j.molmet.2018.04.004

2016 mitochondrial function in primary human adipocytes and improves mitochondrial function and UCP1. ARA
reduced mitochondrial respiratory function, increased lipid
droplet size and white-specific marker

Resveratrol Resveratrol improves ex vivo mitochondrial function but Men received resveratrol (150 mg/d) for 30d, cross over. Did

does not affect insulin sensitivity or brown adipose tissue in

2018 first degree relatives of patients with type 2 diabetes

not improve insulin sensitivity, BAT activity *FDG 18 + cold.

In vitro resveratrol in human BAT adipocytes no effect

Tea Catechins
1[),3945/avicn.1 16.144972
2017

Tea catechin and caffeine activate brown adipose tissue and

increase cold-induced thermogenic capacity in humans

Human. Acute effect (615 mg catechin or 77 mg caffeine
beverage): increased EE with catechin. Chronic effect:

catechin beverage 2x/d for 5w. 2 h cold (19C): increased EE

The evidence for the thermogenic actions
of food components in humans

Several clinical studies (Table 1) have shown the effects of dietary
components on the activation of brown/beige adipose tissue.
Capsaicin and capsinoids have become major players in this research
field, as studies have shown a positive correlation of these compounds
with metabolic health. In 2012, Yoneshiro and coworkers showed that
middle-aged healthy men, who received an acute dose of 9 mg of oral
capsinoids, had an increase in energy expenditure compared to the
placebo group (57). The chronic use of capsinoid led to an increase in
BAT density in normal and overweight men, as well as an increase in
resting energy expenditure in overweight men (58, 59). It also
increased  cold-induced

thermogenesis, measured by

Frontiers in Nutrition

fluorodeoxyglucose-positron emission tomography and computed
tomography, in healthy human subjects (60).

Caffeine has also been evaluated for its thermogenic actions in
humans. Clinical studies using caffeine supplementation
demonstrated positive effects on thermogenesis. A single
supplement of caffeine capsules (5 mg/kg) resulted in an increase
in energy expenditure and supraclavicular temperature, measured
by infrared thermography, in healthy young men. The effect was
seen 30 min after ingestion and lasted for 60 min (61). The
consumption of coffee and tea, and beverages that contain caffeine,
promoted BAT function in thermoneutrality, increasing energy
expenditure, and non-shivering cold-induced thermogenesis (62,
63). Morbidly obese patients who received treatment with caffeine
three times a day had more detectable f3-adrenoceptor in their
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adipocytes, revealing a potential mechanism of the action of
caffeine on metabolic health (64).

Other nutritional compounds have been studied for their effects
on non-shivering thermogenesis and metabolism. However, there is
limited data on human volunteers. Resveratrol has also been studied
for its potential thermogenic actions in humans, yet, the results are not
as consistent as in experimental models. The chronic use of resveratrol
(500 mg trans-resveratrol) increased thermogenesis markers, such as
FNDC5, UCPI1, and PRDM16, in obese human subcutaneous adipose
tissue, as well as SIRT1 (Sirtuin 1). The activation of SIRT1 by
resveratrol is hypothesized to be responsible for the positive effect of
resveratrol on metabolism (65). Cinnamon has also been shown to
influence non-shivering thermogenesis. In healthy subjects, the
ingestion of the cinnamaldehyde resulted in an increased energy
expenditure, fat oxidation, and nose temperature, after 90 min of
ingestion. The positive effect of cinnamon is associated with the
activation of the TRP channel, similar to capsaicin (66). Curcumin has
also been evaluated for its thermogenic actions in humans. Studies
have demonstrated that the consumption of curcumin can have a
positive effect on human chronic diseases, such as obesity, type 2
diabetes, and cancer (67, 68). However, despite some promising results
from animal models regarding curcumin’s role in non-shivering
thermogenesis, there is a lack of human studies. This can be attributed
to the poor bioavailability of curcumin formulations (69). Interestingly,
other compounds from the ginger family, such as grains of paradise,
have been studied in human subjects. Thus, it was observed an
increase in energy expenditure, through the activation of BAT, 2 h
after the oral administration of the compound to middle-aged men
(70). In addition, it has been shown that the chronic use of grains of
paradise by non-obese, young, female volunteers led to reduced
visceral fat and elevated energy expenditure (71).

The evidence for the thermogenic actions
of nutrients in experimental models

As fatty acids are the main substrates for uncoupled mitochondrial
respiration and thermogenesis both in brown and beige adipocytes, it
was expected that increased dietary consumption of such nutrients
could stimulate adaptive thermogenesis. There is fine experimental
evidence that mono-, and polyunsaturated fatty acids (MUFAs and
PUFAs, respectively) can act through distinct mechanisms to activate
BAT and beige adipose tissue. Eicosapentaenoic acid (EPA) can act
directly in isolated brown adipocytes inducing the expression of
thermogenic genes through the activation of the fatty acid receptor
GPR120 and intracellular signaling through cAMP (72). In mice, both
EPA and docosahexaenoic acid (DHA) given as dietary
supplementations increase thermogenesis in both BAT and beige
adipose tissue by promoting the direct activation of GPR120 and
TRVP1 (73, 74). Moreover, both EPA and DHA can also act in the
central nervous system, stimulating thermogenesis through the
activation of the sympathetic nervous system (75). The actions of EPA
and DHA in the brain to control thermogenesis occur, at least in part,
through the activation of hypothalamic GPR40 and GPR120 (76).
GPR40 is expressed in pro-thermogenic proopiomelanocortin
(POMC) neurons in the hypothalamus, and the treatment with either
DHA or a synthetic agonist results in an increase in whole-body
energy expenditure and activation of BAT (77, 78).
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The MUFA, oleic acid, has also been shown to stimulate
thermogenesis. A study showed increased oxygen consumption
and thermogenesis in rats fed on a diet rich in oleic acid as
compared to those fed predominantly on saturated fats (79).
Another study using mice compared a control diet containing 5.6%
keal fat from lard and 4.4% kcal fat from soybean oil with high-fat
diets containing 25% kcal from lard and 20% kcal fat from either
shea butter (stearic acid-rich fat; SHB), olive oil (oleic acid-rich
oil), safflower oil (linoleic acid-rich oil), or soybean oil (mixed
oleic, linoleic, and a-linolenic acids). The results showed that the
diet containing oleic acid was the most efficient in mitigating body
mass gain, which was accompanied by increased thermogenesis,
increased BAT expression of UCPI1, and improved glucose
tolerance (80). Oleic acid supplementation in rats was also shown
to be as effective as exercise to induce thermogenesis, at least in
part by stimulating the trans-differentiation of white to beige
adipocytes (81). A recent advance in the field was obtained by the
identification of GPR3 as the receptor for oleic acid. In GPR3
knockout mice, oleic acid fails to increase BAT thermogenesis,
whereas in intact mice, it triggers an intracellular signaling cascade
activating Gs/cAMP and PKA (82).

The evidence for the thermogenic actions
of nutrients in humans

Different from experimental data, the actual impact and direct
actions of dietary fats and other nutrients on the activity of human
BAT and beige adipose tissue are still controversial (83, 84). For
example, the level of evidence is much smaller than the data showing
that MUFAs and PUFAs have anti-inflammatory and cardiovascular
protective actions (85, 86). Nevertheless, there are some interesting
data (Table 1) that reinforce the need for further studies that could
provide consistent advances in the field.

In a clinical study, EPA was shown to promote mitochondrial
biogenesis in subcutaneous adipocytes of overweight individuals
through up-regulation of mitochondrial transcription factors NRF-1
(nuclear respiratory factor-1) and TFAM (mitochondrial transcription
factor A), increased activity of SIRT1 (Sirtuinl), deacetylation of
PGC-1a (Peroxisome Proliferator-Activated Receptor y Coactivator
la) and increased phosphorylation of AMPK (AMP-activated protein
kinase), an energy sensor responsible for stimulating fatty acid
oxidation and activating PGC-1a. The authors suggested the role of
EPA in remodeling adipocyte metabolism, inducing greater efficiency
in the use of fatty acids as energy fuel, in addition to the positive
regulation of beige adipocyte markers by increasing the expression of
PRDM16 (PR domain containing 16), CIDEA (cell death-inducing
DFFA-like effector a) and UCPI (uncoupling protein 1), genes
involved in WAT beiging (87).

Another clinical study has revealed that diet-induced
thermogenesis was more pronounced after consuming PUFA-
enriched sources as compared to saturated fatty acids (88).
Furthermore, it has been shown that PUFAs can mitigate obesity-
associated BAT mitochondrial dysfunction by regulating thermogenic
gene expression (89). In a 4-week MUFA intervention, the BAT
activity was increased in lean but not in obese volunteers, suggesting
that optimal thermogenic action promoted by dietary unsaturated fats
depends on preserved insulin sensitivity in the BAT (90).
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Another interesting trial with healthy young men showed that
12-week daily supplementation with 2 g EPA and 1 g DHA increased
the oxidation of fatty acids and carbohydrates only under cold
environmental conditions, regardless of basal metabolic rate. This
that
be dependent on cold environmental stimuli (91).

suggests PUFA-mediated thermogenic activation may

An important advance in the field was provided by a study that
evaluated the lipidomic profile of humans and mice and observed that
p3-adrenergic stimulation through cold exposure promoted the
activation of the enzyme 12-lipoxygenase (12-LOX), which has as a
by-product, the lipid derivative 12-hydroxy eicosapentaenoic acid
(12-HEPE), an important paracrine and/or endocrine factor that
captures glucose in BAT and muscle, improving the efficiency of this
signaling cascade in glucose metabolism (80). This is important
because it shows that a substance derived from nutrients and produced
in the BAT can play a role in the regulation of thermogenesis. This will
be explored in the next section.

Nutrient-derived substances that
regulate thermogenesis

12,13-diHOME (12,13-dihydroxy-9Z-octadecenoic acid) is an
oxidized linoleic acid metabolite that is produced by the BAT. In 2017,
Lynes and colleagues explored the correlation between 12,13-
diHOME and cold in both humans and mice. They showed that, in
humans, blood levels increased after cold exposure and it was
negatively correlated with BMI, insulin sensitivity, and triglycerides.
In mice, a pre-treatment with 12,13-diHOME increased cold tolerance
and increased fatty acid uptake in brown adipocytes by stimulating
fatty acid transporters, CD36 and FATP1 (92). Moreover, another
study showed that 12,13-diHOME was inducible by exercise both in
humans (female, male, young and old) and in mice, and increased the
fatty acid uptake in skeletal muscle and mitochondrial respiration
showing the role of exercise, in addition to cold, to increase 12,13-
diHOME levels (93). In mouse models, this adipokine is also related
to a reduced inflammatory scenario and reduced atherosclerosis by
acting on endothelial cells and enhancing eNOS (94).

Another class of compounds related to metabolism is oxylipins,
produced by oxygenases that oxidize PUFAs. In the BAT, one of these
enzymes, the 12-LOX, is responsible for the release of 12-HEPE, an
oxylipin, in response to cold. Acting in brown adipocytes, 12-HEPE
increases the expression of de novo lipogenesis genes and Glutl and
promotes the translocation of GLUT4 to the cell membrane, increasing
glucose uptake and stimulating thermogenesis. This mechanism was
shown to occur through the activation of the PI3K-mTOR-Akt-Glut
pathway (95). Lipoxygenases like 12-LOX are also involved in
response to inflammation and are widely expressed in many tissues,
so the BAT-specific roles of its products are still under investigation.
12-HEPE circulating levels were increased in patients with severe
obesity compared to healthy volunteers; however, the blood levels of
12-HEPE 1 year after sleeve gastrectomy were reduced, perhaps as a
consequence of a reduction in the body amounts of PUFAs (96). In a
human randomized, double-blind controlled, crossover study with
volunteers with obesity, 12-HEPE was inversely correlated with serum
IL-10, an anti-inflammatory cytokine but it was also inversely
correlated with IL-6 and MCP1 (97). Further studies are needed to
provide advances in the understanding of the roles of 12-HEPE in
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immune response. Figure 5 depicts the effects of fatty acids on mice
and human brown adipose tissue as presented in this subsection.

Micronutrients and brown adipose
tissue activity

Vitamins and amino acids have also been recently studied to
address their potential role in the regulation of thermogenesis and
metabolism. In a recent review, vitamin A was shown to modulate the
activity of the brown adipose tissue. Retinol is a potent transcriptional
factor that regulates pathways important in adipose tissue
thermogenesis. In adipocytes, retinol is converted to retinaldehyde
and retinoic acid, which promote the expression of PGClalpha and
UCP1 (98). In mice, the treatment with retinoic acid enhanced UCP1
expression in BAT depots and prevented the whitening of the tissue
(99). In another study, mice treated subcutaneously with retinoic acid
exhibited increased expression of thermogenic markers in white
adipose tissue, even at thermoneutrality (100). Moreover,
retinaldehyde, a retinol precursor, was capable also of inducing the
expression of thermogenic genes in human white adipocytes (101).

The impact of nutrients in BAT was also reviewed in a paper by
Noriega and colleagues (102). They discuss the role of vitamin D in
brown adipocytes and thermogenesis. In human neonates, vitamin D
can increase mitochondrial biogenesis in beige adipocytes (103). In
mouse models, vitamin D seems to exert its potential as a thermogenic
activator in dose-dependent manner. Its deficiency is associated with
reduced expression of UCP1 and an obese phenotype in rats (104). In
mice knockout for the vitamin D nuclear receptor (VDR) or the
enzyme responsible for converting vitamin D to its active form, there
was an increase in body weight gain (105).

In another recent and excellent work (106) about browning in
human fibroblast-derived adipocytes, the authors highlight the
importance of the amino acid choline, and vitamin B pantothenic
acid, on the expression of UCP1 and mitochondrial respiration in
human brown adipocytes. They demonstrate that small amounts of
pantothenic acid induce UCP1 expression, increase lipolysis and
oxygen consumption by the cells. Choline and pantothenic acid are
crucial and necessary for the development of a browning phenotype
during human fibroblast differentiation into brown adipocytes.
However, high doses of pantothenic acid have the opposite effect and
reduce glycolysis. Riboflavin (B2), another vitamin B, increases, in a
dose-dependent manner, lipolysis but reduces UCP1 expression and
mitochondrial membrane potential. Thiamine (B1), yet another
member of the vitamin B family, increases UCP1 but with no effect on
membrane potential and reduces lipolysis.

Iron is another micronutrient that participates in the correct
functioning of mitochondria and consequently on thermogenesis.
Brown adipocytes require more iron than white adipocytes due to
mitochondrial biogenesis and reduced iron availability suppress
brown and beige adipocytes differentiation (107). In mice, iron
deficiency in association with the consumption of HFD, impaired
insulin metabolism, increased weight gain and reduced body
temperature control under cold exposure compared to adequate iron
amount group of mice (108). Similar to the dose-dependent action of
vitamin B, high-iron diet exacerbates the effects of HFD in mice,
exhibiting impaired insulin signaling, glucose metabolism, reduced
brown adipose tissue activity and higher mitochondrial oxidative
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known as FFARL (Free Fatty Acid 1); GPR120, G protein receptor, also known as FFAR4 (Free Fatty Acid 4). Created in BioRender. Velloso (2025) https://
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stress (109). Thermogenesis requires appropriate sympathetic
innervation to work properly, and zinc participates in this scenario
regulating this adrenergic input. In obesity, reduced zinc impairs this
innervation while its supplementation ameliorates thermogenesis
(110). An important point to highlight is that scientific evidence of the
role for these micronutrients on thermogenesis is usually designed
exploring deficiency or supplementation and rarely with standard
meal amounts or food as main source pointing the relevance of
continuous studies in this field aiming human improvement on
metabolism with browning and thermogenesis approaches.

The impact of changes in the activities
of brown and beige adipose tissues on
health and disease

Changes in the activity of brown and beige adipose tissues have a
considerable impact on health and disease, particularly regarding
metabolism and energy balance. Increased activity of these tissues can
lead to increased energy expenditure, improved glucose and lipid
metabolism, and better control of body weight and metabolic
parameters. Conversely, reduced activity of BAT and beige, or the
predominant presence of WAT, is associated with obesity, insulin
resistance, and other metabolic abnormalities (111).

One of the greatest advances in the field was achieved by the
evaluation of the presence of active BAT in more than 134 thousand
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"8E-FDG positron emission tomography-computed tomography (PET/
CT) reports from more than 50 thousand patients (2). The study
confirmed two important features of the BAT showing that its activation
is inversely proportional to environmental temperature and directly
proportional to body mass index. In addition, it was revealed for the
first time that the presence of active BAT protects against type 2
diabetes, dyslipidemia, coronary artery disease, cerebrovascular disease,
congestive heart failure, and hypertension (2). The subjects evaluated
in the study were not under specific interventions aimed at modulating
the activity of BAT; thus, they can be regarded as people who presented
active BAT under regular conditions of life. In the future, it will
be important to determine if people who present increased BAT activity
as a consequence of a specific intervention, including food
interventions, also benefit from the protection against such diseases.

Sex, age, and ethnic differences are important and yet
underexplored issues in BAT and beige adipose tissue biology. In a
retrospective study evaluating PET-CT scans of over 5,000 subjects,
females presented greater positivity than males, and, in general, BAT
positivity was reduced with aging (2). Regarding ethnicity, it has been
shown that South Asians tend to have smaller BAT volumes compared
to white North Americans and Europeans, even when controlling for
factors like BMI and body fat percentage (112). Moreover, African
ancestry seems to be associated with reduced BAT activation in
response to cold exposure (113). It is yet unknown how these distinct
groups respond to nutrients and food components as interventions
aimed at modulating BAT and beige adipose tissue activity.
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Conclusion

The development of agonists of the GLP-1 receptor has brought
remarkable advances in the treatment of obesity and diabetes (114).
In clinical trials, body mass reductions approached the magnitude
previously achieved by bariatric surgery, only (115). Early
experimental data suggested that the results on body mass reductions
were due to a combination of reduced caloric intake and increased
energy expenditure (116). However, a detailed mechanistic evaluation
of the actions of semaglutide, refuted the thermogenic effects,
suggesting that at most, it could mitigate the drop in energy
expenditure that accompanies body mass reduction (117). At first,
these findings were interpreted as a therapeutic weakness of the GLP-1
receptor agonists. However, it can also be seen as a new window of
opportunity. Considering that weight reductions of 20-25% can
be achieved by a class of drugs that act on caloric intake, only, what
would be the outcomes of a combined use of a GLP-1 receptor agonist
plus a drug that increases thermogenesis? In experimental studies, this
has been tested, and the results are promising. The combined use of
liraglutide and succinate, an intermediate of the Krebs cycle that acts
directly in BAT mitochondria to stimulate thermogenesis, resulted in
increased body mass reduction (118). The combined use of liraglutide

10.3389/fnut.2025.1626068

plus an agonist of the fatty acid receptor, GPR40, also resulted in
increased body mass reduction (77). Thus, there is considerable
experimental evidence suggesting that body mass reductions greater
than 20-25% are feasible. Some of the potential targets for the
development of thermogenic drugs may come from studies that
explored the thermogenic actions of nutrients and food components.
Moreover, there is also much to be done by exploring the combination
of drugs that reduce caloric intake and dietary patterns that increase
thermogenesis. In this review article, we have put together
experimental and clinical data that provide evidence for the
thermogenic actions of several nutrients and food components.
Further clinical studies should analyze the impact of combining state-
of-the-art pharmacological interventions and nutrients/food
components as strategies to increase body mass reduction and
metabolic control (Figure 6).

In conclusion, there is growing evidence that some nutrients and
food components possess thermogenic capacity. Exploring these
properties has led to the identification of potential molecular targets
for drug development (119). Moreover, the refined exploration of the
thermogenic actions of certain foods could lead to changes in the
dietary recommendations for patients with obesity, diabetes, and other
metabolic and cardiovascular conditions.

CURRENT

DIET - Low Caloric 3/ 9

PHYSICAL ACTIVITY 57

L
DRUGS .7

GLPi1 Agonists

GLP1/GIP dual Agonists

FIGURE 6

TREATMENT =

COMBINED
STRATEGIES
THERMOGENESIS

DIET -Stimulate consumption
MUFAs and PUFAs

sry

-

A
=~ (o)

Supplement Bioactive
Food Components

@ Caffeine
‘ Resveratrol
X Cinnamon

< Capsaicin

Proposed combinatorial strategies to improve thermogenesis. Currently, obesity treatment guidelines recommend the association of dietary
intervention, increased physical activity and use of pharmacological agents that reduced caloric intake (left-hand side of the panel). Considering the
current and future understanding of the impact of certain nutrients and food components as thermogenic agents, a putative combinatorial strategy
could result in increased body mass reduction. The combinatorial strategy could rely on the recommendation for increased consumption of MUFAs
and the supplementation with thermogenic bioactive food components (right-hand side of the panel). This proposal could be considered in future
clinical trials aimed at advancing the management of obesity. Created in BioRender. Velloso (2025) https://BioRender.com/6gh7udt.

Frontiers in Nutrition

frontiersin.org


https://doi.org/10.3389/fnut.2025.1626068
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://BioRender.com/6qh7u9t

Bombassaro et al.

Author contributions

BB: Writing - review & editing, Writing - original draft. GB:
Writing - review & editing, Writing - original draft. MR: Writing -
original draft, Writing - review & editing. EA: Writing - original draft,
Writing - review & editing. LV: Writing — original draft, Writing -
review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The Obesity and
Comorbidities Research Center is funded by FAPESP grant
#2013/07607-8.

Acknowledgments

The Obesity and Comorbidities Research Center is affiliated with
the National Institute of Health Neuroimmunomodulation - CNPq.

References

1. Lowell BB, Spiegelman BM. Towards a molecular understanding of adaptive
thermogenesis. Nature. (2000) 404:652-60. doi: 10.1038/35007527

2. Becher T, Palanisamy S, Kramer DJ, Eljalby M, Marx S], Wibmer AG, et al. Brown
adipose tissue is associated with cardiometabolic health. Nat Med. (2021) 27:58-65. doi:
10.1038/541591-020-1126-7

3. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological
significance. Physiol Rev. (2004) 84:277-359. doi: 10.1152/physrev.00015.2003

4. Tzeravini E, Tentolouris A, Kokkinos A, Tentolouris N, Katsilambros N. Diet
induced thermogenesis, older and newer data with emphasis on obesity and diabetes
mellitus - a narrative review. Metab Open. (2024) 22:100291. doi:
10.1016/j.metop.2024.100291

5. Kononova YA, Tuchina TP, Babenko AY. Brown and Beige adipose tissue: one or
different targets for treatment of obesity and obesity-related metabolic disorders? IJMS.
(2024) 25:13295. doi: 10.3390/ijms252413295

6. Pahlavani M, Pham K, Kalupahana NS, Morovati A, Ramalingam L, Abidi H, et al.
Thermogenic adipose tissues: promising therapeutic targets for metabolic diseases. ]
Nutr Biochem. (2025) 137:109832. doi: 10.1016/j.jnutbio.2024.109832

7. Ziqubu K, Dludla PV, Mabhida SE, Jack BU, Keipert S, Jastroch M, et al. Brown
adipose tissue-derived metabolites and their role in regulating metabolism. Metabolism.
(2024) 150:155709. doi: 10.1016/j.metabol.2023.155709

8. Ziqubu K, Dludla PV, Mthembu SXH, Nkambule BB, Mabhida SE, Jack BU, et al.
An insight into brown/beige adipose tissue whitening, a metabolic complication of
obesity with the multifactorial origin. Front Endocrinol. (2023) 14:14. doi:
10.3389/fendo0.2023.1114767

9. Ziqubu K, Mazibuko-Mbeje SE, Dludla PV. Regulation of adipokine and batokine
secretion by dietary flavonoids, as a prospective therapeutic approach for obesity and its
metabolic complications. Biochimie. (2025) 230:95-113. doi: 10.1016/j.biochi.2024.11.007

10. Pfeifer A, Klingenspor M, Herzig S eds. Brown adipose tissue, vol. 251. Cham:
Springer International Publishing (2019).

11. Ricquier D, Kader J-C. Mitochondrial protein alteration in active brown fat: A
sodium dodecyl sulfate-polyacrylamide gel electrophoretic study. Biochem Biophys Res
Commun. (1976) 73:577-83. doi: 10.1016/0006-291X(76)90849-4

12. Fedorenko A, Lishko PV, Kirichok Y. Mechanism of fatty-acid-dependent UCP1
uncoupling in brown fat mitochondria. Cell. (2012) 151:400-13. doi:
10.1016/j.cell.2012.09.010

13. Divakaruni AS, Humphrey DM, Brand MD. Fatty acids change the conformation
of uncoupling protein 1 (UCP1). J Biol Chem. (2012) 287:36845-53. doi:
10.1074/jbc.M112.381780

14. Umekawa T, Yoshida T, Sakane N, Saito M, Kumamoto K, Kondo M. Anti-obesity
and anti-diabetic effects of CL316243, a highly specific beta 3-adrenoceptor agonist, in
Otsuka Long-Evans Tokushima fatty rats: induction of uncoupling protein and
activation of glucose transporter 4 in white fat. Eur ] Endocrinol. (1997) 136:429-37. doi:
10.1530/eje.0.1360429

Frontiers in Nutrition

12

10.3389/fnut.2025.1626068

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

15. Finlin BS, Memetimin H, Zhu B, Confides AL, Vekaria HJ, El Khouli RH, et al. The
B3-adrenergic receptor agonist mirabegron improves glucose homeostasis in obese
humans. J Clin Invest. (2020) 130:2319-31. doi: 10.1172/JCI134892

16. Ma L, Xiong L, Huang G. Effects of mirabegron on brown adipose tissue and
metabolism in humans: A systematic review and meta-analysis. Eur J Clin Pharmacol.
(2024) 80:317-33. doi: 10.1007/500228-023-03614-0

17. Michel LYM, Farah C, Balligand J-L. The Beta3 adrenergic receptor in healthy and
pathological cardiovascular tissues. Cells. (2020) 9:2584. doi: 10.3390/cells9122584

18. Ikeda K, Yamada T. UCP1 dependent and independent thermogenesis in Brown
and Beige adipocytes. Front Endocrinol. (2020) 11:498. doi: 10.3389/fendo.2020.00498

19. Kazak L, Chouchani ET, Jedrychowski MP, Erickson BK, Shinoda K, Cohen P, et al.
A Creatine-driven substrate cycle enhances energy expenditure and thermogenesis in
beige fat. Cell. (2015) 163:643-55. doi: 10.1016/j.cell.2015.09.035

20. Rahbani JE Roesler A, Hussain MFE, Samborska B, Dykstra CB, Tsai L, et al.
Creatine kinase B controls futile creatine cycling in thermogenic fat. Nature. (2021)
590:480-5. doi: 10.1038/s41586-021-03221-y

21. Chen Y, Jiang Y, Cui T, Hou L, Zhao R, Bo S, et al. Creatine ameliorates high-fat
diet-induced obesity by regulation of lipolysis and lipophagy in brown adipose tissue
and liver. Biochimie. (2023) 209:85-94. doi: 10.1016/j.biochi.2023.02.004

22.Connell NJ, Doligkeit D, Andriessen C, Kornips-Moonen E, Bruls YMH,
Schrauwen-Hinderling VB, et al. No evidence for brown adipose tissue activation after
creatine supplementation in adult vegetarians. Nat Metab. (2021) 3:107-17. doi:
10.1038/s42255-020-00332-0

23. Mottillo EP, Balasubramanian P, Lee Y-H, Weng C, Kershaw EE, Granneman JG.
Coupling of lipolysis and de novo lipogenesis in brown, beige, and white adipose tissues
during chronic p3-adrenergic receptor activation. J Lipid Res. (2014) 55:2276-86. doi:
10.1194/j1r.M050005

24.Long JZ, Svensson KJ, Bateman LA, Lin H, Kamenecka T, Lokurkar IA, et al. The
secreted enzyme PM20D1 regulates Lipidated amino acid Uncouplers of mitochondria.
Cell. (2016) 166:424-35. doi: 10.1016/j.cell.2016.05.071

25. Simoes MR, Bombassaro B, Gallo-Ferraz AL, Nogueira PAS, Monfort-Pires M,
Zanesco AM, et al. Balb/c mice are protected from glucose and acute cold intolerance.
Biochim Biophys Acta (BBA) - Mol Basis Dis. (2025) 1871:167725. doi:
10.1016/j.bbadis.2025.167725

26. Wu ], Bostrom P, Sparks LM, Ye L, Choi JH, Giang A-H, et al. Beige adipocytes are
a distinct type of thermogenic fat cell in mouse and human. Cell. (2012) 150:366-76.
doi: 10.1016/j.cell.2012.05.016

27.Bostréom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC, et al. A PGCl-a-
dependent myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature. (2012) 481:463-8. doi: 10.1038/nature10777

28. Lorsignol A, Rabiller L, Labit E, Casteilla L, Pénicaud L. The nervous system and
adipose tissues: a tale of dialogues. Am J Physiol Endocrinol Metab. (2023) 325:E480-90.
doi: 10.1152/ajpendo.00115.2023

frontiersin.org


https://doi.org/10.3389/fnut.2025.1626068
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/35007527
https://doi.org/10.1038/s41591-020-1126-7
https://doi.org/10.1152/physrev.00015.2003
https://doi.org/10.1016/j.metop.2024.100291
https://doi.org/10.3390/ijms252413295
https://doi.org/10.1016/j.jnutbio.2024.109832
https://doi.org/10.1016/j.metabol.2023.155709
https://doi.org/10.3389/fendo.2023.1114767
https://doi.org/10.1016/j.biochi.2024.11.007
https://doi.org/10.1016/0006-291X(76)90849-4
https://doi.org/10.1016/j.cell.2012.09.010
https://doi.org/10.1074/jbc.M112.381780
https://doi.org/10.1530/eje.0.1360429
https://doi.org/10.1172/JCI134892
https://doi.org/10.1007/s00228-023-03614-0
https://doi.org/10.3390/cells9122584
https://doi.org/10.3389/fendo.2020.00498
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.1038/s41586-021-03221-y
https://doi.org/10.1016/j.biochi.2023.02.004
https://doi.org/10.1038/s42255-020-00332-0
https://doi.org/10.1194/jlr.M050005
https://doi.org/10.1016/j.cell.2016.05.071
https://doi.org/10.1016/j.bbadis.2025.167725
https://doi.org/10.1016/j.cell.2012.05.016
https://doi.org/10.1038/nature10777
https://doi.org/10.1152/ajpendo.00115.2023

Bombassaro et al.

29.Rosen ED, Spiegelman BM. What we talk about when we talk about fat. Cell.
(2014) 156:20-44. doi: 10.1016/j.cell.2013.12.012

30. Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, et al. Human BAT
possesses molecular signatures that resemble beige/brite cells. PLoS One. (2012)
7:¢49452. doi: 10.1371/journal.pone.0049452

31. de Jong JMA, Sun W, Pires ND, Frontini A, Balaz M, Jespersen NZ, et al. Human
brown adipose tissue is phenocopied by classical brown adipose tissue in physiologically
humanized mice. Nat Metab. (2019) 1:830-43. doi: 10.1038/s42255-019-0101-4

32.Kajimura S, Seale P, Spiegelman BM. Transcriptional control of Brown fat
development. Cell Metab. (2010) 11:257-62. doi: 10.1016/j.cmet.2010.03.005

33. Seale P. Transcriptional regulatory circuits controlling Brown fat development and
activation. Diabetes. (2015) 64:2369-75. doi: 10.2337/db15-0203

34. Ikeda K, Kang Q, Yoneshiro T, Camporez JP, Maki H, Homma M, et al. UCP1-
independent signaling involving SERCA2b-mediated calcium cycling regulates beige fat
thermogenesis and systemic glucose homeostasis. Nat Med. (2017) 23:1454-65. doi:
10.1038/nm.4429

35.Zhu Y, Yao L, Gallo-Ferraz AL, Bombassaro B, Simoes MR, Abe I, et al.
Sympathetic neuropeptide Y protects from obesity by sustaining thermogenic fat.
Nature. (2024) 634:243-50. doi: 10.1038/541586-024-07863-6

36. Merlin J, Sato M, Nowell C, Pakzad M, Fahey R, Gao J, et al. The PPARy agonist
rosiglitazone promotes the induction of brite adipocytes, increasing f-adrenoceptor-
mediated mitochondrial function and glucose uptake. Cell Signal. (2018) 42:54-66. doi:
10.1016/j.cellsig.2017.09.023

37.Fayyad AM, Khan AA, Abdallah SH, Alomran SS, Bajou K, Khattak MNK.
Rosiglitazone enhances Browning adipocytes in association with MAPK and PI3-K
pathways during the differentiation of telomerase-transformed mesenchymal stromal
cells into adipocytes. Int ] Mol Sci. (2019) 20:1618. doi: 10.3390/ijms20071618

38. De-Lima-Janior JC, Rodovalho S, Van de Sande-Lee S, Monfort-Pires M, Rachid
B, Cintra RM, et al. Effect of pioglitazone treatment on brown adipose tissue volume and
activity and hypothalamic gliosis in patients with type 2 diabetes mellitus: a proof-of-
concept study. Acta Diabetol. (2019) 56:1333-9. doi: 10.1007/500592-019-01418-2

39.Wellman PJ, Marmon MM. Synergism between caffeine and dl-
phenylpropanolamine on brown adipose tissue thermogenesis in the adult rat.
Pharmacol Biochem Behav. (1985) 22:781-5. doi: 10.1016/0091-3057(85)90527-1

40. Tulp OL, Buck CL. Caffeine and ephedrine stimulated thermogenesis in LA-
corpulent rats. Comp Biochem Physiol C Comp Pharmacol Toxicol. (1986) 85:17-9. doi:
10.1016/0742-8413(86)90045-9

41. Lowell BB, Napolitano A, Usher P, Dulloo AG, Rosen BS, Spiegelman BM, et al.
Reduced adipsin expression in murine obesity: effect of age and treatment with the
sympathomimetic-thermogenic drug mixture ephedrine and caffeine. Endocrinology.
(1990) 126:1514-20. doi: 10.1210/endo-126-3-1514

42. Dulloo AG, Seydoux J, Girardier L. Peripheral mechanisms of thermogenesis
induced by ephedrine and caffeine in brown adipose tissue. Int ] Obes. (1991) 15:317-26.

43. Clark KS, Coleman C, Shelton R, Heemstra LA, Novak CM. Caffeine enhances
activity thermogenesis and energy expenditure in rats. Clin Exp Pharmacol Physiol.
(2019) 46:475-82. doi: 10.1111/1440-1681.13065

44. Yoshida T, Yoshioka K, Wakabayashi Y, Nishioka H, Kondo M. Effects of capsaicin
and isothiocyanate on thermogenesis of interscapular brown adipose tissue in rats. J
Nutr Sci Vitaminol (Tokyo). (1988) 34:587-94. doi: 10.3177/jnsv.34.587

45. Takeda Y, Dai P. Capsaicin directly promotes adipocyte browning in the chemical
compound-induced brown adipocytes converted from human dermal fibroblasts. Sci
Rep. (2022) 12:6612. doi: 10.1038/s41598-022-10644-8

46. Shi Z, Chen W-W, Xiong X-Q, Han Y, Zhou Y-B, Zhang F, et al. Sympathetic
activation by chemical stimulation of white adipose tissues in rats. J Appl Physiol (1985).
(2012) 112:1008-14. doi: 10.1152/japplphysiol.01164.2011

47. Mang B, Wolters M, Schmitt B, Kelb K, Lichtinghagen R, Stichtenoth DO, et al.
Effects of a cinnamon extract on plasma glucose, HbA, and serum lipids in diabetes
mellitus type 2. Eur ] Clin Investig. (2006) 36:340-4. doi: 10.1111/j.1365-2362.2006.01629.x

48. Shen Y, Fukushima M, Ito Y, Muraki E, Hosono T, Seki T, et al. Verification of the
antidiabetic effects of cinnamon (Cinnamomum zeylanicum) using insulin-uncontrolled
type 1 diabetic rats and cultured adipocytes. Biosci Biotechnol Biochem. (2010)
74:2418-25. doi: 10.1271/bbb.100453

49. Neto JGO, Boechat SK, Romio JS, Kuhnert LRB, Pazos-Moura CC, Oliveira KJ.
Cinnamaldehyde treatment during adolescence improves white and brown adipose
tissue metabolism in a male rat model of early obesity. Food Funct. (2022) 13:3405-18.
doi: 10.1039/d1f003871k

50. Babu PS, Srinivasan K. Hypolipidemic action of curcumin, the active principle of
turmeric (Curcuma longa) in streptozotocin induced diabetic rats. Mol Cell Biochem.
(1997) 166:169-75. doi: 10.1023/a:1006819605211

51.Babu PS, Srinivasan K. Influence of dietary curcumin and cholesterol on the
progression of experimentally induced diabetes in albino rat. Mol Cell Biochem. (1995)
152:13-21. doi: 10.1007/BF01076459

52. Wang S, Wang X, Ye Z, Xu C, Zhang M, Ruan B, et al. Curcumin promotes
browning of white adipose tissue in a norepinephrine-dependent way. Biochem Biophys
Res Commun. (2015) 466:247-53. doi: 10.1016/j.bbrc.2015.09.018

Frontiers in Nutrition

13

10.3389/fnut.2025.1626068

53. Serrano A, Asnani-Kishnani M, Couturier C, Astier J, Palou A, Landrier J-F, et al.
DNA methylation changes are associated with the programming of white adipose tissue
Browning features by resveratrol and nicotinamide riboside neonatal supplementations
in mice. Nutrients. (2020) 12:461. doi: 10.3390/nu12020461

54. Andrade JMO, Frade ACM, Guimaraes JB, Freitas KM, Lopes MTP, Guimarées
ALS, et al. Resveratrol increases brown adipose tissue thermogenesis markers by
increasing SIRT1 and energy expenditure and decreasing fat accumulation in adipose
tissue of mice fed a standard diet. Eur ] Nutr. (2014) 53:1503-10. doi:
10.1007/s00394-014-0655-6

55. Yan H, Shao M, Lin X, Peng T, Chen C, Yang M, et al. Resveratrol stimulates brown
of white adipose via regulating ERK/DRP1-mediated mitochondrial fission and
improves systemic glucose homeostasis. Endocrine. (2024) 87:144-58. doi:
10.1007/s12020-024-04008-7

56. Hui S, Liu Y, Huang L, Zheng L, Zhou M, Lang H, et al. Resveratrol enhances
brown adipose tissue activity and white adipose tissue browning in part by regulating
bile acid metabolism via gut microbiota remodeling. Int ] Obes. (2020) 44:1678-90. doi:
10.1038/s41366-020-0566-y

57. Yoneshiro T, Aita S, Kawai Y, Iwanaga T, Saito M. Nonpungent capsaicin analogs
(capsinoids) increase energy expenditure through the activation of brown adipose tissue
in humans. Am J Clin Nutr. (2012) 95:845-50. doi: 10.3945/ajcn.111.018606

58. Fuse S, Endo T, Tanaka R, Kuroiwa M, Ando A, Kume A, et al. Effects of capsinoid
intake on brown adipose tissue vascular density and resting energy expenditure in
healthy, middle-aged adults: a randomized, double-blind, placebo-controlled study.
Nutrients. (2020) 12:2676. doi: 10.3390/nul12092676

59. Nirengi S, Homma T, Inoue N, Sato H, Yoneshiro T, Matsushita M, et al.
Assessment of human brown adipose tissue density during daily ingestion of
thermogenic capsinoids using near-infrared time-resolved spectroscopy. ] Biomed Opt.
(2016) 21:091305. doi: 10.1117/1.JBO.21.9.091305

60. Yoneshiro T, Aita S, Matsushita M, Kayahara T, Kameya T, Kawai Y, et al. Recruited
brown adipose tissue as an antiobesity agent in humans. J Clin Invest. (2013) 123:3404-8.
doi: 10.1172/JCI67803

61. Pérez DIV, Soto DAS, Barroso JM, Dos Santos DA, Queiroz ACC, Miarka B, et al.
Physically active men with high brown adipose tissue activity showed increased energy
expenditure after caffeine supplementation. J Therm Biol. (2021) 99:103000. doi:
10.1016/j.jtherbio.2021.103000

62. Velickovic K, Wayne D, Leija HAL, Bloor I, Morris DE, Law J, et al. Caffeine
exposure induces browning features in adipose tissue in vitro and in vivo. Sci Rep. (2019)
9:9104. doi: 10.1038/s41598-019-45540-1

63. Yoneshiro T, Matsushita M, Hibi M, Tone H, Takeshita M, Yasunaga K, et al. Tea
catechin and caffeine activate brown adipose tissue and increase cold-induced
thermogenic capacity in humans. Am ] Clin Nutr. (2017) 105:873-81. doi:
10.3945/ajcn.116.144972

64. De Matteis R, Arch J, Petroni M, Ferrari D, Cinti S, Stock M. Immunohistochemical
identification of the p3-adrenoceptor in intact human adipocytes and ventricular
myocardium: effect of obesity and treatment with ephedrine and caffeine. Int J Obes.
(2002) 26:1442-50. doi: 10.1038/s].ij0.0802148

65. Andrade JMO, Barcala-Jorge AS, Batista-Jorge GC, Paraiso AF, Freitas KMD,
Lelis DDF, et al. Effect of resveratrol on expression of genes involved thermogenesis
in mice and humans. Biomed Pharmacother. (2019) 112:108634. doi:
10.1016/j.biopha.2019.108634

66. Michlig S, Merlini JM, Beaumont M, Ledda M, Tavenard A, Mukherjee R, et al.
Effects of TRP channel agonist ingestion on metabolism and autonomic nervous system
in a randomized clinical trial of healthy subjects. Sci Rep. (2016) 6:20795. doi:
10.1038/srep20795

67. Ganjali S, Sahebkar A, Mahdipour E, Jamialahmadi K, Torabi S, Akhlaghi S, et al.
Investigation of the effects of curcumin on serum cytokines in obese individuals: A
randomized controlled trial. Sci World J. (2014) 2014:1-6. doi: 10.1155/2014/898361

68. Chuengsamarn S, Rattanamongkolgul S, Luechapudiporn R, Phisalaphong C,
Jirawatnotai S. Curcumin extract for prevention of type 2 diabetes. Diabetes Care. (2012)
35:2121-7. doi: 10.2337/dc12-0116

69. Mantzorou M, Pavlidou E, Vasios G, Tsagalioti E, Giaginis C. Effects of curcumin
consumption on human chronic diseases: A narrative review of the most recent clinical
data. Phytother Res. (2018) 32:957-75. doi: 10.1002/ptr.6037

70. Sugita J, Yoneshiro T, Hatano T, Aita S, Ikemoto T, Uchiwa H, et al. Grains of
paradise (Aframomum melegueta) extract activates brown adipose tissue and increases
whole-body energy expenditure in men. Br ] Nutr. (2013) 110:733-8. doi:
10.1017/S0007114512005715

71. Sugita ], Yoneshiro T, Sugishima Y, Ikemoto T, Uchiwa H, Suzuki I, et al. Daily
ingestion of grains of paradise (Aframomum melegueta) extract increases whole-body
energy expenditure and decreases visceral fat in humans. J Nutr Sci Vitaminol. (2014)
60:22-7. doi: 10.3177/jnsv.60.22

72.Kim J, Okla M, Erickson A, Carr T, Natarajan SK, Chung S. Eicosapentaenoic acid
potentiates Brown thermogenesis through FFAR4-dependent up-regulation of miR-30b
and miR-378. ] Biol Chem. (2016) 291:20551-62. doi: 10.1074/jbc.M116.721480

73. Kim M, Goto T, Yu R, Uchida K, Tominaga M, Kano Y, et al. Fish oil intake induces
UCP1 upregulation in brown and white adipose tissue via the sympathetic nervous
system. Sci Rep. (2015) 5:18013. doi: 10.1038/srep18013

frontiersin.org


https://doi.org/10.3389/fnut.2025.1626068
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2013.12.012
https://doi.org/10.1371/journal.pone.0049452
https://doi.org/10.1038/s42255-019-0101-4
https://doi.org/10.1016/j.cmet.2010.03.005
https://doi.org/10.2337/db15-0203
https://doi.org/10.1038/nm.4429
https://doi.org/10.1038/s41586-024-07863-6
https://doi.org/10.1016/j.cellsig.2017.09.023
https://doi.org/10.3390/ijms20071618
https://doi.org/10.1007/s00592-019-01418-2
https://doi.org/10.1016/0091-3057(85)90527-1
https://doi.org/10.1016/0742-8413(86)90045-9
https://doi.org/10.1210/endo-126-3-1514
https://doi.org/10.1111/1440-1681.13065
https://doi.org/10.3177/jnsv.34.587
https://doi.org/10.1038/s41598-022-10644-8
https://doi.org/10.1152/japplphysiol.01164.2011
https://doi.org/10.1111/j.1365-2362.2006.01629.x
https://doi.org/10.1271/bbb.100453
https://doi.org/10.1039/d1fo03871k
https://doi.org/10.1023/a:1006819605211
https://doi.org/10.1007/BF01076459
https://doi.org/10.1016/j.bbrc.2015.09.018
https://doi.org/10.3390/nu12020461
https://doi.org/10.1007/s00394-014-0655-6
https://doi.org/10.1007/s12020-024-04008-7
https://doi.org/10.1038/s41366-020-0566-y
https://doi.org/10.3945/ajcn.111.018606
https://doi.org/10.3390/nu12092676
https://doi.org/10.1117/1.JBO.21.9.091305
https://doi.org/10.1172/JCI67803
https://doi.org/10.1016/j.jtherbio.2021.103000
https://doi.org/10.1038/s41598-019-45540-1
https://doi.org/10.3945/ajcn.116.144972
https://doi.org/10.1038/sj.ijo.0802148
https://doi.org/10.1016/j.biopha.2019.108634
https://doi.org/10.1038/srep20795
https://doi.org/10.1155/2014/898361
https://doi.org/10.2337/dc12-0116
https://doi.org/10.1002/ptr.6037
https://doi.org/10.1017/S0007114512005715
https://doi.org/10.3177/jnsv.60.22
https://doi.org/10.1074/jbc.M116.721480
https://doi.org/10.1038/srep18013

Bombassaro et al.

74. Quesada-Lopez T, Cereijo R, Turatsinze J-V, Planavila A, Cair6 M, Gavalda-
Navarro A, et al. The lipid sensor GPR120 promotes brown fat activation and FGF21
release from adipocytes. Nat Commun. (2016) 7:13479. doi: 10.1038/ncomms13479

75. Bargut TCL, Silva-e-Silva ACAG, Souza-Mello V, Mandarim-de-Lacerda CA,
Aguila MB. Mice fed fish oil diet and upregulation of brown adipose tissue thermogenic
markers. Eur ] Nutr. (2016) 55:159-69. doi: 10.1007/s00394-015-0834-0

76. Dragano NRYV, Solon C, Ramalho AF, de Moura RE, Razolli DS, Christiansen E,
et al. Polyunsaturated fatty acid receptors, GPR40 and GPR120, are expressed in the
hypothalamus and control energy homeostasis and inflammation. ] Neuroinflammation.
(2017) 14:91. doi: 10.1186/s12974-017-0869-7

77. Dragano NRV, Milbank E, Haddad-Tévolli R, Garrido-Gil P, N6voa E, Fondevilla
ME et al. Hypothalamic free fatty acid receptor-1 regulates whole-body energy balance.
Mol Metab. (2024) 79:101840. doi: 10.1016/j.molmet.2023.101840

78. Nascimento LFR, Souza GFP, Morari ], Barbosa GO, Solon C, Moura RF, et al. N-3
fatty acids induce neurogenesis of predominantly POMC-expressing cells in the
hypothalamus. Diabetes. (2016) 65:673-86. doi: 10.2337/db15-0008

79. Takeuchi H, Matsuo T, Tokuyama K, Shimomura Y, Suzuki M. Diet-induced
thermogenesis is lower in rats fed a lard diet than in those fed a high oleic acid safflower
oil diet, a safflower oil diet or a linseed oil diet. J] Nutr. (1995) 125:920-5. doi:
10.1093/jn/125.4.920

80. Shin S, Ajuwon KM. Effects of diets differing in composition of 18-C fatty acids
on adipose tissue thermogenic gene expression in mice fed high-fat diets. Nutrients.
(2018) 10:256. doi: 10.3390/nu10020256

81.Salama A, Amin MM, Hassan A. Effects of oleic acid and/or exercise on diet-
induced thermogenesis and obesity in rats: involvement of beige adipocyte
differentiation and macrophage M1 inhibition. Res Pharm Sci. (2023) 18:219-30. doi:
10.4103/1735-5362.367800

82.Xiong Y, Xu Z, Li X, Wang Y, Zhao J, Wang N, et al. Identification of oleic acid as
an endogenous ligand of GPR3. Cell Res. (2024) 34:232-44. doi:
10.1038/s41422-024-00932-5

83. Saito M, Matsushita M, Yoneshiro T, Okamatsu-Ogura Y. Brown adipose tissue,
diet-induced thermogenesis, and thermogenic food ingredients: from mice to men.
Front Endocrinol. (2020) 11:222. doi: 10.3389/fend0.2020.00222

84.Jia M, Xu T, Xu Y-J, Liu Y. Dietary fatty acids activate or deactivate brown and
beige fat. Life Sci. (2023) 330:121978. doi: 10.1016/j.1fs.2023.121978

85. Monnard CR, Dulloo AG. Polyunsaturated fatty acids as modulators of fat mass
and lean mass in human body composition regulation and cardiometabolic health. Obes
Rev. (2021) 22:e13197. doi: 10.1111/0br.13197

86. Hernandez JD, Li T, Rau CM, LeSuer WE, Wang P, Coletta DK, et al. o-3PUFA
supplementation ameliorates adipose tissue inflammation and insulin-stimulated
glucose disposal in subjects with obesity: a potential role for apolipoprotein E. Int ] Obes.
(2021) 45:1331-41. doi: 10.1038/s41366-021-00801-w

87. Laiglesia LM, Lorente-Cebridn S, Prieto-Hontoria PL, Ferndndez-Galilea M,
Ribeiro SMR, Séinz N, et al. Eicosapentaenoic acid promotes mitochondrial biogenesis
and beige-like features in subcutaneous adipocytes from overweight subjects. ] Nutr
Biochem. (2016) 37:76-82. doi: 10.1016/j.jnutbio.2016.07.019

88. Clevenger HC, Kozimor AL, Paton CM, Cooper JA. Acute effect of dietary fatty
acid composition on postprandial metabolism in women. Exp Physiol. (2014)
99:1182-90. doi: 10.1113/expphysiol.2013.077222

89. Ferreira YAM, Estadella D, Pisani LP. Effect of different fatty acid types on
mitochondrial dysfunction associated with Brown and Beige adipose tissue. Nutr Rev.
(2025):nuaf048. doi: 10.1093/nutrit/nuaf048

90. Monfort-Pires M, U-Din M, Nogueira GA, De Almeida-Faria J, Sidarta-Oliveira
D, SantAna MR, et al. Short dietary intervention with olive oil increases brown adipose
tissue activity in lean but not overweight subjects. J Clin Endocrinol Metab. (2021)
106:472-84. doi: 10.1210/clinem/dgaa824

91. Jannas-Vela S, Roke K, Boville S, Mutch DM, Spriet LL. Lack of effects of fish oil
supplementation for 12 weeks on resting metabolic rate and substrate oxidation in
healthy young men: A randomized controlled trial. PLoS One. (2017) 12:e0172576. doi:
10.1371/journal.pone.0172576

92. Lynes MD, Leiria LO, Lundh M, Bartelt A, Shamsi F, Huang TL, et al. The cold-
induced lipokine 12,13-diHOME promotes fatty acid transport into brown adipose
tissue. Nat Med. (2017) 23:631-7. doi: 10.1038/nm.4297

93. Stanford KI, Lynes MD, Takahashi H, Baer LA, Arts PJ, May FJ, et al.
12,13-diHOME: an exercise-induced Lipokine that increases skeletal muscle fatty acid
uptake. Cell Metab. (2018) 27:1111-1120.e3. doi: 10.1016/j.cmet.2018.03.020

94. Park K, Li Q, Lynes MD, Yokomizo H, Maddaloni E, Shinjo T, et al. Endothelial
cells induced progenitors into Brown fat to reduce atherosclerosis. Circ Res. (2022)
131:168-83. doi: 10.1161/CIRCRESAHA.121.319582

95. Leiria LO, Wang C-H, Lynes MD, Yang K, Shamsi E, Sato M, et al. 12-lipoxygenase
regulates cold adaptation and glucose metabolism by producing the Omega-3 lipid 12-
HEPE from Brown fat. Cell Metab. (2019) 30:768-783.¢7. doi: 10.1016/j.cmet.2019.07.001

96. Jiménez-Franco A, Castai¢é H, Martinez-Navidad C, Placed-Gallego C,
Herndndez-Aguilera A, Ferndndez-Arroyo S, et al. Metabolic adaptations in severe

Frontiers in Nutrition

14

10.3389/fnut.2025.1626068

obesity: insights from circulating oxylipins before and after weight loss. Clin Nutr. (2024)
43:246-58. doi: 10.1016/j.cInu.2023.12.002

97. Lamon-Fava S. Associations between omega-3 fatty acid-derived lipid mediators
and markers of inflammation in older subjects with low-grade chronic inflammation.
Prostaglandins Other Lipid Mediat. (2025) 176:106948. doi: 10.1016/j.prostaglandins.
2025.106948

98. Herz CT, Kiefer FW. The transcriptional role of vitamin A and the retinoid Axis in
Brown fat function. Front Endocrinol. (2020) 11:608. doi: 10.3389/fendo.2020.00608

99. Puigserver P, Vazquez F, Bonet ML, Picé C, Palou A. In vitro and in vivo induction
of Brown adipocyte uncoupling protein (Thermogenin) by retinoic acid. Biochem J.
(1996) 317:827-33. doi: 10.1042/bj3170827

100. Mercader J, Ribot J, Murano I, Felipe E, Cinti S, Bonet ML, et al. Remodeling of
white adipose tissue after retinoic acid administration in mice. Endocrinology. (2006)
147:5325-32. doi: 10.1210/en.2006-0760

101. Kiefer FW, Vernochet C, O'Brien P, Spoerl S, Brown JD, Nallamshetty S, et al.
Retinaldehyde dehydrogenase 1 regulates a thermogenic program in white adipose
tissue. Nat Med. (2012) 18:918-25. doi: 10.1038/nm.2757

102. Noriega L, Yang CY, Wang C-H. Brown fat and nutrition: implications for
nutritional interventions. Nutrients. (2023) 15:4072. doi: 10.3390/nu15184072

103. Hoang AC, Sasi-Szabé L, Pal T, Szab6 T, Diedrich V, Herwig A, et al.
Mitochondrial RNA stimulates beige adipocyte development in young mice. Nat Metab.
(2022) 4:1684-96. doi: 10.1038/s42255-022-00683-w

104. Chang E, Kim Y. Vitamin D insufficiency exacerbates adipose tissue macrophage
infiltration and decreases AMPK/SIRT1 activity in obese rats. Nutrients. (2017) 9:338.
doi: 10.3390/nu9040338

105. Mutt SJ, Hypponen E, Saarnio J, Jarvelin M-R, Herzig K-H. Vitamin D and
adipose tissue-more than storage. Front Physiol. (2014) 5:228. doi:
10.3389/fphys.2014.00228

106. Takeda Y, Dai P. Functional roles of pantothenic acid, riboflavin, thiamine, and
choline in adipocyte Browning in chemically induced human Brown adipocytes. Sci Rep.
(2024) 14:18252. doi: 10.1038/541598-024-69364-w

107. Yook J-S, You M, Kim Y, Zhou M, Liu Z, Kim Y-C, et al. The thermogenic
characteristics of adipocytes are dependent on the regulation of iron homeostasis. J Biol
Chem. (2021) 296:100452. doi: 10.1016/j.jbc.2021.100452

108. Yook J-S, Thomas SS, Toney AM, You M, Kim Y-C, Liu Z, et al. Dietary Iron
deficiency modulates adipocyte Iron homeostasis, adaptive thermogenesis, and obesity
in C57BL/6 mice. ] Nutr. (2021) 151:2967-75. doi: 10.1093/jn/nxab222

109. Zhang Y, Bai Z, Song K, Liu Y, Zhang W. High-Iron diet damages Brown adipose
tissue mitochondria and exacerbates metabolic hazards of a high-fat diet. Biochem
Biophys Res Commun. (2024) 739:151008. doi: 10.1016/j.bbrc.2024.151008

110. Jiang J, Zhou D, Zhang A, Yu W, du L, Yuan H, et al. Thermogenic adipocyte-
derived zinc promotes sympathetic innervation in male mice. Nat Metab. (2023)
5:481-94. doi: 10.1038/542255-023-00751-9

111. Sakers A, De Siqueira MK, Seale P, Villanueva CJ. Adipose-tissue plasticity in
health and disease. Cell. (2022) 185:419-46. doi: 10.1016/j.cell.2021.12.016

112. Bakker LEH, Boon MR, van der Linden RAD, Arias-Bouda LP, van Klinken JB,
Smit E, et al. Brown adipose tissue volume in healthy lean south Asian adults compared
with white Caucasians: a prospective, case-controlled observational study. Lancet
Diabetes Endocrinol. (2014) 2:210-7. doi: 10.1016/S2213-8587(13)70156-6

113. Yaghootkar H, Whitcher B, Bell JD, Thomas EL. Ethnic differences in adiposity
and diabetes risk - insights from genetic studies. J Intern Med. (2020) 288:271-83. doi:
10.1111/joim.13082

114. McLean BA, Wong CK, Campbell JE, Hodson DJ, Trapp S, Drucker DJ. Revisiting
the complexity of GLP-1 action from sites of synthesis to receptor activation. Endocr
Rev. (2021) 42:101-32. doi: 10.1210/endrev/bnaa032

115. Jastreboft AM, Aronne LJ, Ahmad NN, Wharton S, Connery L, Alves B, et al.
Tirzepatide once weekly for the treatment of obesity. N Engl ] Med. (2022) 387:205-16.
doi: 10.1056/NEJMo0a2206038

116. Beiroa D, Imbernon M, Gallego R, Senra A, Herranz D, Villarroya F, et al. GLP-1
agonism stimulates brown adipose tissue thermogenesis and browning through
hypothalamic AMPK. Diabetes. (2014) 63:3346-58. doi: 10.2337/db14-0302

117. Gabery S, Salinas CG, Paulsen SJ, Ahnfelt-Reonne J, Alanentalo T, Baquero AF,
et al. Semaglutide lowers body weight in rodents via distributed neural pathways. JCI
Insight. (2020) 5:¢133429:133429. doi: 10.1172/jci.insight.133429

118. Gaspar RS, Delafiori J, Zuccoli G, Carregari VC, Prado TP, Morari J, et al.
Exogenous succinate impacts mouse brown adipose tissue mitochondrial proteome and
potentiates body mass reduction induced by liraglutide. Am J Physiol Endocrinol Metab.
(2023) 324:E226-40. doi: 10.1152/ajpendo.00231.2022

119. Christiansen E, Urban C, Merten N, Liebscher K, Karlsen KK, Hamacher A, et al.
Discovery of potent and selective agonists for the free fatty acid receptor 1 (FFA(1)/
GPR40), a potential target for the treatment of type II diabetes. ] Med Chem. (2008)
51:7061-4. doi: 10.1021/jm8010178

frontiersin.org


https://doi.org/10.3389/fnut.2025.1626068
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1038/ncomms13479
https://doi.org/10.1007/s00394-015-0834-0
https://doi.org/10.1186/s12974-017-0869-7
https://doi.org/10.1016/j.molmet.2023.101840
https://doi.org/10.2337/db15-0008
https://doi.org/10.1093/jn/125.4.920
https://doi.org/10.3390/nu10020256
https://doi.org/10.4103/1735-5362.367800
https://doi.org/10.1038/s41422-024-00932-5
https://doi.org/10.3389/fendo.2020.00222
https://doi.org/10.1016/j.lfs.2023.121978
https://doi.org/10.1111/obr.13197
https://doi.org/10.1038/s41366-021-00801-w
https://doi.org/10.1016/j.jnutbio.2016.07.019
https://doi.org/10.1113/expphysiol.2013.077222
https://doi.org/10.1093/nutrit/nuaf048
https://doi.org/10.1210/clinem/dgaa824
https://doi.org/10.1371/journal.pone.0172576
https://doi.org/10.1038/nm.4297
https://doi.org/10.1016/j.cmet.2018.03.020
https://doi.org/10.1161/CIRCRESAHA.121.319582
https://doi.org/10.1016/j.cmet.2019.07.001
https://doi.org/10.1016/j.clnu.2023.12.002
https://doi.org/10.1016/j.prostaglandins.2025.106948
https://doi.org/10.1016/j.prostaglandins.2025.106948
https://doi.org/10.3389/fendo.2020.00608
https://doi.org/10.1042/bj3170827
https://doi.org/10.1210/en.2006-0760
https://doi.org/10.1038/nm.2757
https://doi.org/10.3390/nu15184072
https://doi.org/10.1038/s42255-022-00683-w
https://doi.org/10.3390/nu9040338
https://doi.org/10.3389/fphys.2014.00228
https://doi.org/10.1038/s41598-024-69364-w
https://doi.org/10.1016/j.jbc.2021.100452
https://doi.org/10.1093/jn/nxab222
https://doi.org/10.1016/j.bbrc.2024.151008
https://doi.org/10.1038/s42255-023-00751-9
https://doi.org/10.1016/j.cell.2021.12.016
https://doi.org/10.1016/S2213-8587(13)70156-6
https://doi.org/10.1111/joim.13082
https://doi.org/10.1210/endrev/bnaa032
https://doi.org/10.1056/NEJMoa2206038
https://doi.org/10.2337/db14-0302
https://doi.org/10.1172/jci.insight.133429
https://doi.org/10.1152/ajpendo.00231.2022
https://doi.org/10.1021/jm8010178

	The impact of dietary factors on the function of brown and beige adipose tissues—implications on health and disease
	Introduction
	Brief description of the search strategy
	The control of brown adipose tissue function
	The control of beige adipose tissue function
	Nutrients and food components that modulate brown and beige adipose tissue functions
	The evidence for the thermogenic actions of food components in experimental models
	The evidence for the thermogenic actions of food components in humans
	The evidence for the thermogenic actions of nutrients in experimental models
	The evidence for the thermogenic actions of nutrients in humans

	Nutrient-derived substances that regulate thermogenesis
	Micronutrients and brown adipose tissue activity
	The impact of changes in the activities of brown and beige adipose tissues on health and disease
	Conclusion

	References



