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Abstract

Thermogenic adipocytes convert chemical energy into heat and are increasingly viewed as targets for treating obesity and metabolic disease.
Recent work establishes a functional relationship between exosome trafficking and the cellular capacity to execute a thermogenic response.
Activation of human and mouse thermogenic adipocytes increases extracellular vesicle release, whereas genetic or pharmacological inhi-
bition of exosome biogenesis and secretion reduces thermogenic gene expression, mitochondrial respiration, and directly measured heat
production. Conversely, genetic enhancement of exosome secretion augments thermogenic output. These findings extend the conventional
focus on vesicle-mediated communication by raising the possibility that secretion also alters the metabolic state of the cell producing the
vesicles. The underlying mechanism remains unresolved and could involve export of one or more intracellular inhibitors, energy consumed
during vesicle biogenesis and release, shared functions of trafficking machinery in cellular remodeling, or some combination of these possi-
bilities. Testing this working hypothesis will clarify how vesicle trafficking contributes to thermogenic competence and may identify new ways

to enhance adipocyte energy expenditure.
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Adipocyte Thermogenesis Emerges from Coordinated
Cellular Processes

Brown and beige adipocytes are specialized fat cells
that dissipate stored chemical energy as heat. Brown
adipocytes reside in dedicated thermogenic depots and
are developmentally programmed for relatively stable
thermogenic activity. Beige adipocytes arise within white
adipose tissue and can reversibly acquire thermogenic
properties in response to cold exposure, adrenergic
stimulation, and other environmental or hormonal signals
[1-3]. Both cell types contain abundant mitochondria and can
express uncoupling protein 1 (UCP1), which permits proton
conductance across the inner mitochondrial membrane and
converts the energy of substrate oxidation into heat rather
than ATP. UCP1 is not the only route to heat production.
Calcium cycling, creatine cycling, and lipid cycling can
consume ATP without producing net chemical work, thereby
dissipating energy as heat [4-6]. Recent work also indicates
that thermogenic adipocytes are heterogeneous, with distinct
populations differing in their reliance on UCP1 and ATP-
consuming futile cycles [7,8]. Together, these observations

show that thermogenic capacity cannot be defined by
UCP1 expression alone. Instead, an adipocyte must possess
the signaling, mitochondrial, metabolic, and intracellular
machinery required to convert stimulation into heat through
one or more thermogenic pathways. This broader property
can be described as thermogenic competence and depends
on sufficient mitochondrial capacity, signaling fidelity,
substrate access, organelle quality control, and intracellular
organization to support and sustain heat production [9].
Thermogenic competence is therefore ultimately a functional
property. Gene and protein expression, mitochondrial
respiration, and whole-body energy expenditure provide
important but indirect measures of thermogenic activity,
whereas direct measurement of heat captures the final
functional output shared by both UCP1-dependentand UCP1-
independent pathways. Isothermal microcalorimetry provides
one approach for making this direct assessment [10].

Within this framework, extracellular vesicle trafficking has
emerged as an unexpected determinant of thermogenic
capacity. Exosomes and related small extracellular vesicles are
usually discussed as vehicles of intercellular communication.
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They carry microRNAs, proteins, lipids, and other cellular
material to neighboring or distant recipient cells. Our recent
study extends this conventional view by asking whether
secretion also regulates the thermogenic adipocyte that
produces the vesicles [11].

Vesicle Trafficking is Coupled to Thermogenic
Activation and Function

An initial indication that vesicle trafficking might be linked
to thermogenic function came from examining how exosome
release changed during adipocyte activation. In human
beige adipocytes, thermogenic activation caused a rapid
increase in exosome release and markedly altered exosomal
microRNA composition [11,12]. Comparable activation-
associated changes in exosome release were observed
in primary mouse beige adipocytes. The relationship
between exosome trafficking and thermogenic function was
subsequently examined across human and mouse beige and
brown adipocyte models using cAMP-dependent activation,
adrenergic stimulation, and cold exposure [11].

The functional evidence did not rest on a single perturbation.

Loss of Rab27a, a small GTPase required for multivesicular-
body docking and exosome release, reduced exosome
secretion, UCP1 expression, mitochondrial content, and
heat production measured directly in cultured adipocytes
by high-resolution isothermal microcalorimetry [11,13].
Adipose tissue isolated from cold-exposed Rab27a-deficient
mice also produced less heat when measured ex vivo by
microcalorimetry. Consistent with these tissue-level findings,
Rab27a-deficient mice exhibited reduced UCP1 induction
following cold exposure and lower whole-body energy
expenditure during cold and 3-adrenergic stimulation
[11]. Two small molecules targeting distinct components of
exosome formation and release produced convergent effects.
Manumycin A suppresses exosome biogenesis through a Ras/
Raf/ERK1/2- and hnRNP H1-associated pathway, whereas
GW4869 inhibits neutral sphingomyelinase-dependent
ceramide formation and intraluminal vesicle budding
[14,15]. Each inhibitor attenuated thermogenic responses,
and combined treatment reduced agonist-induced UCP1
expression and heat production in human beige and brown
adipocytes. Conversely, a doxycycline-inducible ExoBooster
cassette containing STEAP3, SDC4, and NadB increased
exosome release and enhanced UCP1 expression and heat
production in cultured beige adipocytes and inguinal adipose
tissue following cold exposure [11,16].

The convergence of genetic loss of Rab27a, pharmacological
inhibition through two distinct pathways, and genetic
enhancement of exosome secretion makes a compound-
specific explanation unlikely. Moreover, many of the
experiments were conducted in differentiated adipocyte

cultures lacking the macrophages, endothelial cells, and other
stromal populations present in intact adipose tissue. These
findings support an adipocyte-intrinsic relationship between
exosome trafficking and thermogenic function, while the
complementary mouse studies establish its physiological
relevance. However, purified adipocyte cultures do not
exclude signaling between adipocytes or reuptake of secreted
vesicles. Distinguishing a donor-cell effect from conventional
recipient-cell signaling will require experiments that
manipulate cargo loading or release in defined producer cells
while independently controlling vesicle uptake by the same
or neighboring adipocytes. Conditioned-medium transfer,
transwell designs, and blockade of vesicle uptake could help
resolve these alternatives.

Secretion as a Cell-Intrinsic Regulatory Process

Exosome secretion is generally viewed as a mechanism
of intercellular communication in which vesicles deliver
regulatory cargo to recipient cells. Evidence from several
cellular contexts shows that secretion can also affect the
producing cell. In human fibroblasts, exosomal export of
harmful cytoplasmic DNA protected against aberrant innate
immune activation, senescence, and apoptosis [17]. CD9-
and CD82-dependent exosomal discharge of beta-catenin
reduced the intracellular beta-catenin pool and attenuated
Whntsignaling [18]. In neurons, exosomal secretion contributed
to clearance of pathological TDP-43, whereas inhibition of
exosome production increased TDP-43 aggregation and
worsened disease phenotypes in a transgenic mouse model
[19]. Prominin-2 promoted ferritin-containing exosome
release and iron export, thereby limiting intracellular iron
accumulation and ferroptotic death [20]. Extracellular-vesicle
secretion was also shown to regulate intracellular CYFIP2
abundance in cortical neurons [21]. More broadly, vesicular
extrusion of misfolded or aggregated proteins may provide
a disposal route when lysosomal or proteasomal handling is
insufficient, although it can also distribute pathogenic material
to recipient cells [22]. These studies support a recurring donor-
cell principlein which vesicle secretion can changeintracellular
cargo abundance, signaling, proteostasis, stress tolerance,
or survival. Our findings extend this cell-intrinsic view to
thermogenic adipocytes and raise the possibility that vesicle
release influences the metabolic function of the producing cell.
Export could remove inhibitory regulators, relieve endosomal
or trafficking constraints, dispose of selected material, or
redirect cellular energy and metabolites. The extracellular
destination of the vesicle remains biologically important, but
it may not be the only consequence of secretion.

This distinction is especially relevant to beige adipocytes.
These cells reversibly transition between relatively quiescent
and highly oxidative states and must rapidly remodel
transcription, lipid handling, mitochondrial abundance, and
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organelle quality [2,3,9]. Vesicle release could provide a means
of changing intracellular regulatory content without requiring
each inhibitory molecule to be degraded individually. Viewed
in this context, the functional evidence supports a working
hypothesis in which exosome trafficking helps adipocytes
achieve their full thermogenic response. The present data
establish a functional relationship but do not show whether
secretion itself, removal of a particular cargo, recipient-cell
signaling, or another function of the trafficking machinery is
responsible. Figure 1 summarizes these potential mechanisms
and distinguishes relationships supported by the study from
mechanisms that require direct testing.

Potential Nonexclusive Mechanisms Linking Vesicle
Trafficking to Heat Production

Export of inhibitory microRNAs

One potential mechanism is the export of intracellular
microRNAs that suppress adipocyte thermogenic programs.
Thermogenic activation increased both the number of
exosomes released and the relative abundance of several
adipocyte-regulatory microRNAs within the exosomal cargo

[11].Thus, increased vesicle secretion could enhance microRNA
export even without changes in cargo composition, while the
observed enrichment of specific microRNAs could further
amplify their removal from the cell. Whether this enrichment
reflects active sorting, passive loading, differential stability,
or changes in intracellular availability remains unknown.
Several microRNAs enriched in the exosome fraction declined
in adipocytes within one hour after thermogenic stimulation
[11]. This rapid decrease is consistent with their secretion
from the cell, although exosome-independent release and
enhanced intracellular degradation cannot be excluded.

miR-99b-5p provides a useful example of how vesicle export
might have different consequences in the producing and
recipient cells. Following thermogenic activation, its relative
abundance in beige-adipocyte exosomes increased by more
than 1,200-fold as its intracellular abundance decreased
[11]. Brown adipose tissue-derived exosomal miR-99b-5p
can reach the liver and suppress hepatic Fgf21 expression,
demonstrating  endocrine  communication  between
thermogenic adipose tissue and a distant metabolic organ
[23]. Because beige and brown adipocytes also produce
FGF21, depletion of intracellular miR-99b could instead relieve
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Figure 1. Working hypothesis for donor-cell effects of vesicle trafficking in thermogenic adipocytes. Thermogenic activation increases
vesicle trafficking and release. Genetic loss- and gain-of-function approaches, together with pharmacological inhibition of exosome
biogenesis and release, support a functional relationship between vesicle trafficking and increased thermogenic output, but do not
establish the responsible mechanism. Vesicle trafficking could facilitate thermogenesis by removing one or more intracellular inhibitors,

supported by the exosome-trafficking study, whereas dotted arrows indicate proposed mechanisms requiring direct testing.

biogenesis and secretion, or engaging trafficking machinery that also
acombination, could be responsible. Solid arrows indicate relationships
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repression of Fgf21 within the source adipocyte and reinforce
browning through autocrine or local paracrine signaling.
Export could therefore increase FGF21 signaling locally while
reducing it in a distant recipient tissue, although this model
has not yet been tested directly. The miR-27 family was also
strongly enriched, including an approximately 3,500-fold
increase in miR-27b-3p and a smaller but significant increase
in miR-27a-3p. Independent studies have established miR-27a
and miR-27b as suppressors of brown and beige adipocyte
differentiation and thermogenic transcription [24,25].

Additional microRNAs enriched in exosomes from
thermogenically activated beige adipocytes included miR-
133a-5p, miR-130b-3p, miR-454-3p, and miR-126-3p [11].
Prior studies showed that miR-133a suppresses adipocyte
browning and thermogenic gene expression, miR-130b
inhibits adipogenesis, miR-454-3p suppresses preadipocyte
proliferation and differentiation in broilers, and miR-126-3p
promotes adipose tissue insulin resistance and endoplasmic
reticulum stress [26-29]. The simultaneous enrichment of
regulators affecting adipogenesis, thermogenesis, lipid
storage, and metabolic stress suggests that vesicle release may
remodel several dimensions of adipocyte state rather than
acting through one cargo molecule. Nevertheless, enrichment
alone does not establish that export of any individual
microRNA is necessary or sufficient for thermogenesis.
Selective export of inhibitory regulatory factors is therefore
best viewed as a mechanistic model supported by the data,
not yet as the exclusive explanation.

The energetic cost of vesicle production

An important alternative interpretation is that increased
heat could partly reflect the energy required to generate
and release vesicles. Cargo sorting, endosomal remodeling,
intraluminal vesicle formation, transport of multivesicular
bodies, membrane docking, and fusion all require coordinated
enzymatic and cytoskeletal activity. The ESCRT (Endosomal
Sorting Complex Required for Transport) machinery, for
example, uses the VPS4 ATPase during membrane constriction,
scission, and recycling [30,31]. Rab-family GTPases, motor
proteins, membrane-lipid remodeling, and restoration of ionic
and membrane homeostasis add further energetic demands.
If ATP consumed by these processes must be replenished
through oxidative metabolism, some of that energy will
ultimately appear as heat.

This possibility is particularly relevant because adipocytes
isolatedfromtransgenicmicecarryingtheinducible ExoBooster
cassette displayed increased heat production despite only a
modest increase in UCP1 protein, even in the absence of an
additional thermogenic stimulus [11]. Vesicle production
could therefore contribute directly to the calorimetric signal
or engage UCP1-independent, ATP-consuming thermogenic
pathways. Such a contribution would not invalidate the cargo-

export model because increased vesicle production could
both consume energy and remove intracellular inhibitors.

The available evidence suggests, however, that the energetic
cost of vesicle production is unlikely to fully explain the
increase in heat. Forskolin increased extracellular vesicle
secretion from primary mouse gonadal white adipocytes,
yet these cells exhibited a substantially weaker thermogenic
response than mouse beige adipocytes, and inhibiting vesicle
release did not significantly suppress their modest Ucp1
induction [11]. Consistent with this depot-specific difference,
Rab27a deficiency had little effect on UCP1 expression or
heat production in mouse gonadal white adipose tissue
[11]. In human thermogenic adipocytes, inhibitor treatment
did not significantly reduce basal heat production but
selectively impaired agonist-induced thermogenesis. If vesicle
generation alone were sufficient to account for the heat signal,
a stronger relationship would be expected in nonthermogenic
adipocytes and in unstimulated cells. The data instead suggest
that the energetic burden of secretion may amplify heat
production most effectively when it is embedded within an
already competent thermogenic program.

Proteins, lipids, RNAs, and selective cargo sorting

MicroRNAs are only one component of extracellular vesicles.
Proteins, lipids, messenger RNAs, metabolites, and membrane
constituents could alter the donor cell through their removal
or influence recipient cells after release. Thermogenic
activation may direct specific cargo into vesicles through
sequence motifs, RNA-binding proteins, lipid microdomains,
or endosomal sorting machinery. Alternatively, apparent
enrichment could arise passively from changes in intracellular
abundance, cargo stability, or increased bulk membrane
turnover. Distinguishing selective sorting from passive
loading will require intracellular and vesicular abundance to
be examined together with the secretion kinetics of individual
cargo species. Defining the full range of material exported
during thermogenic activation will therefore be important
for understanding how vesicle trafficking reshapes both the
producing adipocyte and its interactions with other cells.

Shared machinery between secretion and intracellular
remodeling

A final possibility is that molecular components controlling
exosome formation and release also regulate processes
required for thermogenesis independently of the exported
vesicles. Here, trafficking machinery refers to components that
govern endosome maturation, multivesicular-body formation,
vesicle transport, docking, and membrane fusion, including
Rab GTPases, ESCRT complexes, ceramide-dependentbudding
pathways, cytoskeletal motors, and SNARE proteins. These
components intersect with lysosomal function, autophagy,
lipid-droplet turnover, plasma-membrane recycling, and
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organelle contact sites. Disrupting Rab27a or ceramide-
dependent budding could therefore alter mitochondrial
abundance or thermogenic signaling even if the exported
cargo were biologically inert. The reduced mitochondrial
DNA content and broad suppression of thermogenic genes
in Rab27a-deficient adipocytes are consistent with an effect
extending beyond UCP1 alone [11].

Together, the available evidence supports the possibility
that vesicle trafficking facilitates thermogenic activation.
The effect could arise from removal of a single intracellular
inhibitor or several cargo species, the energetic demands of
vesicle production, shared functions of trafficking machinery
in cellular remodeling, or some combination of these
possibilities. The current evidence does not establish which
explanation is responsible, and the relevant mechanism may
differ among brown, beige, and white adipocytes.

A framework for resolving the mechanisms

The mechanisticalternatives can be separated experimentally
without treating them as mutually exclusive. Simultaneous
time-resolved measurement of intracellular cargo, vesicular
cargo, particle release, ATP turnover, oxygen consumption,
and heat production could establish whether energetic
expenditure precedes, accompanies, or follows cargo export.
Selective disruption of cargo loading while preserving overall
vesicle release would help distinguish the consequences
of removing particular cargo from the energetic demands
of vesicle production. Producer-cell-specific manipulation
combined with conditioned-medium transfer, transwell
coculture, or blockade of vesicle uptake could distinguish
changes within the secreting adipocyte from conventional
signaling to recipient cells. Parallel measurements of
UCP1-dependent respiration and ATP-consuming calcium,
creatine, or lipid cycling could determine whether vesicle
trafficking preferentially influences a particular thermogenic
pathway. Finally, profiling vesicular proteins, lipids, RNAs, and
metabolites across brown, beige, and white adipocytes could
identify cargo associated with thermogenic activation and
determine whether it is shared across adipocyte subtypes.

The use of direct heat measurement is important in this
context. Gene expression and oxygen consumption are
informative but do not necessarily capture all routes of
energy dissipation. Isothermal microcalorimetry integrates
heat arising from mitochondrial uncoupling, ATP turnover,
biosynthesis, membrane trafficking, and other metabolic
processes [10]. This strength also creates an interpretive
challenge because a change in heat cannot by itself identify the
responsible pathway. Combining calorimetry with pathway-
specific metabolic and trafficking measurements will allow
the field to determine how much of the signal derives from
canonical thermogenesis and how much reflects the cellular
work required to establish and maintain the activated state.

Implications beyond adipocytes

The broader importance of this model is that regulated
secretion could alter the function of many cell types by
changing what remainsinside the secreting cell. This possibility
may be relevant to neurons, immune cells, endocrine cells,
cancer cells, and highly secretory epithelial cells. In these
settings, the conventional question of what a vesicle does
to the recipient may need to be paired with the question of
what releasing the vesicle does to the source cell. The answer
may involve changes in signaling thresholds, organelle
quality, metabolic demand, or stress tolerance. Testing this
principle in other cell types will require functional readouts
appropriate to each cellular context. These questions may
also be relevant to human metabolic disease and cancer. In
obesity, changes in adipocyte vesicle output and cargo could
affect both adipocyte function and communication with
the liver, immune system, and tumors. Adipocyte-derived
exosomes have been implicated in the microenvironment
of hepatocellular carcinoma [32]. Separately, experimental
hyperthermia alters autophagy, stress signaling, and
apoptotic sensitivity in osteosarcoma cells [33]. That form of
therapeutic heating is mechanistically distinct from adipocyte
thermogenesis, but it illustrates that heat and cellular stress
responses can have disease-specific consequences. Neither
observation establishes that source-cell vesicle effects drive
cancer, and direct testing will be required.

Conclusion

Vesicle trafficking is functionally linked to thermogenic
adipocyte activation rather than being only a passive
byproduct. The convergence of Rab27a deficiency, two
pharmacological inhibitors acting through distinct exosome
pathways, and genetic enhancement of secretion supports
this relationship, but it does not yet identify the responsible
mechanism. The effect could reflect export of one or more
inhibitory cargo species, energy consumed during vesicle
biogenesis and secretion, shared functions of trafficking
machinery in intracellular remodeling, recipient-cell signaling,
or some combination of these possibilities. Defining the
contribution of each possibility will determine whether vesicle
trafficking can be used to enhance the thermogenic capacity of
brown and beige adipocytes and increase energy expenditure
without relying exclusively on chronic adrenergic stimulation.
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