N

Open Access Review &
Brown adipose tissue decline in aging, a role for
autophagy?

Joan Villarroya'*", Carla Franco-Bordés'~, Albert Blasco-Roset'?, Francesc Villarroya'

"Department of Biochemistry and Molecular Biomedicine and Institute of Biomedicine (IBUB), University of Barcelona, Barcelona 08028,
Spain.
2Fisiopatologfa de la Obesidad y Nutricién (CIBEROBN), Instituto de Salud Carlos III, Madrid 28029, Spain.

*Correspondence to: Joan Villarroya, Department of Biochemistry and Molecular Biomedicine and Institute of Biomedicine (IBUB),
University of Barcelona, Barcelona 08028, Spain. E-mail: jvillarroya@ub.edu

Received: October 30, 2025 Accepted: January 07, 2026 Published: January 20, 2026

Cite this article: Villarroya J, Franco-Bordés C, Blasco-Roset A, Villarroya F. Brown adipose tissue decline in aging, a role for autophagy?
Geromedicine. 2026;2:202517. https://doi.org/10.70401/Geromedicine.2026.0013

Abstract

The decline in brown adipose tissue (BAT) activity is a hallmark of aging and is believed to contribute significantly to the loss of cold tolerance
and the increased propensity for obesity with age. Paradoxically, unlike in many other tissues and organs, available evidence suggests that
macroautophagy increases in BAT with aging. This aligns with observations of a negative correlation between thermogenic activity and
macroautophagy in response to environmental factors such as ambient temperature, with evidence showing that macroautophagy is
suppressed in thermogenically active BAT under cold conditions, and conversely, increased in warmer environments. Moreover, the
activation of macroautophagy, particularly mitophagy, has been shown to be essential for the “whitening” process, whereby brown or beige
adipose tissue loses its thermogenic phenotype and adopts characteristics of energy-storing white adipose tissue. In contrast, recent
findings suggest that chaperone-mediated autophagy (CMA) is directly associated with BAT thermogenesis. In male mice, CMA tends to
decline with age in BAT, and pharmacological activation of CMA can restore thermogenic activity. This may be due to a specific role of CMA in
degrading thermogenesis-inhibiting factors that accumulate in aging BAT because of diminished CMA activity. Given the critical role of BAT
in metabolic health, especially during aging, autophagic processes, and their potential druggability, emerge as a promising strategy to
preserve thermogenic capacity and improve metabolic health in the elderly.
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1. Introduction

The thermogenic capacity of adipose tissues refers to the ability of fat depots to show an energy-expending phenotype rather than an
energy-storing phenotype. This is currently known to be a crucial factor in protecting against multiple cardiometabolic diseases, the
prevalence of which increases with aging. Traditionally, adipose tissue was viewed primarily as a passive energy reservoir, but we
currently know that it is a highly adaptive organ capable of regulating systemic metabolism.

White, brown, and beige adipocytes display distinct metabolic programs that reflect their specialized physiological functions. White
adipocytes present in white adipose tissue (WAT) are primarily dedicated to energy storage and exhibit low mitochondrial content,
limited fatty acid oxidation and oxidative phosphorylation, the absence of uncoupling protein 1 (UCP1) expression, and a metabolic
bias toward insulin-dependent glucose uptake and de novo lipogenesis, supporting triglyceride accumulation and endocrine
adipokine secretion. In contrast, brown adipocytes present in brown adipose tissue (BAT) are optimized for energy dissipation
through adaptive thermogenesis, characterized by very high mitochondrial density, elevated fatty acid oxidation, strong tricarboxylic
acid cycle and electron transport chain flux, and constitutive UCP1 expression that uncouples respiration from ATP synthesis; these
cells are highly responsive to sympathetic stimulation and secrete distinct batokines that contribute to systemic metabolic
regulation!'l. Beige adipocytes represent a metabolically plastic population that resembles white adipocytes under basal conditions
but, upon cold exposure or adrenergic activation, increase mitochondrial biogenesis, induce UCP1, enhance glucose uptake and fatty
acid oxidation, and acquire a brown-like thermogenic phenotypel?.

Importantly, the thermogenic activity of adipose tissues is a finely regulated biological process. External stimuli such as cold

exposure, certain dietary components, and pharmacologic agents (e.g., 3-adrenergic agonists, PPARY activators) can activate BAT and
promote the browning of WAT, enhance mitochondrial function, and reduce ectopic fat deposition*~I, all of which are critical for
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maintaining cardiovascular and metabolic health. Moreover, the secretion of brown adipokines (the so-called batokines) from
thermogenically active BAT and beige adipose depots has systemic anti-inflammatory and insulin-sensitizing effects(°l.

As will be discussed below, there is evidence that BAT activity and the browning capacity of WAT decline with aging. Considering the
increased prevalence of cardiometabolic diseases with aging, preserving or enhancing thermogenic activity in adipose tissues
represents a promising therapeutic strategy. Given the powerful association between BAT activity and cardiometabolic protection
found in extensive cohort studies!’l, promoting thermogenic adipose tissue activity can potentially mitigate the risks of metabolic
syndrome, insulin resistance, and cardiac dysfunction. Understanding the mechanisms underlying the age-dependent decline in
thermogenic adipose tissues, its impact on aging-related health issues, and how this decline might be reversed remains a key
challenge in aging research.

2. Alterations of Brown and Beige Adipose Tissue Adipose Tissues in Aging

The progressive decline in BAT levels with aging is a common observation across all mammals, although it manifests differently
depending on the species. In small mammals, despite evidence of a gradual decrease in BAT with age, significant levels are
maintained throughout the entire lifespan. In contrast, larger mammals such as cows or ovine species experience a sharp reduction
in both the quantity and activity of BAT shortly after birth, rendering it virtually undetectable in aged adults!'.

However, the case of humans is particularly notable, as it highlights the potential metabolic implications of BAT decline with aging.
Historically, it was believed that BAT in humans was present and active only during the neonatal and early childhood stages,
disappearing almost entirely in adulthood!®!. Nonetheless, decades ago, Heaton conducted a systematic histological study of human
autopsies across various ages and found that, although BAT nearly disappeared from certain anatomical regions, such as the
interscapular area, by adulthood, it persisted in other locations, including the neck and areas surrounding certain blood vessels, even
into the seventh decade of lifel’l. These findings have been confirmed by studies using positron emission tomography (PET)/computed
tomography (CT) scans, the current “gold-standard” for the measurement of BAT activity in humans!'?}, which have demonstrated the
presence of metabolically active BAT in adults, as well as its age-related declinel'!l,

BAT loss appears to plateau around the sixth decade of life and decreases further in advanced age, as active BAT is rarely detected in
individuals over sixty!'>"'%l. This reduction likely contributes to diminished cold tolerance and impaired thermoregulation commonly
observed in the elderly. There are also indications that BAT decline with aging is more pronounced in men than in women!'°,

Similarly, the prevailing consensus regarding beige adipocytes is that aging leads to a progressive shift toward a prevalent white
adipocyte phenotype in WAT depots, hindering the browning process in both aged mice and older humans. As a result, many, if not
all, forms of adipose tissue may gradually transition toward a WAT phenotype with agel'®.

Several mechanisms have been proposed to explain the age-related regression in BAT activity. These include reductions in
sympathetic nerve output and mitochondrial function, altered expression of key regulatory proteins, diminished function of brown
adipogenic progenitors, and age-associated changes in endocrine signaling and the secretion profile of batokines.

The sympathetic nervous system is the primary regulator of both BAT activity and its recruitment in response to thermogenic stimuli,
as well as the main inducer of WAT browning. Noradrenergic signaling via (3-adrenergic receptor stimulation induces both the
activation of existing brown adipocytes and the proliferation and differentiation of precursor cells to increase BAT mass. 33
receptor-adrenergic signaling prevails in BAT stimulation in rodents!'], whereas there are indications of a major role of the 31 and 32
adrenergic pathways in human thermogenic activation of BAT!!7-18],

In rodent models, some data suggest that under basal conditions, sympathetic tone to BAT is not significantly altered with aging!'*l.
However, the capacity of cold exposure and norepinephrine to activate BAT is impaired], suggesting that reduced responsiveness to
activation rather than diminished sympathetic tone is responsible for the age-related decline in BAT function. This is supported by
reports showing reduced 3-adrenergic receptor expression in BAT with aging/®!l. In humans, there is also evidence that cold-induced
BAT activity is diminished in aged individuals(>>??l. In this case, additional data indicate that sympathetic nerve activity is significantly
reduced in elderly menl®!, emphasizing the role of reduced sympathetic activation in the age-related decline of BAT function.

Non-sympathetic regulators of BAT activity may also contribute to the decline of BAT during aging. For instance, although levels of
fibroblast growth factor-21 (FGF21), a hormonal factor known to activate BAT and promote the browning of WAT, increase with age in
humans(?’), a state of FGF21 resistance similar to that occurring in obesity and involving BAT, but not WAT, has been hypothesized to
develop in aged individuals*®l. Thyroid hormones are also well-established regulators of BAT activity, acting both through indirect
central mechanisms and directly within BAT by promoting the transcription of UCP1 and other genes involved in the thermogenic
program!?7l. Aging is associated with a decline in circulating thyroid hormone levels and a reduced conversion of thyroxine (T4) to its
active form, triiodothyronine (T3), partly due to an age-related reduction in the expression of the deiodinase 2 enzyme in adipose
tissues!?8l,

On the other hand, the maintenance of active brown adipocytes and their recruitment in response to thermogenic stimuli depend on
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the proliferation and differentiation of brown adipocyte precursor cells present within the tissuel?>-3%l. Evidence suggests that aging
affects both the population of these precursor cells in BAT and their ability to sustain BAT function in advanced age. Huang et al.>"]
reported a reduced capacity of brown adipose precursor cells from aged rabbits to differentiate into brown adipocytes following
B3-adrenergic stimulation. This is of particular relevance because rabbit BAT exhibits age-dependent involution, plasticity, and
sensitivity to ambient temperature and metabolic state, more closely mirroring human BAT physiology than mouse BAT!!32.331,

Similarly, an age-related decline in the proliferation and differentiation potential of beige adipocyte precursor cells has been
observed!**%], which may contribute to the age-associated reduction in beige adipocyte biogenesis.

Other phenomena may contribute to the aging-associated decline in BAT activity. For example, the production of pro-inflammatory
mediators and the infiltration of immune cells in adipose tissue increase with age, a phenomenon commonly referred to as
“inflammaging”*°l. Inflammatory signals are known to impair BAT activity in metabolic conditions such as obesity*’l. Although direct
evidence of their role in aging is limited, it is plausible that an elevated pro-inflammatory state within BAT contributes to its
age-related decline. However, a recent report also showed that an age-dependent progressive infiltration of senescent immune cells,
primarily T cells and neutrophils, induces aging- like BAT dysfunction!*®. Another recent report points to a potential mechanism
underlying the age-related decline in BAT: the accumulation, within aging BAT, of a population of pyroptotic brown adipocytes that
exhibit reduced expression of the longevity gene syntaxin-4, leading to the loss of BAT mass and thermogenic dysfunction
characteristic of aged BATB.

Several molecules with putative anti-aging activity exert beneficial effects on BAT function. Examples include metformin!*’}, senolytic
agents!’!], and NAD* boosters!*?. However, these effects have been only minimally explored in the specific context of age-associated
BAT decline. Notably, a recent study reported that metformin delays the loss of thermogenic capacity in BAT in a mouse model of
Hutchinson-Gilford progeria syndromel*’l. Comparable evidence in humans remains scarce. Although nicotinamide riboside has been
shown to activate BAT in mice, a six-month intervention in young, lean individuals did not increase BAT activity!*?l. Caloric
restriction, one of the most robust interventions known to slow aging in model organisms, has also been linked to the preservation of
BAT activity during aging!*!l. However, it remains unclear whether BAT activation is a primary driver of the anti-aging effects of
caloric restriction. Evidence further suggests that BAT mass and/or activity is increased in several experimental models of genetic
interventions that extend lifespan, particularly those involving inactivation of components of the growth hormone/IGF-1 axis (see
Darcy and Tseng, 2019 for a review)!*’l. In these models, BAT activation is clearly associated with improved cardiometabolic
phenotypes accompanying delayed aging, but it is not yet known whether BAT activation contributes directly to lifespan extension
per sel*tl,

3. A differential Role of Autophagy in White and Brown Adipogenesis

Although our understanding of autophagy’s role in adipobiology, and especially in the thermogenic plasticity of adipose tissues,
remains limited, several studies have shed light on this process. Current knowledge primarily focuses on macroautophagy, with
considerably less information available regarding other forms of autophagy, such as chaperone-mediated autophagy (CMA).
Throughout this review, the term “autophagy” will be used to refer to macroautophagy unless otherwise specified or when
macroautophagy is specifically contrasted with CMA, in accordance with common practice in the field to improve readability and
avoid unnecessary complexity.

Basal autophagy differs markedly among adipocyte subtypes and plays a central role in maintaining their metabolic identity. White
adipocytes display moderate to relatively high basal autophagy, which is required for adipocyte differentiation, lipid droplet
remodeling via lipophagy, and organelle quality control, thereby facilitating lipid storage and adipose tissue expansion!*’*’l, Brown
adipocytes, in contrast, maintain comparatively low basal autophagy and tightly suppress mitophagy to preserve their high
mitochondrial content and sustain thermogenic capacity; excessive activation of autophagy in these cells leads to mitochondrial loss,
BAT whitening, and impaired heat production®>'l, Beige adipocytes exhibit an intermediate and highly regulated autophagic tone
that functions as a reversible phenotypic switch: increased autophagy and mitophagy promote beige-to-white conversion, whereas
autophagy suppression stabilizes mitochondrial content and maintains inducible thermogenic competencel>*->!l(see below).

The role of autophagy in adipocyte biology was evidenced through experimental models in which key macroautophagy genes, such
as ATG7 or ATGS5, were selectively deleted in adipocytes!'’*°l. These studies showed that macroautophagy is progressively activated
during white adipocyte differentiation, as evidenced by increased autophagosome formation. Conversely, loss of autophagy impaired
white adipogenesis, reduced lipid accumulation, and increased apoptosis during differentiation. Pharmacological inhibition of
autophagy (e.g., with chloroquine) further confirmed that active autophagy is essential for proper adipogenic differentiation.

More recent findings suggest that CMA also regulates adipogenesis. CMA, a selective autophagy pathway in which individual proteins
are recognized by chaperones and directly delivered to lysosomes for degradation, has been proposed to control adipogenesis
through the timely degradation of signaling molecules and transcription factors involved in critical processes such as proliferation
(Myc), energy metabolism adaptation (glycolytic enzymes), and transcriptional regulation (SMAD2/3)>?. Termination of TGFf/SMAD3
signaling has been proposed as one of the main mechanisms behind the regulatory effect of CMA on adipocyte differentiation.
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Through modulation of these pathways, CMA supports adipogenesis and helps maintain cellular homeostasis.

Despite these advances, the mechanisms linking autophagy to adipogenesis are not fully understood, although some evidence point
to arole of autophagy in controlling the expression of key transcriptional regulators of adipogenesis, including C/EBPB, C/EBPQ, and
PPARY!8:33],

Interestingly, disrupting autophagy in adipose tissue profoundly alters the balance between brown and white adipocyte
differentiation. For example, macroautophagy impairment increases BAT mass and upregulates thermogenic genes such as UCP1 and
PGC1a, while also promoting the emergence of beige adipocytes within WAT[*8l. These changes enhance thermogenesis and fatty acid
B-oxidation, ultimately reducing overall fat mass.

Although the precise mechanisms underlying these contrasting outcomes remain unclear, they may stem from differences in the
transcriptional programs that govern white versus brown/beige adipocyte development>!l. Moreover, recent evidence suggests that
autophagy plays distinct roles depending on the developmental stage of brown/beige adipocytes. For example, deletion of ATG7 in
Myf5+ precursor cells, which give rise to brown but not white adipocytes, disrupts BAT development, particularly during late
embryonic and early postnatal stagesl>’l. However, in adult mice, autophagy impairment enhances beige adipocyte formation and
increases (3-oxidation in BAT*8:50L

Recently, the autophagy cargo receptor Ncoa4 has emerged as a key regulator of both BAT and WAT function. In BAT, Ncoa4 is
required for full activation of thermogenic gene expression, including UCP1, and for a proper response to cold. In WAT, Ncoa4
influences PPARyOdependent gene expression during adipocyte differentiation and metabolic adaptation. AdiposeOspecific loss of
Ncoa4 impairs BAT thermogenesis and alters WAT gene expression programs, highlighting its role in coordinating autophagy and
adipocyte function>l,

In summary, while the loss of autophagy more significantly disrupts white adipogenesis, it appears to promote the development of a
brown adipocyte phenotype characterized by enhanced oxidative metabolism and thermogenic capacity.

4. Autophagy in Brown and Beige Adipose Tissue Thermogenic Regulation

In addition to the differential role of autophagy in the brown/beige/white differentiation processes, it appears also to be a
fundamental mechanism for adaptive brown and beige adipose tissue function in response to thermogenic requirements. During
thermogenic activation (e.g. under conditions of cold stress) macroautophagy degradative processes in BAT are suppressed>->7-58],
largely through the action of adrenergic stimuli inducing protein kinase A (PKA), which simultaneously promotes thermogenesis and
inhibits autophagy. Pharmacological blockade of PKA with H89 prevents the cAMP-driven downregulation of autophagy-related
genes and activity in brown and beige adipocytes, highlighting the close interplay between these pathways[>%-57-581,

PKA enhances thermogenic gene expression through CREB and also via p38MAPK phosphorylation, which activates ATF2[>/l. However,
the mechanisms by which PKA represses autophagy-related transcription remain unresolved. Several transcription factors have been
implicated: Altshuler-Keylin et al.l>! identified Mitf and FOXO3 as autophagy regulators downregulated by cAMP-PKA signaling, while
we reported that TFEB, a master controller of autophagy and lysosomal biogenesis, is also reduced during thermogenic activationl>7l,
Interestingly, p38MAPK appears dispensable for this suppressionl®’], suggesting alternative PKA downstream effectors. CREB is also a
candidate transcription factor to mediate PKA effects on the BAT thermogenic machinery, as it is also known to regulate autophagy in
the liver”%, PKA may also act indirectly via mTORC1, a central energy sensor and autophagy inhibitor('l,

Beyond repression, autophagy may also enable BAT function via the suppression of the transcriptional repressor Nuclear Receptor
Corepressor 1 (NCOR1). NCOR1 interacts with nuclear receptors and transcription factors that are central to BAT function, including
thyroid receptors, PPARY, PPARQ, and ERRQ. By recruiting histone deacetylase-3 (HDAC3), NCOR1 maintains a repressive chromatin
state at thermogenic enhancers!®?l. Notably, NCOR1 degradation via autophagy and the subsequent activation of the PPARY pathway
have been reported as essential for brown adipocyte maturation and function[®,

However, prolonged cold exposure has been reported to increase autophagyl®!, which might indicate temporal differences in the
regulation of autophagy across thermogenic phases. Further studies are needed to delineate how PKA, mTORC1, and transcriptional
regulators converge to control autophagy during BAT activation and the time-course of concomitant thermogenic activation and
autophagy repression.

On the other hand, autophagic activity in BAT and its relationship with thermogenic function may involve a specific regulatory
mechanism mediated by acyl-CoA-binding protein (ACBP), also known as diazepam-binding inhibitor (DBI). ACBP is a regulatory
protein secreted via an autophagy-dependent pathwayl®°l. Recent findings indicate that both the expression and
autophagy-dependent secretion of ACBP by brown adipocytes are inversely regulated according to the level of thermogenic
activationl®l. In turn, ACBP acts to suppress BAT activity. These observations suggest the existence of an autocrine feedback loop, in
which increased autophagic activity, such as under warm ambient temperatures, leads to ACBP secretion, thereby contributing to the
repression of thermogenesis.
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In studies examining how autophagy influences thermogenesis in brown and beige adipose tissue, special focus has been placed on
specific macroautophagy pathways such as mitophagy and lipophagy. These processes are essential for maintaining mitochondrial
quality and for controlling lipid handling within the cell, two functions that are central to the thermogenic capacity and metabolic
activity of brown and beige adipocytes.

4.1 Mitophagy in adipose tissue thermogenic plasticity

Mitophagy, the selective degradation of mitochondria, preserves cellular homeostasis by removing damaged organelles. The
best-characterized molecular pathway controlling mitophagy involves the PINK1/Parkin system, which is activated upon
mitochondrial depolarizationl®’.%8, PINK1 protein accumulates on dysfunctional mitochondria, recruits and phosphorylates Parkin,
and together they promote ubiquitination of outer membrane proteins, attracting autophagy receptors such as p62, OPTN, NDP52,
NBR1, and TAX1BP1[°°71l. Additional receptors (BNIP3, NIX, FUNDC1) are also implicated, though their tissue-specific roles remain
unclear!®®l. In adipocytes, BNIP3 is induced during adipogenesis under PPARY and C/EBPQ regulation, influencing mitochondrial
dynamics and metabolism, though it appears dispensable for mitochondrial turnoverl’>73l,

In brown/beige adipocytes, PINK1/Parkin regulation is key for balancing mitochondrial expansion and thermogenesis. Parkin
expression rises during general adipogenic differentiation>®:7%.75, but Parkin-deficient adipocytes differentiate normally(’>70l.
Strikingly, Parkin-KO mice show enhanced BAT thermogenesis, increased browning, and resistance to diet-induced obesityl>%7+77],
PINK1, instead, is mainly regulated post-transcriptionally and kept at low levels by mitochondrial proteases(’>.

Upon thermogenic activation in BAT, because UCP1 activity causes partial mitochondrial depolarization as part of the heat
production mechanism!’®l, PINK1 can accumulate on mitochondria, but Parkin is strongly repressed in response to thermogenic
activation of brown adipocytes, both transcriptionally via PPARQ and functionally by PKAF®L This likely prevents degradation of active
mitochondria when thermogenesis is active. Additionally, autophagy adaptor accumulation, especially p62, promotes thermogenic
gene expression through p38MAPK signaling, while its loss impairs BAT mitochondrial function!”! (Figure 1).

[THERMOGENIC ACTIVATION]|

\

C)&Norepinephrine

B-adrenergic
receptor

PPARa
CREB
ATF2
pP38MAPK <«

Figure 1. The role and regulation of autophagy in brown/beige adipogenesis and thermogenesis: in mature brown and beige adipocytes, thermogenic stimulation via
(3-adrenergic receptors suppresses autophagy through PKA activation. PKA promotes the transcription of thermogenic and mitochondrial biogenesis genes while repressing
those related to lysosomal biogenesis and autophagy. It also activates mTORC1 and downregulates autophagy-related transcription factors via mechanisms that are still
unclear. ACBP stands as a nexus between thermogenesis and autophagy activity. Moreover, PKA impairs mitophagy by blocking Parkin translocation to depolarized

mitochondria, and PKA-driven lipolysis further suppresses Parkin expression via PPARa. PKA: protein kinase A; ACBP: acyl-CoA-binding protein; PKA: protein kinase A.
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Functionally, PINK1, but not Parkin, is required for BAT mitochondrial integrity in response to thermogenic induction such as cold
stressl>8.7475.80], Redundant mitophagy pathways likely compensate for Parkin absencel’!l, while PINK1-independent processes
contribute to basal mitochondrial quality control in high-energy tissues!®!l,

Moreover, active mitophagy regulated by the PINK1/Parkin system has been identified as a key mechanism in the “whitening” of
beige adipocytes, namely the loss of their thermogenic phenotype and transition to a white, non-thermogenic state. The induction of
mitophagy is essential for degrading the abundant mitochondrial content characteristic of beige adipocytes during this “whitening”
processl0.74,

4.2 Lipophagy and CMA in adipose tissue lipid catabolism

On the other hand, lipophagy, another specialized form of macroautophagy, degrades intracellular lipids, complementing
hormone-driven lipolysis, and has been mainly studied in the liver(®?l. In hepatocytes, lipid turnover involves lipolysis,
macroautophagy, and also CMA, which directly translocates proteins into lysosomes, enabling perilipin (PLIN) degradation, thus
facilitating lipolysis and lipophagy!®354.

CMA selectively targets PLIN2 and PLIN3 to control lipid droplet accessibility and lipolysis, whereas PLIN1 largely escapes CMA and is
regulated by alternative degradation and remodeling pathways. In WAT, CMA-mediated degradation of PLIN2 and PLIN3 contributes
to the controlled initiation of lipolysis by removing lipid droplet-shielding proteins and allowing hormone-sensitive lipase and
adipose triglyceride lipase (ATGL) access to triglycerides, particularly during fasting or nutrient deprivation. Because WAT primarily
functions as an energy reservoir, this CMA-PLIN axis operates as a regulated gatekeeping mechanism that balances lipid storage and
mobilization!®3l

In BAT, lipolysis is more tightly and rapidly coupled to mitochondrial fatty acid oxidation to fuel thermogenesis!®. BAT lipid droplets
are predominantly coated by PLIN1, which is largely resistant to CMA and instead regulated by (3-adrenergic signaling, dependent
phosphorylation and cofactor exchange. As a result, BAT relies less on CMA-driven PLIN removal and more on acute sympathetic
control for lipolytic activation, ensuring rapid and reversible substrate supply for UCP1-dependent heat production!®l. Thus, in brown
adipocytes, lipid mobilization relies mainly on cytosolic lipases. The noradrenergic stimulation of PKA leads to the phosphorylation of
perilipins, granting access to ATGL, hormone-sensitive lipase, and monoacylglycerol lipase, which hydrolyze triglycerides into fatty
acids for B-oxidation and thermogenesis®’l. Although lipophagy occurs in BAT, it is secondary to lipolysis. It has been reported that
very short-term cold exposure (1 hour) can induce lipophagy in BAT, as in the liver and hypothalamic neurons, with lipid droplets
appearing in autophagosomes!®®l. However, unlike hepatocytes, where chronic lipophagy defects cause steatosis!*®#3, autophagy loss
in brown/beige adipocytes enhances (3-oxidation, suggesting that lipolysis predominates in the regulation of lipid catabolism
associated with thermogenesis!*®l.

5. The Paradoxical Role of Autophagy in the Decline of BAT Activity and WAT Browning During
Aging.

A comprehensive assessment of how aging affects macroautophagy in BAT and the browning capacity of WAT is still lacking. Current
assumptions are largely derived from observations of a reciprocal relationship between macroautophagy and thermogenic activity in
adipose tissue. During adipogenic differentiation, inhibition of macroautophagy is associated with enhanced brown and beige
adipocyte differentiation. Moreover, during cold-induced thermogenic activation, increased thermogenic function correlates with
reduced macroautophagy. Based on these findings, it has been proposed that macroautophagy is likely to increase in aging BAT, a
condition characterized by diminished thermogenic capacity. Although transcriptional data provide only a partial view of
macroautophagy activity!®’], analysis of up to 20 gene transcripts involved in autophagosome initiation, maturation, and fusion within
a dataset examining BAT transcriptomic changes across mouse aging!’”! showed a significant trend toward increased expression.
Increased autophagy in aging BAT has also been proposed based on elevated expression of ATG7 and LC3-II in BAT from older
compared with younger micel’!l. This increase has been postulated to contribute to the age-related decline in mitochondrial content
in BAT through enhanced mitochondrial degradation. Indeed, evidence shows that Parkin expression increases with age in both BAT
and WAT in mice, which has been interpreted as an indication of increased mitophagy!°?. Genetic deletion of Parkin in mice prevents
the age-related decline in WAT browning[°?l and concurrently mitigates the age-associated increases in whole body adiposity and
inflammation[®2%3,

Overall, the evidence suggesting a potential increase in autophagy during aging in BAT and in relation to WAT browning may initially
appear counterintuitive, given that a general decline in autophagic capacity has traditionally been considered a hallmark of aging!”‘l.
However, this assumption is challenged by recent studies demonstrating cases where autophagy actually increases with age. For
instance, macroautophagy has been shown to rise in aging WATI®’], as well as in both mouse and human leukocytes!’®°7l. It has been
proposed that this age-related increase may represent a compensatory response to the accumulation of cellular damage over time.
Thus, while basal autophagic activity may appear elevated with age, the overall capacity to respond effectively to autophagy-inducing
stimuli could still be impaired!*®]. Further research is needed to fully understand how autophagy changes with age in BAT and beige
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adipose tissue, and to clarify the implications of these changes in the context of age-associated systemic cardiometabolic
dysfunction, considering the growing evidence for a positive association between BAT activity and cardiometabolic health!’l.

On the other hand, recent studies suggest a somewhat different scenario for CMA. Similarly to macroautophagy, it is often assumed
that CMA activity tends to decline with advanced aging!®’! but there are indications that age-related changes in CMA activity may be
highly dependent on the genetic background of experimental models, the tissue or cell type under consideration, and the ages at
which CMA is evaluated!'?’l, A recent assessment of CMA activity in mouse tissues revealed a trend toward reduced CMA activity in
BAT from aged C57BL/6 male mice, whereas an increase was observed in aged femalesl!°!l. Also, in C57BL/6 male mice, the levels of
Lamp2A (the molecular biomarker of CMA) and the transcriptional CMA network were also found to decline with aging, and
pharmacological intervention to increase CMA activity in aged male mice restored BAT thermogenic activity!'°?. In brown adipocytes,
CMA activation increased thermogenic activity and metabolic oxidative activity, whereas Lamp2A invalidation caused the opposite
effects. In male mice, Lamp2A expression increases as part of the thermogenic induction program of BAT in response to cold, and it
has been proposed that CMA would play a role in the selective degradation of cellular inhibitors of the thermogenic machinery, so
being a key process to maintain active BAT!'%2, Thus, while general macroautophagic activity in BAT appears to increase with aging,
an age-related decline in CMA may result in the accumulation of undegraded repressors of BAT function, thereby contributing to the
reduced thermogenic capacity observed in aging BAT (Figure 2). However, this phenomenon has been observed in males, and it
remains unclear whether it occurs similarly in females. Pronounced sex differences in BAT thermogenic function are well established,
particularly in rodent models!'%? raising the possibility that CMA regulation and its trajectory during aging may contribute to these
disparities. These observations highlight the critical need for further investigation into sex-specific differences in CMA activity within
BAT. Furthermore, the fact that CMA is considerably less studied than macroautophagy in the context of adipose tissues, combined
with the methodological limitations of its in vivo assessment, often relying on indirect measurements, highlights the clear need for
more in-depth investigation. Moreover, the fact that current tools for pharmacological activation of CMA (i.e. the CA77.1 compound)
rely on repressing retinoic acid receptor-a activity!!’!l underscores the need for further research, considering the importance of
retinoic acid in the control of BAT thermogenic activityl!*>l

High activity Low activity

o

Macroautophagy

-

Chaperone-mediated
autophagy

Figure 2. The age-related decline in BAT activity is accompanied by an increase in macroautophagy in experimental models. In contrast, available data indicate a distinct

pattern for CMA, which, at least in C57BL/6 male mice, tends to decline in BAT with aging. CMA: chaperone-mediated autophagy; BAT: brown adipose tissue.

6. Conclusion

Available evidence indicates that distinct autophagy pathways play a complex role in the age-related decline of BAT activity and its
associated health consequences. Based on current findings, it seems unlikely that systemic, non-tissue-specific induction of
macroautophagy as an anti-aging strategy would be beneficial, and it might even be counterproductive, in preventing the
age-related decline of BAT function. Instead, targeting specific forms of autophagy may offer more effective approaches to preserving
BAT activity and its cardiometabolic benefits, which are mediated through its thermogenic and secretory functions. Notably,
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emerging strategies aimed at inducing CMA appear particularly promising for preventing BAT dysfunction, according to preclinical
evidence. However, most of the current knowledge regarding the contribution of autophagy to age-associated BAT decline is derived
from mouse models. Given the substantial differences in body size, thermogenic demands, and lifespan between mice and humans,
caution is warranted when extrapolating findings from experimental models to human physiology, particularly in the context of
aging. Consequently, further studies are required to validate, in humans, the complex and multifaceted relationships between distinct
autophagy pathways and BAT function during aging that have been identified in preclinical models.
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