Metabolism

Clinical and Experimental

Journal Pre-proof

Adipose tissue catecholamine resistance: a metabolic safeguard
that challenges weight control

Lucio Della Guardia, Andrew C. Shin

PII: S0026-0495(26)00100-9

DOI: https://doi.org/10.1016/j.metabol.2026.156590
Reference: YMETA 156590

To appear in: Metabolism

Received date: 30 November 2025

Accepted date: 9 March 2026

Please cite this article as: L.D. Guardia and A.C. Shin, Adipose tissue catecholamine
resistance: a metabolic safeguard that challenges weight control, Metabolism (2024),
https://doi.org/10.1016/j.metabol.2026.156590

This is a PDF of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability. This version
will undergo additional copyediting, typesetting and review before it is published in
its final form. As such, this version is no longer the Accepted Manuscript, but it is
not yet the definitive Version of Record; we are providing this early version to give
early visibility of the article. Please note that Elsevier’s sharing policy for the Published
Journal Article applies to this version, see: https://www.elsevier.com/about/policies-and-
standards/sharing#4-published-journal-article. Please also note that, during the
production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2026 Published by Elsevier Inc.


https://doi.org/10.1016/j.metabol.2026.156590
https://doi.org/10.1016/j.metabol.2026.156590
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article
https://www.elsevier.com/about/policies-and-standards/sharing#4-published-journal-article

Adipose tissue catecholamine resistance: a metabolic safeguard

that challenges weight control

Lucio Della Guardia® and Andrew C. Shin?

! Department of Biomedical Sciences for Health, Universita di Milano, Milano, Italy.
2 Neurobiology of Nutrition Laboratory, Department of Nutritional Sciences, College of Health & Human

Sciences, Texas Tech University, Lubbock, Texas, USA

Keywords: energy regulation, adrenergic signaling, lipolysis, weight loss, lipid metabolism, white and brown

adipocytes.

Running title: B-adrenergic resistance in obesity

Corresponding Author

Lucio Della Guardia, MD, PhD
Universita degli Studi di Milano

Via Mangiagalli 31, 20133 Milan, Italy
E-mail: lucio.dellaguardia@gmail.com

Phone: +39-3298708091



Abstract

Catecholamine resistance in adipose tissue encompasses an articulated network of cellular and molecular
adaptations to inflammatory and neuroendocrine signals in obesity. By dampening adrenergic signaling, these
adaptations may serve a protective role, shielding tissues from excessive catecholamine stimulation and the
metabolic stress induced by inflammatory signals. However, reduced adrenergic responsiveness also constrains
lipolysis and thermogenesis in adipose tissue, limiting the ability to mobilize fat during caloric restriction or
increased energy demand. Thus, while initially adaptive, catecholamine resistance under conditions of nutrient
excess may reinforce energy storage and promote weight persistence in obesity.

In this work, we examine the neuro-endocrine framework underlying catecholamine resistance in adipose
tissue, with the aim of elucidating its implications for metabolic homeostasis and body weight regulation in

obesity.

1. Background and scope of the review

Adrenergic control of lipolysis in white (WAT) and brown (BAT) adipose tissues plays a key role in the
regulation of energy metabolism and body homeostasis [1, 2]. The ability of WAT to cleave triglycerides (TG) to
release free fatty acids (FFAs) is essential for supplying energy to peripheral tissues, enabling the body to meet
transient phases of increased energy demand, such as fasting, exercise, or infections [1]. Lipolysis is mainly
driven by the binding of catecholamines (mainly noradrenaline, NA) to B-adrenergic receptors (B-ARs), which
activates protein kinase A (PKA) via cyclic adenosine monophosphate (cAMP). This triggers the
phosphorylation of hormone-sensitive lipase (HSL), adipose triglyceride lipase (ATGL) [1], and perilipin—which
enables the access of lipases to lipid droplets [1]. Peroxisome proliferator-activated receptor gamma (PPARy)
enhances this process by upregulating HSL and ATGL genes (Lipe and Pnpla2, respectively) [3].

In human WAT, B1- and B2-ARs primarily mediate this process, with 3-ARs playing a minor role, mainly in the
visceral compartment [4-8]. On the other hand, NA binding to B2- and B3-ARs activates BAT and promotes
thermogenesis by inducing uncoupling protein-1 (UCP1) expression and mitochondrial biogenesis [5, 6, 9—12].
This occurs in brown and beige adipocytes—a mitochondrial-rich cell type sharing functional similarities with

brown cells—contributing to weight regulation and metabolic homeostasis [13—15].

Obesity is characterized by persistent sympathetic overactivity, which negatively impacts inflammation in
adipose tissue, favoring the chronic release of pro-inflammatory cytokines and FFAs [16—21]. These are critical
in inducing insulin resistance in the liver and muscle [2, 22—-25]. Notably, in obese animals and humans,
adipose tissue exhibits defective lipolytic responsiveness to transient adrenergic stimulation [16-21, 26],

indicating the presence of catecholamine resistance. In fact, despite higher levels of catecholamines [19, 20],



individuals with obesity show reduced lipolysis upon fasting or exercise [27, 28] and lower glycerol and FFA
release from WAT during adrenergic stimulation [29]. Isolated adipocytes from subjects with obesity show
reduced lipolytic sensitivity [18, 30-33], as well as lower $2-AR surface density and responsiveness under both
catecholamine and cAMP stimulation [18, 30, 34], suggesting adaptations at the level of both receptors and

intracellular signaling.

Catecholamine resistance might represent an adaptive mechanism helping safeguard peripheral organs from
the harmful effects of excessive adrenergic stimulation and derived metabolic stress. However, this protective
barrier against adrenergic signaling may impair the capacity of transient adrenergic stimuli—driven by
exercise, cold exposure, or energy restriction—to induce TG breakdown, possibly contributing to fat retention
in obesity [35—-37]. This review examines the neuro-endocrine network that underlies catecholamine
resistance in obesity, with the goal of elucidating its potential functional role in weight regulation and

metabolic homeostasis.

2. Catecholamine-induced lipolysis differs between sexes

The lipolytic effect of catecholamines exhibits marked sexual dimorphism, driven by divergent expression
patterns of ARs and site-specific sensitivity to sex hormones. Estrogen serves as a critical modulator of this
balance, although its effects are strictly depot-dependent. Within subcutaneous white adipose tissue (SWAT)—
particularly in the gluteal-femoral region—estrogen activation of estrogen receptor-a upregulates the
antilipolytic a2-ARs [38, 39]. Consequently, SWAT from pre-menopausal women exhibits a higher a2-AR
density and a lower lipolytic response to adrenaline compared to both men and their own visceral adipose
tissue (VWAT) [38]. Crucially, estrogen does not appear to affect the expression of a2-ARs in visceral
adipocytes, explaining why it promotes safe lipid storage in the sWAT while preserving the metabolic activity
of VWAT [38, 40]. Importantly, the pro-lipolytic effects of estrogen are specifically blunted in female sSWAT via
this estrogen-mediated increase in antilipolytic a2-AR signaling [40].

Despite this increased inhibitory "shield" in SWAT, the female catecholamine-induced lipolytic machinery
remains more efficient than in men, with lipolysis being more rapid and pronounced [41-43]. While lipolytic
sensitivity (half-maximum effective hormone concentration) is decreased by 50% in women due to the
increased coupling of a2-ARs to adenylyl cyclase, the maximum lipolytic hormone effect is significantly
increased and correlates with more efficient ATGL activity [41]. Women exhibit significantly higher rates of
forskolin-stimulated lipolysis in WAT, associated with increased expression of ATGL and HSL [42]; furthermore,
cAMP- or isoprenaline-stimulated lipolysis is 2-fold higher in sWAT compared to visceral adipocytes in
women—a difference not observed in men [43]. This is further evidenced during exercise, where overweight
women mobilize more lipids than men, as the a2-AR antilipolytic effect appears functional only in the sWAT of

men [44].



Conversely, in the context of obesity, the catecholamine-induced rate of FFA mobilization from vWAT to the
portal venous system is higher in men than in women. This phenomenon is driven by larger adipocyte volume,
a decrease in a2-AR function, an increase in B3-AR activity, and an enhanced ability of cAMP to activate HSL
[45]. The role of androgens adds further complexity; while testosterone increases B-AR-mediated lipolysis in
rodent models, in humans it has been shown to decrease adrenergic-induced lipolysis by inhibiting the
expression of B2-ARs and HSL exclusively in sSWAT [46]. Furthermore, estrogen receptor-a-deficient mice
exhibit a reduced lipolytic rate specifically in females [42]. However, a growing body of research suggests that
these sex differences in humans may not be directly caused by sex hormones alone [47, 48]. Instead, these
differences are likely related to integrated variations in mitochondrial function and tissue inflammation, which

indirectly influence catecholamine-stimulated lipolysis [49, 50].

3. Adipose tissue catecholamine resistance in obesity encompasses multiple mechanisms

The diminished responsivity of adipose tissue to chronic catecholaminergic stimulation in obesity encompasses
multiple pathways in both adipocytes and macrophages, modulated by neuro-endocrine and inflammatory

signals.

3.1 Catecholamine resistance defenses adipose tissue against excessive adrenergic stimulation

Obesity and chronic overnutrition trigger a pathological overstimulation of adrenergic signaling toward
peripheral tissues [51, 52]. This systemic sympathetic overdrive is rooted in maladaptive shifts within key
hypothalamic nuclei—specifically the arcuate (ARC), paraventricular (PVN), and dorsomedial (DMH) nuclei—
alongside brainstem and cortical centers responsible for metabolic governance [52-55]. Central to this process
is the obesity-induced, leptin-mediated activation of the PVN and DMH, which serves as a primary driver of
excessive sympathetic output [54, 55]. This neurogenic signal is further amplified by "bottom-up" metabolic
and nutritional stress signals: pro-inflammatory mediators originating from dysfunctional WAT act as co-causal
agents in hypothalamic reprogramming [53]. Saturated fatty acids and advanced glycation end-products
(AGEs) trigger a microglial response within the central nervous system. Once activated, these microglia release
pro-inflammatory cytokines that exacerbate the hyperactivation of sympathetic outflow. Beyond central
mechanisms, the adipose microenvironment itself contributes to this adrenergic burden. Visceral adipocytes
possess the capacity for autonomous catecholamine production [56]. This local synthesis is significantly
exacerbated by high-fat diet (HFD) feeding [57], further elevating catecholamine levels directly within the

tissue environment and bypassing traditional neural regulation.

Augmented sympathetic outflow serves as the primary igniter of catecholamine resistance within adipose
tissue. In response to chronic overstimulation, peripheral tissues initiate a homeostatic defense characterized
by the progressive desensitization and downregulation of 3-ARs [58]. For B1- and B2-ARs, this process involves

PKA-mediated phosphorylation, which promotes B-arrestin binding and subsequent receptor uncoupling from



G-proteins, followed by receptor internalization [58]. Additionally, receptor internalization and
downregulation mechanisms are induced upon sustained adrenergic stimulation [58].

In contrast, B3-ARs are inherently resistant to B-arrestin-mediated desensitization due to a lack of specific
phosphorylation domains and key phosphorylation sites responsible for the internalization of f1- and B2-ARs
[59]. Instead, their suppression is driven primarily by transcriptional downregulation [59]. Excessive cAMP
accumulation activates the EPAC-RAP2A-PLC pathway, inducing tribbles pseudokinase 1 (TRIB1). TRIB1 then
promotes the proteasomal degradation of CEBPa—a critical upstream regulator of Adrb3 and a stimulator of
Pnpla2 (ATGL) and Lipe (HSL) [32, 60]. This cascade effectively silences B-AR expression, impairing both lipolysis
and mitochondrial B-oxidation [35]. In human white adipocytes, isoproterenol-induced cAMP elevation
activates the insulin receptor-AKT pathway, stimulating phosphodiesterase-3B (PDE3B), which reduces cAMP
levels and attenuates PKA activity [61].

The upregulation/activation of a2-adrenergic receptors (a2-ARs) likely contributes to the onset of
catecholamine resistance. a2-ARs activate Gi proteins to suppress adenylyl cyclase and 3-adrenergic-mediated
lipolysis, with a marked activity in sSWAT, where a2-ARs primarily respond to adrenaline and are potentiated by
insulin [12, 62]. In male rodents, weight gain over time is associated with a marked upregulation of a2-ARs,
indicating both a potential compensatory and/or causative role in WAT expansion [63]. In female mice, weight
gain is associated with a counterbalancing downregulation of B3-ARs, occurring in response to the a2-AR
upregulation observed in males. These observations suggest a sex-specific, reciprocal mechanism of adrenergic
inhibition in obesity, where a2-AR expression is balanced against B3-AR density to achieve the suppression of
B-signaling as weight gain progresses [63]. These findings align with results from human studies showing that
sWAT adipocytes of individuals with obesity exhibit heightened a2-adrenergic responsiveness, as
demonstrated by an enhanced antilipolytic effect in response to clonidine [64]. Interestingly, the responsivity
to clonidine linearly correlates with SWAT mass [64], indicating a reciprocal relationship where obesity
probably amplifies a2-AR signaling, which in turn exacerbates fat accumulation. Supporting this perspective,
individuals with lower basal a2-AR sensitivity experience more pronounced fat loss during caloric restriction,
with the magnitude of weight reduction inversely correlating with a2-AR sensitivity [65]; furthermore, the

abundance of a2-ARs has been shown to predict weight regain after weight loss therapies [66].

3.2. Inflammation enhances noradrenaline clearance and B-ARs desensitization

Chronic inflammation is a pathological hallmark of both adipose tissues in obesity [11, 67] and represents a key
driver of catecholamine resistance. The precise origins of this inflammation in adipose tissue remain
undetermined; however, a synergy of stressors, including chronic energy surplus, inadequate antioxidant
intake, gut dysbiosis, and sustained sympathetic overstimulation, are thought to be the major drivers in its
development [16—21]. Such factors interact through multiple pathways to trigger morphological and
biochemical shifts in both WAT and BAT [23, 26, 67, 68]. These alterations trigger pro-apoptotic and stress-
induced signaling cascades—predominantly the JNK and NF-kB pathways—which serve as molecular bridges to

chronic tissue dysfunction. This cellular stress orchestrates an articulated paracrine crosstalk between



adipocytes and resident immune cells, resulting in the recruitment and polarization of macrophages. These
cells act as a self-perpetuating catalyst, which is key for igniting and sustaining a chronic inflammatory feed-

forward loop within the adipose microenvironment [11, 67, 69].

Pro-inflammatory macrophages promote noradrenaline disposal in white adipose tissue

Noradrenergic neurotransmission in the synaptic clefts is terminated primarily via presynaptic reuptake of NA
through its dedicated transporters (Slc6a2; NET) and by degradation through monoamine oxidases (MAO-A, -B,
-C), with a smaller fraction degraded extracellularly by catechol-O-methyltransferase (COMT). The balance of
noradrenaline release and clearance determines the sympathetic tone. The capacity of activated immune cells
to modulate sympathetic output toward adipose tissue is a key determinant for the sympathetic drive [26, 64,
65]. In WAT, neuron-associated sympathetic-activated macrophages (SAMs) expressing Slc6a2 internalize and
degrade extracellular noradrenaline via MAO-A [61], likely to clear excessive NA from the synaptic cleft (figure
1). Notably, in obese animals, SAMs have been shown to exhibit a pro-inflammatory phenotype (CD11c+)
stimulated by noradrenaline itself, and they abnormally accumulate around nerve endings, resulting in
excessive noradrenaline clearance [70]. Selective deletion of Slc6a2 in SAMs enhanced B-adrenergic signaling
and reactivated thermogenic programs in white adipocytes of ob/ob mice [70], suggesting that this
macrophage subset plays a modulatory role in metabolic performance. A few key findings further highlight the
inhibitory effect of inflammation on catecholamine availability and adipocyte activity in obese models: i) the
deletion of the macrophage activator allograft inflammatory factor-1 (AlF1) leads to elevated noradrenaline
levels and enhanced metabolic activity in white adipocytes [71]; ii) the disruption of adrenergic signaling shifts
CD11c+ cells toward an anti-inflammatory phenotype, increasing noradrenaline availability in WAT and
promoting lipolysis [26]. The role of immune cells in regulating noradrenaline availability is also evident in
aging, a condition characterized by a progressive increase in catecholamine resistance [72], accompanied by
chronic activation of the NLRP3 inflammasome [73] and an expansion of pro-inflammatory immune cells within
adipose tissue [74, 75]. Indeed, in pro-inflammatory macrophages of aged animals, growth differentiation
factor (GDF)-3 activates MAO-A via stimulation of the NLRP3 inflammasome and IL-1B, leading to the
suppression of noradrenaline levels and inhibiting lipolysis [75, 76]. In parallel, early evidence supports the
notion that increased expression of organic cation transporter-3 (OCT3) and MAO-A—due to aging and
estradiol decline in post-menopausal women—may contribute to enhanced noradrenaline clearance in white

adipocytes and reduction of lipolytic capacity in the elderly [77, 78].
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Figure 1. Inflammation-related mechanisms enhancing noradrenaline clearance in adipose tissue.
Macrophages, activated by inflammatory and adrenergic signals, internalize and degrade noradrenaline (NA)
through monoamine oxidase A (MAQA), increasing its clearance from the synaptic cleft. This process is
stimulated by damage-associated molecular patterns (DAMPs) and pro-inflammatory mediators such as tumor

necrosis factor-a (TNFa). SNS: sympathetic nervous system.

TNFa downregulates B3-ARs and the main lipolytic pathways

CD11c+ macrophages are largely responsible for TNFa production in adipose tissue in obesity [79], a process
which is triggered by sympathetic stimulation [26]. Chronic TNFa administration markedly suppresses cCAMP-
induced lipolysis in white adipocytes [80] and suppresses B3-AR in brown adipocytes [81]. These effects are
mediated by TNFa-induced activation of IKKe (nuclear factor kappa-B kinase subunit epsilon) and TBK1 (TANK-
binding kinase 1), which stimulate PDE3B and inhibit B-adrenergic signaling [82, 83]. This inhibition leads to
HSL dephosphorylation, resulting in defective adrenergic-stimulated lipolysis, as demonstrated in vitro and in
adipocytes harvested from both obese animals and humans [82, 83]. Interestingly, cross-sectional human
studies have shown that IKKe is highly expressed in the WAT of individuals with obesity, directly correlating
with higher BMI and elevated TNFa levels [82]. Additionally, genes such as Adrb3, RAP2A, and TRIB1 in
abdominal subcutaneous WAT (sWAT) have been found to inversely correlate with BMI and inflammatory gene
expression in individuals with obesity [35]. Beyond IKKe-dependent mechanisms, TNFa also induces the
downregulation of $3-ARs via activation of the EPAC-RAP2A-PLC-TRIB1 cascade [35], mirroring the pathway

activated during adrenergic overstimulation.



3.3 ALK7 integrates inflammatory, adrenergic, and nutritional signals to suppress lipolysis

Obesity is associated with heightened anabolic signals induced by extreme nutrient availability and partly
mediated by insulin, whose fasting and post-prandial levels are typically elevated and dependent on WAT mass
[84]. Insulin signals inhibit lipolysis primarily by activating PDE3B via the IRS-AKT signaling cascade [1]. In
individuals with obesity, fasting hyperinsulinemia is invariably observed in the context of insulin resistance
[67]. This condition largely blocks the AKT-dependent cascade, blunting the anti-lipolytic effect of insulin and
further stimulating the release of FFAs from adipocytes [85]. The existence of AKT-independent pathways,
however, partly allows to circumvent this blockade and may account for the persistence of the antilipolytic

effect observed upon exercise and fasting in hyperinsulinemic individuals [1, 27, 86].

A pivotal pathway integrating nutritional, inflammatory, and adrenergic signals to attenuate B-adrenergic-
induced lipolysis in adipocytes is governed by the Activin Receptor-Like Kinase 7 (ALK7, a receptor of the TGF-B
superfamily). ALK7 is mainly expressed in adipose tissue and its activation in white adipocytes is driven by
GDF3, which is produced by pro-inflammatory CD11c+ macrophages in response to insulin (via enabling the
PI3K-AKT pathway) and inflammatory signals—NLRP3 inflammasome [76], IL-1B, and adipocyte-secreted
mediators [75, 76, 87, 88]. ALK7 in adipocytes is also enabled by Activins (namely B, C, and E), TGF-B family
proteins with regulatory roles in energy balance [89]. Once enabled, ALK7 stimulates the SMAD2/3 pathway in
adipocytes, leading to the inhibition of transcription factors PPARy and CEBPa. This cascade leads to ATGL and
HSL suppression, promoting TG accumulation in white adipocytes [32, 60, 88]. In HFD-fed mice, ALK7 blockade
or its WAT-specific deletion enhances $3-AR and CEBPa expression, promotes ATGL-mediated lipolysis, and
stimulates mitochondrial biogenesis [32, 60, 76, 90].

ALK7 KO mice show attenuated fat accumulation on HFD, in part due to increased lipolysis [91]. In vitro,
activin-B acts via ALK7 to inhibit Adrb3 and HSL expression in murine embryonic fibroblasts differentiated into
mature adipocytes. Overexpression of ALK7 in adipocytes from ALK7 KOs decreases expression of these genes
and reduces cell sensitivity to f3-agonist-induced HSL phosphorylation and FFA secretion. Isoproterenol-
stimulated glycerol production is also mitigated by activin B treatment or ALK7 overexpression in human
adipocytes [32]. In humans, Acvric (which encodes ALK7) inactive variants—N150H, 1195T, and 1482V —are
associated with lower waist-to-hip ratio adjusted for body mass index (BMI) and reduced abdominal WAT [92—
94]. In cells, the 1195T variant shows a loss-of-function similar to that of the ALK7-deficient phenotype [94].
Mice harboring homozygous knock-in substitutions of 1195T and 1482V in Acvrlc [92] demonstrate phenotypic
traits comparable to ALK7 KO models, such as diminished lipid storage and enhanced lipolysis when fed a HFD,
with the most pronounced effects linked to the 1195T variant. Furthermore, Activin B-mediated SMAD2/3
signaling is disrupted in adipocytes from mice carrying these ALK7 mutations, including N150H [92].

Taken together, these findings indicate that ALK7 is a critical regulator of human lipid metabolism, suggesting
that genetic polymorphisms in this receptor may increase an individual's predisposition to weight gain..

The inhibitory effect of ALK7 on B-induced lipolysis involves the activation of Regulator of G protein Signaling 2

(RGS2), a GTPase-activating protein that inhibits adenylyl cyclase activity and reduces cAMP levels [95, 96],



leading to adrenergic signaling attenuation in white adipocytes [39, 96, 97]. Besides ALK7, RGS2 is upregulated
by a catecholamine-activated factor—cAMP-responsive CREB coactivator-3 (CRTC3), which attenuates
catecholaminergic signaling upon catecholaminergic overdrive [96]; indeed, CRTC3-deficient white adipocytes
from isoproterenol-stimulated mice exhibit marked downregulation of RGS2 accompanied by increased PKA

and HSL phosphorylation, enhanced FFA release, and elevated lipid oxidation (figure 2) [96].

3.4 Catecholamine resistance affects brown adipocyte thermogenic activity

BAT similarly exhibits resistance to catecholamines, as evidenced by the reduced thermogenic response to cold
or adrenergic stimuli in people with obesity compared to lean individuals [11, 98—103]. Differently from white
adipocytes, in brown adipocytes, B-AR desensitization upon chronic excessive adrenergic stimulation primarily
occurs via the upregulation of Foxp1B, which antagonizes the Prdm16-CEBP complex, leading to the
repression of Adrb3 gene transcription [104]. This mechanism is consequently responsible for the inhibition of
the differentiation of both brown and beige adipocytes and the mitigation of their thermogenic capacity [104].
As in white adipocytes, ALK7 leads to adrenergic signaling attenuation in brown adipocytes upon chronic
stimulation [32, 96, 97]. RGS2 likely represents a stress modulator that protects BAT from overstimulation by
regulating the balance between stimulation and inhibition of thermogenic activity. In conditions of
physiological sympathetic stimulation, RGS2 promotes brown adipogenesis by counteracting the inhibitory
action of Gg/Rho/ROCK signaling. On the other hand, it decreases the activity of BAT through the inhibition of
Gs signaling and cAMP production [97]. RGS2 is also activated by CRTC3 to achieve the suppression of UCP1
and thermogenesis in brown adipocytes upon adrenergic stimulation. Crtc3-/- isoproterenol-stimulated
adipocytes demonstrate increased BAT cellularity and UCP1 expression compared to wild-type [105]. CRTC3
reduces sympathetic nerve activity in BAT by upregulating miR-206 and decreasing the expression of VEGFA
and neurotrophins critical for BAT innervation and vascularization [105]. Mice with a knockout of CRTC3 in BAT
exhibit increased cold tolerance and reduced adiposity, whereas its overexpression produces a cold-sensitive
phenotype prone to gain weight [105].

Chronic inflammation represents a hallmark of BAT dysfunction in obesity, though it is generally less
pronounced compared to WAT [11]. As for WAT, it has a key effect on brown adipocytes activity: TNFa
markedly downregulates B3-AR and UCP1 expression in brown adipocytes of ob/ob mice, impairing their
thermogenic response to cold [81]. In contrast, the deletion of the macrophage activator AIF1 leads to
elevated noradrenaline levels and enhanced thermogenic activity in brown adipocytes, increasing energy
expenditure in mice [71]. In line with this evidence, Feng et al. have identified a class of pro-
inflammatory/senescent S100A8+ T cells and neutrophils accumulating in the BAT of aging rodents, which
disrupt the expression of axon guidance-related genes, impairing sympathetic innervation and consequently
reducing BAT’s thermogenic capacity [106]. In addition, similar to WAT, sympathetic-associated macrophages,
(SAMs) responsible for the clearance of extracellular noradrenaline, have also been identified in BAT [70].
Genetic ablation of the noradrenaline transporter (Slc6a2) in SAMs promotes adipocyte browning, resulting in

increased total BAT content and enhanced thermogenesis in obese mice [70]
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Figure 2. Catecholamine resistance lowers lipolysis, lipid oxidation, and thermogenesis in adipocytes. Chronic
adrenergic stimulation triggers the internalization and degradation of B2-adrenergic receptors (B2-ARs) via PKA
and B-arrestin mechanisms. Additionally, TNFa and persistent adrenergic stimulation suppress Adrb3
transcription by activating the EPAC-RAP2A-PLC cascade, which induces Trib1 transcription and inhibits CEBPa,
leading to reduced lipolytic rates and decreased fatty acid (FAs) oxidation. In brown adipocytes, catecholamine-
induced Foxp1 antagonizes the Prdm16-CEBPB complex, further repressing Adrb3 transcription and inhibiting
thermogenesis, upon catecholaminergic overstimulation. TNFa also activates PDE3B through IKKe and TBK1.
Insulin antagonizes B-signaling, while this pathway is largely blocked in presence of insulin resistance in obesity.
NLRP3 and cytokines stimulate ALK7 by inducing GDF3 production in CD11c* macrophages. ALK7 suppresses
CEBPa transcription and PPARy expression, silencing both lipe (HSL) and Adrb3 transcription. Furthermore,
ALK7 and CRTC3, activated by catecholamines, induce RGS2, which reduces cAMP production in response to

catecholamine stimulation. NA: noradrenaline.

4. Catecholamine resistance protects against fat accumulation and insulin resistance in the liver

Peripheral deletion of tyrosine hydroxylase—the rate-limiting enzyme for catecholamine synthesis—restores

the mRNA expression of Adrb3 and improves lipolytic responsiveness in the WAT of HFD mice, suggesting that



catecholamine resistance decreases when the adrenergic signal is reduced [23]. In addition, adrenergic
signaling in CD11c+ immune cells activates NFkB and promotes cytokine production that suppresses cAMP-
driven lipolysis in adipocytes [26], and optogenetically induced sympathetic outflow triggers a pro-
inflammatory response that enhances NA uptake [70]. Collectively, these observations suggest that
catecholamine resistance in adipose tissue may be useful to curb inflammation in adipose tissue (Figure 3). It
may also serve as a protective mechanism to mitigate the downstream metabolic consequences of adrenergic
overstimulation; chronic sympathetic outflow, in fact, drives the release of pro-inflammatory molecules—
including FFAs, TNFa, and IL-1B—from both adipocytes and macrophages, sustaining a loop that perpetuates
inflammation and insulin resistance in WAT [23, 79, 107-110].

Saturated FFAs play a key role in this process by: i) activating inflammatory programs in adipocytes, which lead
to the production of chemoattractants and adhesion factors [79, 111]; ii) stimulating TLR-family receptors,
which activate specific macrophage subpopulations in a pro-inflammatory manner [112, 113]. Glycerol derived
from TG cleavage represents a key gluconeogenetic precursor [114]. FFAs and pro-inflammatory mediators
released from WAT reach the liver and muscle where they induce inflammation and insulin resistance, which
represent key steps toward the development of metabolic disorders [23-25, 115-118]. In mice, suppressing
catecholamine release from the sympathetic system protects against insulin resistance and liver steatosis
induced by overnutrition via reducing FFA mobilization [23]. In humans, reducing WAT a2-AR lipolytic
sensitivity elevates TG-rich lipoproteins [119], while partial inhibition of WAT lipolysis improves glucose
metabolism and insulin sensitivity [25]. Similarly, in HFD-fed animals, the inhibition or knockout of ALK7 has
been shown to increase hepatic TG content compared to sham controls, regardless of weight loss or
comparable weight gain under HFD conditions [76, 120].

Supporting evidence toward a protective role of catecholamine resistance derives from evidence
demonstrating that FFAs released from WAT enhance hepatic TG content and activate hepatic Activin E (Inhbe
gene expression) [121, 122]. Once secreted, Activin E provides feedback inhibition to white adipocytes via
ALK7 activation to reduce FFA efflux to the liver and prevent hepatic lipid accumulation, resulting in insulin
sensitivity preservation within the liver. Knocking out Activin E (/Inhbe) or blocking ALK7 results in lean
phenotypes [121] with significant weight and WAT mass reductions under HFD [60, 122], but also increased
FFA delivery to the liver, leading to steatosis, systemic insulin resistance, and glucose intolerance, even in a
relatively lean state [60, 121, 122]. Conversely, hepatic overexpression of Inhbe ameliorates hepatic steatosis
by suppressing lipolysis in adipose tissue through ALK7-Smad signaling [121].

These findings indicate that the Activin E-ALK7 axis helps maintain metabolic homeostasis despite its role in
promoting weight gain, and part of this protective activity may arise from the ability of Activin E to activate
thermogenic programs in both white and brown adipocytes [123]. Importantly, Inhbe gene expression is
regulated primarily by the availability of FFAs (pro-inflammatory cytokines may contribute to its upregulation
[121]) and is likely mediated by PPARa activation, independent of the body's energy status; its expression, in
fact, increases under both HFD feeding and fasting, driven by FFAs [60, 122]. This perspective aligns with

evidence showing that catecholamine resistance, in humans, increases during prolonged energy deficit [124—



126], a state characterized by the transient elevation of FFA release [23], heightened inflammation, and

increased WAT insulin resistance [127-132].

1 SNS °.\o
I @

P NA clearance % @

B-AR

4: ~
4' Liver steatosis
EEASEE " T T TS Tosssssssss » . .
Insulin resistance

A

/ ‘\

( = i Inflammatory

\ e EA ﬂ-sngnallmg Q mediators

'y f?I\’T 3

Q { Y J insulin resistance  *

/l J ,/
A )~
vl 9
ALK7 -

Activin E

-

Figure 3. Catecholamine resistance can mitigate free fatty acid (FFAs) release, protecting adipose tissue and
the liver from metabolic dysfunction. Chronic sympathetic (SNS) outflow triggers the release of pro-
inflammatory mediators from adipocytes and macrophages, which escalates inflammation and insulin
resistance, increasing FFAs release within adipose tissue. To prevent excessive FFAs and cytokine release,
heightened adrenergic signals and inflammatory milieu self-regulate by suppressing B-signaling in adipocytes
and enhancing NA clearance by macrophages. Central in this protective mechanism is the negative feedback
mediated by Activin E, produced in response to increased FFAs influx and TG accumulation in the liver. Activin E
induces ALK7 on adipocytes, inhibiting further FFAs release safeguarding against insulin resistance and hepatic

steatosis.

5. Catecholamine resistance preserves fat mass, challenging weight loss in obesity

WAT plays a pivotal role in maintaining energy homeostasis by producing various adipokines that regulate
essential physiological processes. Preserving an adequate amount of fat mass is crucial for supporting
physiological functions and ensuring long-term survival [133—137]. Thereby, by resisting TG cleavage and lipid
mobilization, catecholamine resistance may help prevent excessive fat loss during prolonged energy-deficit

status, favoring the utilization of other energy substrates as fuels. Suppressing excessive TG breakdown could



be advantageous, especially considering the existence of alternative lipolytic pathways driven by natriuretic
peptides and lysosomal degradation, which are activated alongside catecholaminergic signaling during periods
of energy deficit and exercise [86, 138, 139]. Furthermore, unrestrained FFA release may lead to unnecessary
energy dissipation via white and brown adipocyte oxidative systems [76, 140, 141] and uncontrolled B-AR
activation may propel energy-dissipative futile cycles [142].

However, while catecholamine resistance might have conferred an evolutionary advantage by partly
preserving fat reserves during scarcity [135, 136], in the context of abundant food availability, it may become
maladaptive. The impaired mobilization of lipids [29—31] and blunted thermogenic activation due to
adrenergic resistance can lower weight loss chances in obesity [35—-37] (figure 4). This perspective is
substantiated by experiments in which key pathways governing catecholamine resistance are manipulated [26,
70, 76, 143-145]. For instance, CRTC3-deficient white adipocytes from isoproterenol-stimulated mice present
increased energy expenditure, smaller white adipocyte size, and are resistant to HFD-induced obesity [96].
Both inhibition or knockout of ALK7 enhance B-adrenergic signaling in adipocytes and promote lipolysis and
thermogenesis, leading to weight loss or resistance to weight gain in mice under HFD [32, 60, 76, 90, 91].
Similarly, when ALK7 knockout is restricted to adipose tissue, animals resist weight gain, WAT inflammation,
and metabolic dysfunction under HFD [32]. These benefits stem from increased B-AR-induced lipolysis and
enhanced mitochondrial fat oxidation in white adipocytes, although the causal link between the two processes
remains unclear.

Consistent with these observations, human genome-association studies reveal that Activin E (Inhbe) and ALK7
(ACVR1C) loss-of-function variants are associated with reduced visceral adiposity and reduced risk for
metabolic disease [3, 4, 11, 19]. Thereby, under conditions of overnutrition, ALK7-mediated adrenergic
resistance seems to promote fat retention, which exacerbates metabolic imbalance that outweighs its intrinsic
protective effects. This evidence apparently contradicts the safeguarding role attributed to the Activin E-ALK7
pathway [122]. Such discrepancy can be explained considering that: 1) the loss of ALK7 fully inhibits its signaling
pathway; Il) Activin E represents a subset of ALK7-mediated signals with possible paracrine effects in the liver
by activating ActRIIA and ActRIIB; Ill) part of the metabolic benefits of Activin E are secondary to thermogenic
effects [123].

Beyond the ALK7 pathway—which can be influenced by anabolic signals under HFD feeding—the negative
impact of catecholamine resistance on weight regulation can be evidenced when inflammatory or sympathetic
signals in WAT are selectively disrupted [26, 70, 71]. For instance, the inhibition of NA transporters in CD11c+
cells was shown to enhance lipid mobilization, increase white and brown adipocyte metabolic activity, and
rescue thermogenic capacity, all of which could result in decreased adiposity in ob/ob mice [70]. Likewise, via
augmenting noradrenaline selectively in WAT and BAT, the inhibition of AIF-1 produces an increase in energy
expenditure, warranting protection against HFD-induced obesity and related insulin resistance [71]. Altogether
these findings indicate that: i) manipulating inflammatory pathways significantly affects lipolysis and
thermogenesis, even during overfeeding, suggesting a metabolic impact independent of nutritional status; as a
corollary, this implies that once obesity is established, the likelihood of weight loss diminishes irrespective of

food intake; ii) catecholamine resistance disrupts weight regulation, undermining its protective role in the



context of overnutrition. However, the mechanisms by which the system integrates multiple pathways under
non-experimental conditions remain unclear. It is uncertain whether the combined signals from various stimuli

are sufficient to override the protective effects on metabolic health.
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Figure 4. Summary diagram illustrating the potential physiological effects of catecholamine resistance.
Catecholamine resistance may ease metabolic impairment by mitigating triglyceride (TG) cleavage, FFAs release
and inflammation in adipose tissue, in obesity. However, under conditions of persistent overnutrition and
obesity, this protective mechanism can become counterproductive, leading to fat retention and perpetuating a

cycle of fat storage that may outweigh its benefits.

5.1. The presence of catecholamine resistance in humans associates with worse weight outcomes

Insights from human studies corroborate animal research, revealing that altered adrenergic receptor
expression and/or diminished responsiveness to catecholamines are associated with suboptimal weight loss
outcomes [37, 64, 146] and weight gain [36, 65]. In men with obesity, a higher a2-/B-AR ratio correlates with a
greater risk of weight regain [66], while f2-AR downregulation in visceral WAT of women with obesity predicts
poorer weight loss outcomes [146]. Adipocytes from individuals with obesity who respond effectively to diets
are significantly more sensitive to noradrenaline-induced lipolysis compared to those of slower responders
[65]. Supporting this observation, a study on gastric bypass patients found that baseline catecholamine-
induced lipolysis predicts treatment efficacy: patients with higher B-stimulated lipolysis achieved 30% greater

weight loss and 45% more body fat reduction [37].



However, other studies reported opposite results [147, 148], likely due to a shorter observation period that
captured patients still in the energy deficit or catabolic phase [149], a state known to exacerbate
catecholamine resistance [125, 126]. Consistent with the evidence discussed above, these insights from
bariatric surgery suggest that catecholamine resistance negatively impacts weight regulation independently of
hyperinsulinemia or overnutrition—both of which are typically normalized by surgery [37, 85, 150]—and may
persist after weight reduction. This persistence may be linked to a residual inflammatory state, which often
continues even after weight normalization [69, 151-153].

Additionally, an intrinsic defect in lipolytic activity may independently contribute to sustained catecholamine
resistance in humans [8, 94, 155-159]. The potential genetic makeup of adrenergic-stimulated lipolysis is
demonstrated in an earlier study showing that white adipocytes from lean individuals with a family history of
obesity elicit about half the lipolytic activity and lower HSL levels compared to those without a family history of
obesity [160]. Similarly, overfeeding in monozygotic twins led to concordant changes in adrenaline-stimulated
lipolysis, despite between-pair variations in adipocyte function, highlighting the role of lipolysis-associated
genetic factors in weight regulation during energy surplus [161].

Further supporting the existence of a genetic trait, inactive alleles in key lipolysis-regulating proteins have
been linked to obesity [89]. For instance, homozygosity for the HSL-i6 polymorphism, which causes
catecholamine-resistant lipolysis, is associated with increased obesity prevalence [154, 155]. Additionally,
defective single nucleotide polymorphisms (SNPs) in ADRB genes [8, 156—159] are associated with obesity
predisposition and progression; Arg16Gly (ADRB2) and Trp64Arg (ADRB3)—which disrupt B-AR function and
lipolysis upon B-agonists [157, 158, 162—164]—are linked to reduced lipid oxidation, low metabolic rates [165,
166], visceral fat accumulation [167—-170], and reduced efficacy of weight-loss interventions [8, 159, 171].
Considering that such molecular changes can also influence organs beyond adipose tissue (i.e., the brain) [172,
173], they suggest that in some individuals, catecholamine resistance may partly arise from an altered genetic
background, independently contributing to the development and persistence of obesity alongside obesity-

driven defects (figure 5).
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Figure 5. Model showing how catecholamine resistance in adipose tissue may predispose individuals to
weight gain and upholds obesity. Specific polymorphisms in genes regulating AR B-signaling in adipocytes,
increase the susceptibility to weight gain in normal weight individuals. In addition, obesity/overnutrition-
induced catecholamine resistance hampers weight loss attempts and defense of body weight. Age acts as an

independent actor in worsening catecholamine resistance. SNS: sympathetic nervous system.

6. Lifestyle-based and pharmacological strategies can help tackle catecholamine resistance

6.1 Exercise improves catecholamine resistance in adipose tissue of subjects with obesity

Exercise reduces WAT mass, inflammation, and insulin levels in obesity [174, 175], potentially helping to
restore catecholamine sensitivity. Regular training also improves hypothalamic function [176, 177], likely
decreasing sympathetic outflow [178]. Muscle-derived mediators are central to these processes, with the
added capability to directly enhance B-adrenergic signaling and catecholamine-mediated lipolysis in white
adipocytes [179]. Among others, microRNA miR-1—induced by resistance exercise [180, 181]—enhances
adrenergic signaling and lipolysis by targeting Tfap2a, a repressor of Adrb3 in murine WAT [181], improving
catecholamine-induced lipolysis in human adipocyte-derived stem cells [180, 181].

In obese animals, training increases B2- and B3-ARs [183], enhancing B-stimulated lipolytic capacity [183].
Human trials show that both endurance and mixed training enhance sWAT lipolytic sensitivity to
catecholamines and exercise [184-187], by increasing B-AR density [187] and reducing a2-AR number as well
as a2- and insulin-related antilipolytic effects in subjects with obesity [185, 186] (table 1). The increased
lipolytic sensitivity upon cAMP stimulation indicates the existence of post-receptor mechanisms [184]. BAT
activity was also shown to improve upon training, with increased glucose uptake and metabolic response to
cold challenges in individuals with obesity [188]. Notably, these benefits occurred independently of BMI, fat
mass, or insulin levels [184—-187], likely due to improved inflammatory and adrenergic signaling balance.
However, evidence is mixed; several studies report no changes in lipolytic sensitivity in people affected by
obesity [189, 190] or aged subjects after training [191], and lipolytic defects may persist despite significant fat
loss [192]. Such discrepancies may stem from exercise-specific variables (duration, intensity, type [193, 194])
and individual factors (age, genetics, menopausal status, and hyperinsulinemia/diabetes [36, 191]) which
become influential when non-randomized and small samples are considered [184—189]. Also, if tested in
proximity to the intervention, the chronic energy deficit can lead to an adaptive upregulation of catecholamine
resistance [125, 126]. Notably, in the study of Stinkens et al, residual catecholamine resistance correlates with
the persistence of inflammation in sSWAT [188], emphasizing the need for detailed analyses of inflammatory

markers to better understand the efficacy of training.



Gender

Weight
oMl Trainin lost Effect recorded after
Study (kg/m?) €| Dpuration (Kg) Intensity .
type training
Age (y-
old) BMI post
(kg/m?)
M Lipolytic effects of B1-B2

Fand M agonists
De 369+ 12 wks 0
Glisezinski 1.3 Aerobic | 30-45 min -15 50-65% of { Antilipolytic effects of a.-

36.3+1.3 | HRreserve .

[185] 412 + 4 days/wk agonist

1.5

No post-receptor effect

Fand M 16 wks

D Lipolysi
€ 1277¢ | 1h/day .. | 50-85% T Lipolysis
Glisezinski 0.2 Aerobic 5 days/wk -1.9 VO,max
. 2 e .

[186] 5.6+ 1.4 { Antilipolytic az-Ars effect
No changes in lipolytic
genes
No changes az- and f-

E ARS in si e

Richterova 31.3+0.6 | Aerobic 12 wks -38™ i adrselr?asli,:\ljasensmwty to

.310. ) + .

[190] 392419 40 min 29.9+0.7 | VO2max
{ 02-ARs antilipolytic effect
of catecholamines during
exercise
‘M Isoproterenol-induced
increase in circulating
glycerol

Polak Fand M 12 wks No 60-70% of A.‘drenéline—indgced

[187] 32.7+0.9 | Stenght | 1h/day changes 1-RM lipolysis potentiated by

47.4+2.8 3 days/wk & phentolamine
No changes in mRNA levels
of key genes of the lipolytic
pathway.
M Lipolytic effect of B»-
F agonist
0,
?;’;Z 32.0¢16 | Aerobic | 1o WK - f’/ffmax
25+1 2 N Post-receptor activity of
cAMP
Aerobic:
M 70%
Stinkens | 30.0% . 12 wks No VOzmax .
Mixed >30min/day No effect on B2-agonist-
[189] 0.6 changes L . -
2 days/wk Strength: indiced lipolysis
58.1+1.6
60% 1RM

Table 1. Human trials evaluating the effect of training on adreno-receptors expression and lipolytic sensitivity in
subcutaneous WAT in people affected by overweight or obesity.




*Maximal heart rate minus resting heart rate
RM: repetition maximum

°® significant reduction after training

$ Persisting inflammation in WAT after training

M:males
F.females

6.2 Diet improves lipolytic sensitivity in WAT regardless of weight loss

Weight loss positively impacts catecholamine-mediated lipolytic sensitivity by improving insulin sensitivity and
reducing WAT inflammation [195]. Diet-induced weight loss, when assessed in a steady state, generally
enhances B2- and B3-AR expression and reduces a2-mediated antilipolytic activity in WAT in both obese
animals and humans, irrespective of diet type [66, 125, 183, 196]. In obese rodents, weight loss resolves WAT
inflammation [197] and restores adrenergic signaling [183]. In individuals with obesity, it improves lipolytic
responsiveness both ex vivo and in vivo [4, 196, 198, 199] (table 2).

However, post-dieting lipolytic responses vary depending on the specific B-stimulant employed [4, 195], as also
observed for training. This variability highlights the complexity of the regulatory mechanisms involved and
provides insight into a possible differential effect of dieting/weight loss on specific receptor subclasses.
Importantly, improvements in lipolysis occur even with modest weight changes [4, 195] or persistent obesity
post-dieting [195, 199], indicating that weight loss alone is not the sole driver. Factors such as inflammation,
diet composition, and gut microbiota appear critical [200]. For instance, in mice, lifelong dietary history
strongly predicts age-related declines in adipocyte responsiveness to catecholamines [201]. This underscores

the multifactorial nature of catecholamine sensitivity regulation beyond weight reduction.

Weight
BMI . lost Phase of
(ke/m?) | Dt (ke) data
Study type Duration Effect recorded after diet
Age (y- (keal/d) record
old) BMI post
(kg/m?)
410. -12.8°°
Rasmussen 32.4£04 LCD* 12 wks 8 Energy L B1-ARs
+ - _—
[125] 40.3+1 28,240 5°° deficit No changes in B2-ARs
N sensitivity to noradrenaline
stimulation of lipolysis
+
Reynisdottir 36409 VLCD 8-12 wks — Stable N sensitivity B2-agonist
[195] 26-55 (400) 30.3+1.0°° | weight
No change in B2-ARs binding
sites




No lipolytic changes upon Bi-
agonist and oz-ARs-agonist
administration

J Catecholamines, insulin and
testosterone

Barbe [4]

42.6+2.2
52.6+2

VLCD
(380)

28 days

-10.7°°

Energy
deficit

M lipolysis upon selective B1-
agonist

M lipolysis upon Bi- B2 agonist
No changes upon selective B»-
agonist

Stich [198]

34.3+1.1
36.216.1

LCD*

12 wks

-6.7°°

31.6+0.9°°

Energy
deficit

{ Exercise-induced lipolysis
potentiated by phentolamine
No changes in B2-ARs mRNA
4 a2-ARs -AR mRNA

Mauriege
[199]

34+t3 M
364 F

36-0

LCD*

15 wks

-10°° M
-9°°F

30+£3°° M
33+5°°F

Stable
weight

‘M Brand B2-AR lipolytic
sensitivity
/ Bzand B2-ARs density

{ 02-ARs antilipolytic sensitivity

No changes in max lipolytic
response upon B1/B20r
combined agonists

No changes in max antilipolytic
effects of epinephrine or a2-ARs
agonist

Mauriege
[66]

VLCD
(700)

15 wks

10°°

30+2°°M
32+4°° F

Stable
weight

D number of B-ARs

N a2-ARs in the femoral WAT
no changes in the abdominal
WAT

No changes in ARs in women

J insulin

Table2. Human trials evaluating the effect of diet-induced weight loss on adreno-receptors expression and

lipolytic sensitivity in subcutaneous WAT in groups of mixed people (male and females) affected by obesity.

VLCD: very low calorie diet
*LCD: low calorie diet -500/-800 kcal/day deficit
°® significant reduction after treatment

M:males
F: females

6.3. Therapeutic targeting of ALK7 and inflammation to reverse catecholamine resistance




Integrative approaches that combine lifestyle interventions with therapies aimed at restoring B-adrenergic
signaling [76] or mitigating systemic inflammation [90] show significant promise in overcoming catecholamine
resistance in obesity. Treatment with neutralizing antibodies against ALK7 has been shown to upregulate B3-
AR and the expression of C/EBPaq, leading to a substantial reduction in WAT mass [76, 90]. These changes
resulted in a consequential improvement in glucose tolerance and insulin sensitivity in both genetic and diet-
induced mouse models of obesity [76]. Interestingly, the effects on lipolysis and weight loss following ALK7
neutralization appear to be synergistically enhanced by the co-administration of anti-inflammatory agents,
such as sodium salicylate (Na-salicylate) [90]. This synergy further underscores the critical role of the
inflammatory milieu in the pathogenesis of catecholamine resistance and suggests that multi-target strategies

may be necessary to fully restore metabolic homeostasis.

7. Integrative view and conclusion

In the physiological model outlined in this review, catecholamine resistance is viewed as an engrained
machinery whose primary function is to protect the tissue from chronic and excessive adrenergic stimulation
driven by both fasting and obesity. Shielding against sympathetic overdrive: i) mitigates macrophage
overactivation and cytokine production; ii) curbs the unrestrained release of FFAs from white adipocytes. Both
processes may help curb inflammation and insulin resistance in adipose tissue. Mitigating the release of FFAs,
catecholamine resistance is critical to prevent the ectopic accumulation of TG in the liver and the
consequential development of insulin resistance via a feedback mechanism involving the Activin E-ALK7
interaction [121, 122]. The protective effect on hepatic steatosis likely represents a key passage through which
catecholamine resistance in adipose tissue may help preserve whole-body cardiometabolic homeostasis,
considering the close crosstalk engaged between mesenteric WAT and the liver via the portal vein. In skeletal
muscle, FFA overload from WAT induces TG accumulation and insulin resistance [2]. Similarly, FFAs are critical
for inducing leptin and insulin resistance in the ARC nucleus of the hypothalamus, which can result in
alterations in the control of eating behavior [23, 202]. In Figure 6, we have outlined the possible pathways by
which catecholamine resistance may warrant metabolic protection by curbing insulin resistance in the liver,
muscle, and hypothalamus. However, the full characterization of the effects of catecholamine resistance—and
the consequent mitigation of FFAs traveling from adipose tissue toward the muscle and the brain in key areas

controlling metabolism—remains critical for drafting a comprehensive mechanistic model.
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Figure 6.

Hypothetical pathways of catecholamine resistance in mitigating metabolic derangement. In the context of
obesity or fasting, catecholamine resistance limits excessive FFA release from WAT, thereby protecting the liver
from steatosis and insulin resistance. Given the role of FFAs in driving insulin resistance in skeletal muscle and

the brain, this resistance may also exert protective effects in these tissues.

In this perspective, the evolutionary conservation of catecholamine resistance may have partly been necessary
and advantageous due its protective role against the metabolic consequences of excessive adrenergic
stimulation in peripheral organs, with also ensuring the preservation of sufficient fat mass that allowed for
energy provision during periods of scarcity.

However, in the context of persistent energy surplus and obesity, this engrained mechanism may become
maladaptive possibly perpetuating a cycle of fat storage that, ultimately, may outweigh its metabolic benefits.
This negative effect can be evidenced in humans, where the presence of catecholamine resistance —influenced
by defective lipolytic variants and exacerbated by aging— impairs weight loss and increases susceptibility to
weight gain in an obesogenic environment. Notably, catecholamine resistance tends to persist despite reduced
insulin-mediated anti-lipolytic activity [37, 85] or lower caloric intake [150], suggesting a key role of the

inflammatory milieu, which outlasts weight loss [69, 151-153].

Conflicts of interest/Competing interests: the authors declare no conflict of interest.



Acknowledgments: The authors sincerely thank Christoph Buettner and Narendra Verma for their valuable
feedback on the initial draft of the manuscript.

Authors’ contributions: Lucio Della Guardia: conceptualization, literature review, manuscript drafting. Andrew
Shin: supervision, review, and editing.

Funding: the authors did not receive any financial support for drafting the manuscript.

References

[1] Grabner, H. Xie, M. Schweiger, and R. Zechner, ‘Lipolysis: cellular mechanisms for lipid mobilization from fat
stores’, 2021. doi: 10.1038/s42255-021-00493-6.

[2] Petersen and G. I. Shulman, ‘Mechanisms of insulin action and insulin resistance’, 2018. doi:
10.1152/physrev.00063.2017.

[3] Festuccia, M. Laplante, M. Berthiaume, Y. Gélinas, and Y. Deshaies, ‘PPARy agonism increases rat adipose
tissue lipolysis, expression of glyceride lipases, and the response of lipolysis to hormonal control’, Diabetologia,
vol. 49, no. 10, pp. 2427-2436, 2006, doi: 10.1007/s00125-006-0336-y.

[4] Barbe et al., ‘In vivo increase in B-adrenergic lipolytic response in subcutaneous adipose tissue of obese
subjects submitted to a hypocaloric diet’, Journal of Clinical Endocrinology and Metabolism, vol. 82, no. 1, pp.
63-69, 1997, doi: 10.1210/jc.82.1.63.

[5] Cero, H. J. Lea, K. Y. Zhu, F. Shamsi, Y. H. Tseng, and A. M. Cypess, ‘B3-Adrenergic receptors regulate human
brown/beige adipocyte lipolysis and thermogenesis’, JCI Insight, vol. 6, no. 11, p. €139160, 2021, doi:
10.1172/jci.insight.139160.

[6] Berkowitz et al., ‘Distribution of f3-adrenoceptor mRNA in human tissues’, European Journal of
Pharmacology: Molecular Pharmacology, vol. 289, no. 2, pp. 223-228, 1995, doi: 10.1016/0922-
4106(95)90098-5.

[7] Van Harmelen et al., ‘Noradrenaline-induced lipolysis in isolated mesenteric, omental and subcutaneous
adipocytes from obese subjects’, Int. J. Obes., vol. 21, no. 11, pp. 972-979, 1997, doi: 10.1038/sj.ijo.0800504.

[8] Shiwaku et al., ‘Difficulty in losing weight by behavioral intervention for women with Trp64Arg
polymorphism of the f3-adrenergic receptor gene’, Int. J. Obes., vol. 27, no. 9, pp. 1028-1036, 2003, doi:
10.1038/s.ij0.0802375.

[9] Robidoux et al., ‘Selective Activation of Mitogen-Activated Protein (MAP) Kinase Kinase 3 and p38a MAP
Kinase Is Essential for Cyclic AMP-Dependent UCP1 Expression in Adipocytes’, Mol. Cell. Biol., vol. 25, no. 13,
pp. 5466-5479, 2005, doi: 10.1128/mcb.25.13.5466-5479.2005.

[10] K. Severinsen, C. Schéele, and B. K. Pedersen, ‘Exercise and browning of white adipose tissue — a
translational perspective’, Curr. Opin. Pharmacol., vol. Jun;52, pp. 18-24, 2020, doi:
10.1016/j.coph.2020.04.004.

[11] Giordano, A. Frontini, and S. Cinti, ‘Convertible visceral fat as a therapeutic target to curb obesity’, Nat.
Rev. Drug Discov., vol. Jun;15, no. 6, pp. 405-24., 2016, doi: 10.1038/nrd.2016.31.

[12] Evans, J. Merlin, T. Bengtsson, and D. S. Hutchinson, ‘Adrenoceptors in white, brown, and brite adipocytes’,
2019. doi: 10.1111/bph.14631.



[13] Ouellet et al., ‘Brown adipose tissue oxidative metabolism contributes to energy expenditure during acute
cold exposure in humans’, Journal of Clinical Investigation, 2012, doi: 10.1172/JCI60433.

[14] Yoneshiro et al., ‘Brown adipose tissue, whole-body energy expenditure, and thermogenesis in healthy
adult men’, Obesity, vol. 19, no. 1, pp. 13-16, 2011, doi: 10.1038/0by.2010.105.

[15] Kozak, R. A. Koza, and R. Anunciado-Koza, ‘Brown fat thermogenesis and body weight regulation in mice:
Relevance to humans’, Int. J. Obes., vol. Oct;34, no. Suppl 1, pp. S23-7., 2010, doi: 10.1038/ij0.2010.179.

[16] Ding et al., ‘Reduced lipolysis response to adipose afferent reflex involved in impaired activation of
adrenoceptor-cAMP-PKA-hormone sensitive lipase pathway in obesity’, Sci. Rep., vol. 6, 2016, doi:
10.1038/srep34374.

[17] Gaidhu, N. M. Anthony, P. Patel, T. J. Hawke, and R. B. Ceddia, ‘Dysregulation of lipolysis and lipid
metabolism in visceral and subcutaneous adipocytes by high-fat diet: Role of ATGL, HSL, and AMPK’, Am. J.
Physiol. Cell Physiol., vol. 298, no. 4, 2010, doi: 10.1152/ajpcell.00547.2009.

[18] Reynisdottir, H. Wahrenberg, K. Carlstrom, S. Rossner, and P. Arner, ‘Catecholamine resistance in fat cells of
women with upper-body obesity due to decreased expression of beta2-adrenoceptors’, Diabetologia, vol. 37,
no. 4, pp. 428-435, 1994, doi: 10.1007/BF00408482.

[19] Bougnéres, C. Le Stunff, C. Pecqueur, E. Pinglier, P. Adnot, and D. Ricquier, ‘In vivo resistance of lipolysis to
epinephrine. A new feature of childhood onset obesity’, Journal of Clinical Investigation, vol. 99, no. 11, pp.
2568-2573, 1997, doi: 10.1172/JCI119444.

[20] Jocken et al., ‘Effect of beta-adrenergic stimulation on whole-body and abdominal subcutaneous adipose
tissue lipolysis in lean and obese men’, Diabetologia, vol. 51, no. 2, pp. 320-327, 2008, doi: 10.1007/s00125-
007-0866-y.

[21] Marrades, P. Gonzdlez-Muniesa, J. A. Martinez, and M. J. Moreno-Aliaga, ‘A dysregulation in CES1, APOE
and other lipid metabolism-related genes is associated to cardiovascular risk factors linked to obesity’, Obes.
Facts, vol. 3, no. 5, pp. 312-318, 2010, doi: 10.1159/000321451.

[22] Nowv et al., ‘Interleukin-1B Regulates Fat-Liver Crosstalk in Obesity by Auto-Paracrine Modulation of
Adipose Tissue Inflammation and Expandability’, PLoS One, vol. 8, no. 1, 2013, doi:
10.1371/journal.pone.0053626.

[23] Sakamoto, K., Butera, M. A., Zhou, C., Maurizi, G., Chen, B., Ling, L., Shawkat, A., Patlolla, L., Thakker, K.,
Calle, V., Morgan, D. A., Rahmouni, K., Schwartz, G. J., Tahiri, A., & Buettner, ‘Overnutrition causes insulin
resistance and metabolic disorder through increased sympathetic nervous system activity’, Cell Metab., vol. 37,
no. 1, pp. 121-137, 2025.

[24] Fryk et al., ‘Hyperinsulinemia and insulin resistance in the obese may develop as part of a homeostatic
response to elevated free fatty acids: A mechanistic case-control and a population-based cohort study’,
EBioMedicine, vol. 65, 2021, doi: 10.1016/j.ebiom.2021.103264.

[25] Girousse et al., ‘Partial Inhibition of Adipose Tissue Lipolysis Improves Glucose Metabolism and Insulin
Sensitivity Without Alteration of Fat Mass’, PLoS Biol., vol. 11, no. 2, 2013, doi: 10.1371/journal.pbio.1001485.

[26] Zeng et al., ‘Loss of cAMP Signaling in CD11c Immune Cells Protects Against Diet-Induced Obesity’,
Diabetes, vol. 72, no. 9, pp. 1235-1250, 2023, doi: 10.2337/db22-1035.

[27] Horowitz, S. W. Coppack, D. Paramore, P. E. Cryer, G. Zhao, and S. Klein, ‘Effect of short-term fasting on lipid
kinetics in lean and obese women’, Am. J. Physiol. Endocrinol. Metab., vol. 276, no. 2 39-2, 1999, doi:
10.1152/ajpendo.1999.276.2.e278.



[28] Chatzinikolaou et al., ‘Adipose tissue lipolysis is upregulated in lean and obese men during acute resistance
exercise’, Diabetes Care, vol. 31, no. 7, pp. 1397-1399, 2008, doi: 10.2337/dc08-0072.

[29] Horowitz and S. Klein, “Whole body and abdominal lipolytic sensitivity to epinephrine is suppressed in
upper body obese women’, Am. J. Physiol. Endocrinol. Metab., vol. 278, no. 6 41-6, 2000, doi:
10.1152/ajpendo.2000.278.6.e1144.

[30] Arner et al., ‘Dynamics of human adipose lipid turnover in health and metabolic disease’, Nature, vol. 478,
no. 7367, pp. 110-113, 2011, doi: 10.1038/nature10426.

[31] Arner, ‘Catecholamine-induced lipolysis in obesity’, Int. J. Obes., vol. 23, pp. 10-13, 1999, doi:
10.1038/s.ij0.0800789.

[32] Guo et al., ‘Adipocyte ALK7 links nutrient overload to catecholamine resistance in obesity’, Elife, vol. 3, p.
e03245, 2014, doi: 10.7554/elife.03245.

[33] Kaartinen, K. F. LaNoue, L. F. Martin, H. L. Vikman, and J. J. Ohisalo, ‘B-Adrenergic responsiveness of
adenylate cyclase in human adipocyte plasma membranes in obesity and after massive weight reduction’,
Metabolism, vol. 44, no. 10, pp. 1288-1292, 1995, doi: 10.1016/0026-0495(95)90031-4.

[34] Rydén, D. P. Andersson, S. Bernard, K. Spalding, and P. Arner, ‘Adipocyte triglyceride turnover and lipolysis
in lean and overweight subjects’, J. Lipid Res., vol. 54, no. 10, pp. 2909-2913, 2013, doi: 10.1194/jIr.M040345.

[35] Valentine et al., ‘B3-Adrenergic receptor downregulation leads to adipocyte catecholamine resistance in
obesity’, Journal of Clinical Investigation, vol. 132, no. 2, p. e153357, 2022, doi: 10.1172/JCI153357.

[36] Arner, D. P. Andersson, J. Backdahl, I. Dahlman, and M. Rydén, ‘Weight Gain and Impaired Glucose
Metabolism in Women Are Predicted by Inefficient Subcutaneous Fat Cell Lipolysis’, Cell Metab., vol. 28, no. 1,
pp. 45-54.e3, 2018, doi: 10.1016/j.cmet.2018.05.004.

[37] Rydén et al., ‘Lipolysis defect in people with obesity who undergo metabolic surgery’, J. Intern. Med., vol.
292, no. 4, pp. 667-678, 2022, doi: 10.1111/joim.13527.

[38] Hetemaki et al., ‘Estrogen metabolism in abdominal subcutaneous and visceral adipose tissue in
postmenopausal women’, Journal of Clinical Endocrinology and Metabolism, vol. 102, no. 12, 2017, doi:
10.1210/jc.2017-01474.

[39] Pedersen, K. Kristensen, P. A. Hermann, J. A. Katzenellenbogen, and B. Richelsen, ‘Estrogen controls
lipolysis by up-regulating a2A-adrenergic receptors directly in human adipose tissue through the estrogen
receptor a. Implications for the female fat distribution’, Journal of Clinical Endocrinology and Metabolism, vol.
89, no. 4, 2004, doi: 10.1210/jc.2003-031327.

[40] Richelsen, ‘Increased a2- but similar B-adrenergic receptor activities in subcutaneous gluteal adipocytes
from females compared with males’, Eur. J. Clin. Invest., vol. 16, no. 4, 1986, doi: 10.1111/j.1365-
2362.1986.tb01346.x.

[41] Massier, L., Andersson, D. P, Viguerie, N., Zhong, J., Zareifi, D., Kerr, A. G., Langin, D., & Arner, P. (2025).
The nature of sex differences in catecholamine-induced lipolysis in subcutaneous fat cells. iScience, 28(12),
113988.

[42] Benz, V., Bloch, M., Wardat, S., Bohm, C., Maurer, L., Mahmoodzadeh, S., Wiedmer, P., Spranger, J., Foryst-
Ludwig, A., & Kintscher, U. (2012). Sexual dimorphic regulation of body weight dynamics and adipose tissue
lipolysis. PloS one, 7(5), e37794. https://doi.org/10.1371/journal.pone.0037794.),

[43] Lundgren, J. Burén, P. Lindgren, T. Myrnas, T. Ruge, and J. W. Eriksson, ‘Sex- and depot-specific lipolysis
regulation in human adipocytes: Interplay between adrenergic stimulation and glucocorticoids’, Hormone and
Metabolic Research, vol. 40, no. 12, 2008, doi: 10.1055/5-0028-1087168.



[44] Moro, C., Pillard, F., de Glisezinski, I., Crampes, F., Thalamas, C., Harant, |., Marques, M. A., Lafontan, M., &
Berlan, M. (2007). Sex differences in lipolysis-regulating mechanisms in overweight subjects: effect of exercise
intensity. Obesity (Silver Spring, Md.), 15(9), 2245-2255.

[45] Lonngvist, F., Thérne, A., Large, V., & Arner, P. (1997). Sex differences in visceral fat lipolysis and metabolic
complications of obesity. Arteriosclerosis, thrombosis, and vascular biology, 17(7), 1472-1480.

[46] Arner P. (2005). Effects of testosterone on fat cell lipolysis. Species differences and possible role in
polycystic ovarian syndrome. Biochimie, 87(1), 39-43.

[47] Elbers, J. M., de Jong, S., Teerlink, T., Asscheman, H., Seidell, J. C., & Gooren, L. J. (1999). Changes in fat cell
size and in vitro lipolytic activity of abdominal and gluteal adipocytes after a one-year cross-sex hormone
administration in transsexuals. Metabolism: clinical and experimental, 48(11), 1371-1377)

[48] Subramanian, N., Wiik, A., Rullman, E., Melin, M., Lundberg, T. R., Flanagan, J., Holmberg, M., Dekanski, A.,
Dhejne, C., Arver, S., Gustafsson, T., Laurencikiene, J., & Andersson, D. P. (2024). Adipokine secretion and
lipolysis following gender-affirming treatment in transgender individuals. Journal of endocrinological
investigation, 47(9), 2249-2260)

[49]Anderson, W. D., Soh, J. Y., Innis, S. E., Dimanche, A., Ma, L., Langefeld, C. D., Comeau, M. E., Das, S. K.,
Schadt, E. E., Bjorkegren, J. L. M., & Civelek, M. (2020). Sex differences in human adipose tissue gene
expression and genetic regulation involve adipogenesis. Genome research, 30(10), 1379-1392.
https://doi.org/10.1101/gr.264614.120)

[50] Rey, F., Messa, L., Pandini, C., Maghraby, E., Barzaghini, B., Garofalo, M., Micheletto, G., Raimondi, M. T,,
Bertoli, S., Cereda, C., Zuccotti, G. V., Cancello, R., & Carelli, S. (2021). RNA-seq Characterization of Sex-
Differences in Adipose Tissue of Obesity Affected Patients: Computational Analysis of Differentially Expressed
Coding and Non-Coding RNAs. Journal of personalized medicine, 11(5), 352.
https://doi.org/10.3390/jpm11050352)

[51] Lambert, N. E. Straznicky, J. B. Dixon, and G. W. Lambert, ‘Should the sympathetic nervous system be a
target to improve cardiometabolic risk in obesity?’, 2015. doi: 10.1152/ajpheart.00096.2015.

[52] Purkayastha, G. Zhang, and D. Cai, ‘Uncoupling the mechanisms of obesity and hypertension by targeting
hypothalamic IKK-1 2 and NF-i°B’, Nat. Med., vol. 17, no. 7, pp. 883—887, 2011, doi: 10.1038/nm.2372.

[53] Patel, J. Braun, G. Lambert, T. Kameneva, C. Keatch, and E. Lambert, ‘Central mechanisms in sympathetic
nervous dysregulation in obesity’, 2023. doi: 10.1152/jn.00254.2023.

[54] Enriori, P. Sinnayah, S. E. Simonds, C. G. Rudaz, and M. A. Cowley, ‘Leptin action in the dorsomedial
hypothalamus increases sympathetic tone to brown adipose tissue in spite of systemic leptin resistance’,
Journal of Neuroscience, vol. 31, no. 34, pp. 12189-12197, 2011, doi: 10.1523/JINEUROSCI.2336-11.2011.

[55] Shi et al., ‘Leptin increases sympathetic nerve activity via induction of its own receptor in the
paraventricular nucleus’, Elife, vol. 9, pp. 1-34, 2020, doi: 10.7554/elife.55357.

[56] Vargovic et al., ‘Adipocytes as a new source of catecholamine production’, FEBS Lett., vol. 585, no. 14, pp.
2279-2284, 2011, doi: 10.1016/j.febslet.2011.06.001.

[57] Gomes et al., ‘High-fat diet promotes adrenaline production by visceral adipocytes’, Eur. J. Nutr., vol. 59,
no. 3, pp. 1105-1114, 2020, doi: 10.1007/s00394-019-01971-0.

[58] Johnson, ‘Molecular mechanisms of B2-adrenergic receptor function, response, and regulation’, 2006. doi:
10.1016/j.jaci.2005.11.012.


https://doi.org/10.3390/jpm11050352

[59] Liggett, N. J. Freedman, D. A. Schwinn, and R. J. Lefkowitz, ‘Structural basis for receptor subtype-specific
regulation revealed by a chimeric B3/B2-adrenergic receptor’, Proc. Natl. Acad. Sci. U. S. A, vol. 90, no. 8, pp.
3665-3669, 1993, doi: 10.1073/pnas.90.8.3665.

[60] Adam et al., ‘Activin EFACVRI1C cross talk controls energy storage via suppression of adipose lipolysis in
mice’, Proc. Natl. Acad. Sci. U. S. A., vol. 120, no. 32, 2023, doi: 10.1073/pnas.2309967120.

[61] Jonsson, A. P. C. Batista, P. Kjglhede, and P. Stralfors, ‘Insulin and B-adrenergic receptors mediate lipolytic
and anti-lipolytic signalling that is not altered by type 2 diabetes in human adipocytes’, Biochemical Journal,
vol. 476, no. 19, pp. 2883-2908, 2019, doi: 10.1042/BCJ20190594.

[62] Stich et al., ‘Activation of a2-adrenergic receptors blunts epinephrine-induced lipolysis in subcutaneous
adipose tissue during a hyperinsulinemic euglycemic clamp in men’, Am. J. Physiol. Endocrinol. Metab., vol.
285, no. 3 48-3, 2003, doi: 10.1152/ajpendo0.00502.2002.

[63] Lladé et al., ‘Gender effects on adrenergic receptor expression and lipolysis in white adipose tissue of rats’,
Obes. Res., vol. 10, no. 4, pp. 296-305, 2002, doi: 10.1038/0by.2002.41.

[64] Mauriege et al., ‘Regional variation in adipose tissue lipolysis in lean and obese men’, J. Lipid Res., vol. 32,
no. 10, pp. 1625-1633, 1991, doi: 10.1016/s0022-2275(20)41648-7.

[65]Hellstrom, S. Rossner, E. Hagstrom-Toft, and S. Reynisdottir, ‘Lipolytic catecholamine resistance linked to
a2-adrenoceptor sensitivity - A metabolic predictor of weight loss in obese subjects’, Int. J. Obes., vol. 21, no. 4,
pp. 314-320, 1997, doi: 10.1038/s].ij0.0800407.

[66]Mauriege et al., ‘Weight loss and regain in obese individuals: A link with adipose tissue metabolism
indices?’, J. Physiol. Biochem., vol. 69, no. 3, pp. 497-505, 2013, doi: 10.1007/s13105-013-0237-8.

[67]1Maurizi, L. Della Guardia, A. Maurizi, and A. Poloni, ‘Adipocytes properties and crosstalk with immune
system in obesity-related inflammation’, J. Cell. Physiol., vol. Jan;233, no. 1, pp. 88-97, 2018, doi:
10.1002/jcp.25855.

[68] Lindhorst et al., ‘Adipocyte death triggers a pro-inflammatory response and induces metabolic activation
of resident macrophages’, Cell Death Dis., vol. 12, no. 6, p. 579, 2021, doi: 10.1038/s41419-021-03872-9.

[69] Zamarron et al., ‘Macrophage proliferation sustains adipose tissue inflammation in formerly obese mice’,
Diabetes, vol. 66, no. 2, pp. 392-406, 2017, doi: 10.2337/db16-0500.

[70] Pirzgalska et al., ‘Sympathetic neuron-associated macrophages contribute to obesity by importing and
metabolizing norepinephrine’, Nat. Med., vol. 23, no. 11, pp. 1309-1318, 2017, doi: 10.1038/nm.4422.

[71] Chinnasamy et al., ‘Increased adipose catecholamine levels and protection from obesity with loss of
Allograft Inflammatory Factor-1’, Nat. Commun., vol. 14, no. 1, 2023, doi: 10.1038/s41467-022-35683-7.

[72] Lénngqvist, B. Nyberg, H. Wahrenberg, and P. Arner, ‘Catecholamine-induced lipolysis in adipose tissue of
the elderly’, Journal of Clinical Investigation, vol. 85, no. 5, pp. 1614-1621, 1990, doi: 10.1172/JCI114612.+

[73] Youm et al., ‘Canonical NIrp3 inflammasome links systemic low-grade inflammation to functional decline in
aging’, Cell Metab., vol. 18, no. 4, pp. 519-532, 2013, doi: 10.1016/j.cmet.2013.09.010.

[74] Lumeng et al., ‘Aging Is Associated with an Increase in T Cells and Inflammatory Macrophages in Visceral
Adipose Tissue’, The Journal of Immunology, vol. 187, no. 12, pp. 6208—6216, 2011, doi:
10.4049/jimmunol.1102188.

[75] Camell et al., ‘Inflammasome-driven catecholamine catabolism in macrophages blunts lipolysis during
ageing’, Nature, vol. 550, no. 7674, pp. 119-123, 2017, doi: 10.1038/nature24022.



[76] Zhao et al., ‘Targeting activin receptor-like kinase 7 ameliorates adiposity and associated metabolic
disorders’, JCl Insight, vol. 8, no. 4, 2023, doi: 10.1172/jci.insight.161229.

[77] Song et al., ‘Organic cation transporter 3 (Oct3) is a distinct catecholamines clearance route in adipocytes
mediating the beiging of white adipose tissue’, PLoS Biol., vol. 17, no. 1, 2019, doi:
10.1371/journal.pbio.2006571.

[78] Ahmed et al., ‘Increased OCT3 Expression in Adipose Tissue With Aging: Implications for Catecholamine
and Lipid Turnover and Insulin Resistance in Women’, Endocrinology (United States), vol. 165, no. 1, 2024, doi:
10.1210/endocr/bgad172.

[79] Suganami, J. Nishida, and Y. Ogawa, ‘A paracrine loop between adipocytes and macrophages aggravates
inflammatory changes: Role of free fatty acids and tumor necrosis factor o, Arterioscler. Thromb. Vasc. Biol.,
vol. 25, no. 10, pp. 2062—-2068, 2005, doi: 10.1161/01.ATV.0000183883.72263.13.

[80] Bézaire, A. Mairal, R. Anesia, C. Lefort, and D. Langin, ‘Chronic TNFa and cAMP pre-treatment of human
adipocytes alter HSL, ATGL and perilipin to regulate basal and stimulated lipolysis’, FEBS Lett., vol. 583, no. 18,
pp. 3045-3049, 2009, doi: 10.1016/j.febslet.2009.08.019.

[81] Nisoli et al., “Tumor necrosis factor a mediates apoptosis of brown adipocytes and defective brown
adipocyte function in obesity’, Proc. Natl. Acad. Sci. U. S. A., vol. 97, no. 14, pp. 8033-8038, 2000, doi:
10.1073/pnas.97.14.8033.

[82] Li et al., “TNF-a Upregulates IKKe Expression via the Lin28B/let-7a Pathway to Induce Catecholamine
Resistance in Adipocytes’, Obesity, vol. 27, no. 5, pp. 767-776, 2019, doi: 10.1002/0by.22434.

[83] Mowers et al., ‘Inflammation produces catecholamine resistance in obesity via activation of PDE3B by the
protein kinases IKKe and TBK1’, Elife, vol. 2013, no. 2, p. e01119, 2013, doi: 10.7554/elife.01119.

[84] van Vliet et al., ‘Obesity Is Associated With Increased Basal and Postprandial $-Cell Insulin Secretion Even
in the Absence of Insulin Resistance’, Diabetes, vol. 69, no. 10, pp. 2112-2119, 2020, doi: 10.2337/db20-0377.

[85] Kwok, D. P. Andersson, M. Rydén, and P. Arner, ‘A longitudinal study of the antilipolytic effect of insulin in
women following bariatric surgery’, Int. J. Obes., vol. 45, no. 12, pp. 2675-2678, 2021, doi: 10.1038/s41366-
021-00914-2.

[86] Verboven et al., ‘Adrenergically and non-adrenergically mediated human adipose tissue lipolysis during
acute exercise and exercise training’, Clin. Sci., vol. 132, no. 15, pp. 1685-1698, 2018, doi:
10.1042/CS20180453.

[87] Bu et al., ‘Insulin regulates lipolysis and fat mass by upregulating growth/differentiation factor 3 in adipose
tissue macrophages’, Diabetes, vol. 67, no. 9, pp. 1761-1772, 2018, doi: 10.2337/db17-1201.

[88] Hu et al., ‘Brd4 modulates diet-induced obesity via PPARy-dependent Gdf3 expression in adipose tissue
macrophages’, JCI Insight, vol. 6, no. 7, 2021, doi: 10.1172/jci.insight.143379.

[89] Park, S. Y., Cho, Y., Son, S. M., Hur, J. H., Kim, Y., Oh, H., Lee, H. Y, Jung, S., Park, S., Kim, I. Y., Lee, S. J., &
Choi, ‘Activin E is a new guardian protecting against hepatic steatosis via inhibiting lipolysis in white adipose
tissue. ., Exp. Mol. Med., vol. ., 2025, doi: 10.1038/s12276-025-01403-6.

[90] Srivastava, E. S. Lee, E. Sim, N. C. Sheng, and C. F. Ibafiez, ‘Sustained anti-obesity effects of life-style change
and anti-inflammatory interventions after conditional inactivation of the activin receptor ALK7’, FASEB Journal,
vol. 35, no. 8, 2021, doi: 10.1096/fj.202002785RR.

[91] Andersson, M. Korach-Andre, E. Reissmann, C. F. Ibafiez, and P. Bertolino, ‘Growth/differentiation factor 3
signals through ALK7 and regulates accumulation of adipose tissue and diet-induced obesity’, Proc. Natl. Acad.
Sci. U. S. A, vol. 105, no. 20, 2008, doi: 10.1073/pnas.0800272105.



[92] Tangseefa P, Jin H, Zhang H, Xie M, ‘Human ACVR1C missense variants that correlate with altered body fat
distribution produce metabolic alterations of graded severity in knock-in mutant mice’, Mol. Metab., vol. 81, p.
101890, 2024.

[93] Emdin et al., ‘DNA sequence variation in ACVR1C encoding the activin receptor-like kinase 7 influences
body fat distribution and protects against type 2 diabetes’, Diabetes, vol. 68, no. 1, pp. 226-234, 2019, doi:
10.2337/db18-0857.

[94] Koprulu et al., ‘Identification of Rare Loss-of-Function Genetic Variation Regulating Body Fat Distribution’,
Journal of Clinical Endocrinology and Metabolism, vol. 107, no. 4, pp. 1065-1077, 2022, doi:
10.1210/clinem/dgab877.

[95] Roy, A. Baragli, L. S. Bernstein, J. R. Hepler, T. E. Hébert, and P. Chidiac, ‘RGS2 interacts with Gs and
adenylyl cyclase in living cells’, Cell. Signal., vol. 18, no. 3, pp. 336—348, 2006, doi:
10.1016/j.cellsig.2005.05.004.

[96] Song et al., ‘CRTC3 links catecholamine signalling to energy balance’, Nature, vol. 468, no. 7326, pp. 933—
939, 2010, doi: 10.1038/nature09564.

[97] Klepac, J. H. Yang, S. Hildebrand, and A. Pfeifer, ‘RGS2: A multifunctional signaling hub that balances brown
adipose tissue function and differentiation’, Mol. Metab., vol. 30, pp. 173-183, 2019, doi:
10.1016/j.molmet.2019.09.015.

[98] Wang et al., ‘Brown Adipose Tissue in humans is activated by elevated plasma catecholamines levels and is
inversely related to central obesity’, PLoS One, vol. 6, no. 6, 2011, doi: 10.1371/journal.pone.0021006.

[99] Thurlby PL, ‘The role of thermoregulatory thermogenesis in the development of obesity in genetically-
obese (ob/ob) mice pair-fed with lean siblings. B, Br J Nutr 1, vol. 42, pp. 377-85., 1979.

[100] Dubuc, ‘Effects of phenotype, feeding condition and cold exposure on thyrotropin and thyroid hormones
of obese and lean mice., Endocr. Regul., vol. 25, no. 3, pp. 171-175, 1991.

[101] Leitner et al., ‘Mapping of human brown adipose tissue in lean and obese young men’, Proc. Natl. Acad.
Sci. U.S. A, 2017, doi: 10.1073/pnas.1705287114.

[102] P. S. Shetty, W. P. T. James, M. A. Barrand, and B. A. Callingham, ‘Reduced thermogenesis in obesity [11],
1979. doi: 10.1038/279322a0.

[103] Carey et al., ‘Ephedrine activates brown adipose tissue in lean but not obese humans’, Diabetologia, vol.
56, no. 1, pp. 147-155, 2013, doi: 10.1007/s00125-012-2748-1.

[104] Liu et al., ‘Foxp1 controls brown/beige adipocyte differentiation and thermogenesis through regulating
B3-AR desensitization’, Nat. Commun., vol. 10, no. 1, 2019, doi: 10.1038/s41467-019-12988-8.

[105] Yoon et al., ‘cAMP-inducible coactivator CRTC3 attenuates brown adipose tissue thermogenesis’, Proc.
Natl. Acad. Sci. U. S. A., vol. 115, no. 23, pp. E5289-E5297, 2018, doi: 10.1073/pnas.1805257115.

[106] Feng et al., ‘Senescent immune cells accumulation promotes brown adipose tissue dysfunction during
aging’, Nat. Commun., vol. 14, no. 1, 2023, doi: 10.1038/s41467-023-38842-6

[107] Orban, A. T. Remaley, M. Sampson, Z. Trajanoski, and G. P. Chrousos, ‘The differential effect of food intake
and B-adrenergic stimulation on adipose-derived hormones and cytokines in man’, Journal of Clinical
Endocrinology and Metabolism, vol. 84, no. 6, pp. 2126—2133, 1999, doi: 10.1210/jcem.84.6.5747.

[108] Guilherme, J. V. Virbasius, V. Puri, and M. P. Czech, ‘Adipocyte dysfunctions linking obesity to insulin
resistance and type 2 diabetes’, Nat. Rev. Mol. Cell Biol., vol. May;9, no. 9, pp. 367-77, 2008, doi:
10.1038/nrm2391.



[109] Mullins et al., ‘Catecholamine-induced lipolysis causes mTOR complex dissociation and inhibits glucose
uptake in adipocytes’, Proc. Natl. Acad. Sci. U. S. A,, vol. 111, no. 49, pp. 17450-17455, 2014, doi:
10.1073/pnas.1410530111.

[110] Smith,M. Kuroda, and I. A. Simpson, ‘Counter-regulation of insulin-stimulated glucose transport by
catecholamines in the isolated rat adipose cell’, Journal of Biological Chemistry, vol. 259, no. 14, pp. 8758—
8763, 1984, doi: 10.1016/s0021-9258(17)47218-8.

[111] Han et al., ‘Differential effect of saturated and unsaturated free fatty acids on the generation of monocyte
adhesion and chemotactic factors by adipocytes: Dissociation of adipocyte hypertrophy from inflammation’,
Diabetes, vol. 59, no. 2, pp. 386-396, 2010, doi: 10.2337/db09-0925.

[112] Nguyen et al., ‘A subpopulation of macrophages infiltrates hypertrophic adipose tissue and is activated by
free fatty acids via toll-like receptors 2 and 4 and JNK-dependent pathways’, Journal of Biological Chemistry, vol.
282, no. 48, pp. 35279-35292, 2007, doi: 10.1074/jbc.M706762200.

[113] Kratz et al., ‘Metabolic dysfunction drives a mechanistically distinct proinflammatory phenotype in
adipose tissue macrophages’, Cell Metab., vol. 20, no. 4, pp. 614-625, 2014, doi: 10.1016/j.cmet.2014.08.010.

[114] Reshef et al., ‘Glyceroneogenesis and the triglyceride/fatty acid cycle’, Journal of Biological Chemistry, vol.
278, no. 33, pp. 30413-30416, 2003, doi: 10.1074/jbc.R300017200.

[115] Jorge et al., ‘Body mass index and the visceral adipose tissue expression of IL-6 and TNF-alpha are
associated with the morphological severity of non-alcoholic fatty liver disease in individuals with class IlI
obesity’, Obes. Res. Clin. Pract., vol. 12, no. 1, pp. 1-8, 2018, doi: 10.1016/j.0rcp.2016.03.009.

[116] Rosso et al., ‘Crosstalk between adipose tissue insulin resistance and liver macrophages in non-alcoholic
fatty liver disease’, J. Hepatol., vol. 71, no. 5, pp. 1012-1021, 2019, doi: 10.1016/j.jhep.2019.06.031.

[117] Naveau et al., ‘Harmful effect of adipose tissue on liver lesions in patients with alcoholic liver disease’, J.
Hepatol., vol. 52, no. 6, pp. 895-902, 2010, doi: 10.1016/j.jhep.2010.01.029.

[118] Du Plessis et al., ‘Association of Adipose Tissue Inflammation with Histologic Severity of Nonalcoholic
Fatty Liver Disease’, Gastroenterology, vol. 149, no. 3, pp. 635e14-648.e14, 2015, doi:
10.1053/j.gastro.2015.05.044.

[119] Imbeault, C. Couillard, A. Tremblay, J. P. Després, and P. Mauriege, ‘Reduced a2-adrenergic sensitivity of
subcutaneous abdominal adipocytes as a modulator of fasting and postprandial triglyceride levels in men’, J.
Lipid Res., vol. 41, no. 9, pp. 1367-1375, 2000, doi: 10.1016/s0022-2275(20)33448-9.

[120] Bertolino, R. Holmberg, E. Reissmann, O. Andersson, P. O. Berggren, and C. F. Ibafez, ‘Activin B receptor
ALK7 is a negative regulator of pancreatic B-cell function’, Proc. Natl. Acad. Sci. U. S. A., vol. 105, no. 20, pp.
7246-7251, 2008, doi: 10.1073/pnas.0801285105.

[121] Park, S. Y., Cho, Y., Son, S. M., Hur, J. H., Kim, Y., Oh, H,, Lee, H. Y., Jung, S., Park, S., Kim, I. Y., Lee, S. J., &
Choi, ‘Activin E is a new guardian protecting against hepatic steatosis via inhibiting lipolysis in white adipose
tissue. E’, Exp. Mol. Med., vol. 57, no. 2, pp. 466—-477, 2025.

[122] Griffin et al., ‘Hepatic Activin E mediates liver-adipose inter-organ communication, suppressing adipose
lipolysis in response to elevated serum fatty acids’, Mol. Metab., vol. 78, 2023, doi:
10.1016/j.molmet.2023.101830.

[123] Hashimoto et al., ‘Activin E Controls Energy Homeostasis in Both Brown and White Adipose Tissues as a
Hepatokine’, Cell Rep., vol. 25, no. 5, pp. 1193-1203, 2018, doi: 10.1016/j.celrep.2018.10.008.

[124] Burns, P. A. Boyer, B. E. Terry, P. E. Langley, and G. A. Robison, ‘The effect of fasting on the adrenergic
receptor activity of human adipocytes’, J. Lab. Clin. Med., vol. 94, no. 3, pp. 387-394, 1979.



[125] Rasmussen et al., ‘Change in Bl-adrenergic receptor protein concentration in adipose tissue correlates
with diet-induced weight loss’, Clin. Sci., vol. 108, no. 4, pp. 323-329, 2005, doi: 10.1042/CS20040238.

[126] KATHER, E. WIELAND, B. FISCHER, A. WIRTH, and G. SCHLIERF, ‘Adrenergic regulation of lipolysis in
abdominal adipocytes of obese subjects during caloric restriction: reversal of catecholamine action caused by
relief of endogenous inhibition’, Eur. J. Clin. Invest., vol. 15, no. 1, pp. 30-37, 1985, doi: 10.1111/j.1365-
2362.1985.tb00140.x.

[127] Fazeli et al., ‘Prolonged fasting drives a program of metabolic inflammation in human adipose tissue’,
Mol. Metab., vol. 42, 2020, doi: 10.1016/j.molmet.2020.101082.

[128] Kosteli et al., “Weight loss and lipolysis promote a dynamic immune response in murine adipose tissue’,
Journal of Clinical Investigation, vol. 120, no. 10, pp. 3466—3479, 2010, doi: 10.1172/JCI42845.

[129] Solmi et al., ‘Inflammatory cytokines and anorexia nervosa: A meta-analysis of cross-sectional and
longitudinal studies’, Psychoneuroendocrinology, vol. 51, pp. 237-252, 2015, doi:
10.1016/j.psyneuen.2014.09.031.

[130] Caso et al., ‘Dysfunction of inflammatory pathways in adolescent female patients with anorexia nervosa’,
Prog. Neuropsychopharmacol. Biol. Psychiatry, vol. 96, 2020, doi: 10.1016/j.pnpbp.2019.109727.

[131] Kersten, ‘The impact of fasting on adipose tissue metabolism’, 2023. doi: 10.1016/j.bbalip.2022.159262.

[132] Engfeldt, J. Bolinder, J. Ostman, and P. Arner, ‘Effect of Fasting on Insulin Receptor Binding and Insulin
Action in Different Human Subcutaneous Fat Depots’, Journal of Clinical Endocrinology and Metabolism, vol. 60,
no. 5, pp. 868-873, 1985, doi: 10.1210/jcem-60-5-868.

[133] Zhu et al., ‘Association Between Body Mass Index and Female Infertility in the United States: Data from
National Health and Nutrition Examination Survey 2013-2018’, Int. J. Gen. Med., vol. 15, pp. 1821-1831, 2022,
doi: 10.2147/1)GM.S349874.

[134] Ebadi et al., ‘Subcutaneous adiposity is an independent predictor of mortality in cancer patients’, Br. J.
Cancer, vol. 117, no. 1, pp. 148-155, 2017, doi: 10.1038/bjc.2017.149.

[135] Li et al., ‘Associations Between Adult Triceps Skinfold Thickness and All-Cause, Cardiovascular and
Cerebrovascular Mortality in NHANES 1999-2010: A Retrospective National Study’, Front. Cardiovasc. Med.,
vol. 9, 2022, doi: 10.3389/fcvm.2022.858994.

[136] Ebadi et al., ‘Low subcutaneous adiposity associates with higher mortality in female patients with
cirrhosis’, J. Hepatol., vol. 69, no. 3, pp. 608—616, 2018, doi: 10.1016/j.jhep.2018.04.015.

[137] Ramos-Lobo et al., ‘Long-term consequences of the absence of leptin signaling in early life’, Elife, vol. 8,
2019, doi: 10.7554/eLife.40970.

[138] Moro et al., ‘Differential regulation of atrial natriuretic peptide- and adrenergic receptor-dependent
lipolytic pathways in human adipose tissue’, Metabolism, vol. 54, no. 1, pp. 122-131, 2005, doi:
10.1016/j.metabol.2004.07.020.

[139] Kumar GVN, Wang RS, Sharma AX, David NL, Amorim T, Sinden DS, Doshi NK, Wabitsch M, Gingras S, Ejaz
A, Rubin JP, Maron BA, Fazeli PK, ‘Non-canonical lysosomal lipolysis drives mobilization of adipose tissue energy
stores with fasting’, Nat Commun., vol. 16, no. 1, p. 1330, 2025.

[140] Yehuda-Shnaidman, B. Buehrer, J. Pi, N. Kumar, and S. Collins, ‘Acute stimulation of white adipocyte
respiration by PKA-induced lipolysis’, Diabetes, vol. 59, no. 10, pp. 2474-2483, 2010, doi: 10.2337/db10-0245.

[141] Fedorenko, P. V. Lishko, and Y. Kirichok, ‘Mechanism of fatty-acid-dependent UCP1 uncoupling in brown
fat mitochondria’, Cell, vol. 151, no. 2, pp. 400—413, 2012, doi: 10.1016/j.cell.2012.09.010.



[142] Mottillo, P. Balasubramanian, Y. H. Lee, C. Weng, E. E. Kershaw, and J. G. Granneman, ‘Coupling of lipolysis
and de novo lipogenesis in brown, beige, and white adipose tissues during chronic B3-adrenergic receptor
activation’, J. Lipid Res., vol. 55, no. 11, pp. 2276-2286, 2014, doi: 10.1194/jlr.M050005.

[143] Byun et al., ‘Loss of adipose TET proteins enhances B-adrenergic responses and protects against obesity
by epigenetic regulation of B3-AR expression’, Proc. Natl. Acad. Sci. U. S. A., vol. 119, no. 26, 2022, doi:
10.1073/pnas.2205626119.

[144] Kang et al., ‘Adipose METTL14-Elicited N6-Methyladenosine Promotes Obesity, Insulin Resistance, and
NAFLD Through Suppressing B Adrenergic Signaling and Lipolysis’, Advanced Science, vol. 10, no. 28, p.
€2301645, 2023, doi: 10.1002/advs.202301645.

[145] Valet et al., ‘Expression of human a2-adrenergic receptors in adipose tissue of B-adrenergic receptor-
deficient mice promotes diet-induced obesity’, Journal of Biological Chemistry, vol. 275, no. 44, pp. 34797—-
34802, 2000, doi: 10.1074/jbc.M005210200.

[146] Reynisdottir, H. Wahrenberg, K. Carlstr€m, S. Ressner, and P. Arner, ‘Catecholamine resistance in fat cells
of women with upper-body obesity due to decreased expression of beta 2 -adrenoceptors’, Diabetologia, vol.
37, no. 4, pp. 428-435, 1994, doi: 10.1007/s001250050128.

[147] Lofgren et al., ‘Major gender differences in the lipolytic capacity of abdominal subcutaneous fat cells in
obesity observed before and after long-term weight reduction’, Journal of Clinical Endocrinology and
Metabolism, vol. 87, no. 2, pp. 764-771, 2002, doi: 10.1210/jc.87.2.764.

[148] Lofgren, J. Hoffstedt, E. Naslund, M. Wirén, and P. Arner, ‘Prospective and controlled studies of the
actions of insulin and catecholamine in fat cells of obese women following weight reduction’, Diabetologia, vol.
48, no. 11, pp. 2334-2342, 2005, doi: 10.1007/s00125-005-1961-6.

[149] Sjostrom et al., ‘Lifestyle, Diabetes, and Cardiovascular Risk Factors 10 Years after Bariatric Surgery’, New
England Journal of Medicine, vol. 351, no. 26, pp. 2683-2693, 2004, doi: 10.1056/nejmoa035622.

[150] Al-Najim, N. G. Docherty, and C. W. Le Roux, ‘Food intake and eating behavior after bariatric surgery’,
2018. doi: 10.1152/physrev.00021.2017.

[151] Kyung et al., ‘Global transcriptome analysis identifies weight regain-induced activation of adaptive
immune responses in white adipose tissue of mice’, Int. J. Obes., vol. 42, no. 4, pp. 755-764, 2018, doi:
10.1038/ijo.2017.297.

[152] Zou et al., ‘CD4+ T cells memorize obesity and promote weight regain’, Cell. Mol. Immunol., vol. 15, no.
6, pp. 630-639, 2018, doi: 10.1038/cmi.2017.36.

[153] Cottam, H. L. Caslin, N. C. Winn, and A. H. Hasty, ‘Multiomics reveals persistence of obesity-associated
immune cell phenotypes in adipose tissue during weight loss and weight regain in mice’, Nat. Commun., vol.
13, no. 1, 2022, doi: 10.1038/s41467-022-30646-4.

[154] Magré et al., ‘Human hormone-sensitive lipase: Genetic mapping, identification of a new dinucleotide
repeat, and association with obesity and NIDDM’, Diabetes, vol. 47, no. 2, pp. 284—-286, 1998, doi:
10.2337/diab.47.2.284.

[155] Hoffstedt et al., ‘A Common Hormone-Sensitive Lipase i6 Gene Polymorphism Is Associated with
Decreased Human Adipocyte Lipolytic Function’, Diabetes, vol. 50, no. 10, pp. 2410-2413, 2001, doi:
10.2337/diabetes.50.10.2410.

[156] Large et al., ‘Human beta-2 adrenoceptor gene polymorphisms are highly frequent in obesity and
associate with altered adipocyte beta-2 adrenoceptor function’, Journal of Clinical Investigation, vol. 100, no.
12, pp. 3005-3013, 1997, doi: 10.1172/JCI1119854.



[157] Masuo, T. Katsuya, Y. Fu, H. Rakugi, T. Ogihara, and M. L. Tuck, ‘B2- and B3-adrenergic receptor
polymorphisms are related to the onset of weight gain and blood pressure elevation over 5 years’, Circulation,
vol. 111, no. 25, pp. 3429-3434, 2005, doi: 10.1161/CIRCULATIONAHA.104.519652.

[158] Hoffstedt, A. lliadou, N. L. Pedersen, M. Schalling, and P. Arner, ‘The effect of the beta2 adrenoceptor
gene Thrl64lle polymorphism on human adipose tissue lipolytic function’, Br. J. Pharmacol., vol. 133, no. 5, pp.
708-712, 2001, doi: 10.1038/sj.bjp.0704125.

[159] Sakane, T. Yoshida, T. Umekawa, A. Kogure, Y. Takakura, and M. Kondo, ‘Effects of Trp64Arg mutation in
the B3-adrenergic receptor gene on weight loss, body fat distribution, glycemic control, and insulin resistance
in obese type 2 diabetic patients’, Diabetes Care, vol. 20, no. 12, pp. 1887-1890, 1997, doi:
10.2337/diacare.20.12.1887.

[160] Hellstrom, D. Langin, S. Reynisdottir, M. Dauzats, and P. Arner, ‘Adipocyte lipolysis in normal weight
subjects with obesity among first-degree relatives’, Diabetologia, vol. 39, no. 8, pp. 921-928, 1996, doi:
10.1007/BF00403911.

[161] Mauriege et al., ‘Adipose tissue lipolysis after long-term overfeeding in identical twins’, Int. J. Obes., vol.
16, no. 3, pp. 219-225, 1992.

[162] Umekawa, T. Yoshida, N. Sakane, A. Kogure, M. Kondo, and H. Honjyo, ‘Trp64Arg mutation of f3-
adrenoceptor gene deteriorates lipolysis induced by B3-adrenoceptor agonist in human omental adipocytes’,
Diabetes, vol. 48, no. 1, pp. 117-120, 1999, doi: 10.2337/diabetes.48.1.117.

[163] Hoffstedt et al., ‘Polymorphism of the human B3-adrenoceptor gene forms a well-conserved haplotype
that is associated with moderate obesity and altered receptor function’, Diabetes, vol. 48, no. 1, pp. 203-205,
1999, doi: 10.2337/diabetes.48.1.203.

[164] Kimura et al., ‘Mutated human B3-adrenergic receptor (Trp64Arg) lowers the response to B3-adrenergic
agonists in transfected 3T3-L1 preadipocytes’, Hormone and Metabolic Research, vol. 32, no. 3, pp. 91-96,
2000, doi: 10.1055/s-2007-978597.

[165] E. Jocken, E. E. Blaak, S. Schiffelers, P. Arner, M. A. Van Baak, and W. H. M. Saris, ‘Association of a beta-2
adrenoceptor (ADRB2) gene variant with a blunted in vivo lipolysis and fat oxidation’, Int. J. Obes., vol. 31, no. 5,
pp. 813-819, 2007, doi: 10.1038/sj.ij0.0803499.

[166] Morita, H. Taniguchi, and M. Sakaue, ‘Trp64Arg polymorphism in beta3-adrenergic receptor gene is
associated with decreased fat oxidation both in resting and aerobic exercise in the Japanese male., Exp.
Diabetes Res., vol. 2009, p. 605139, 2009, doi: 10.1155/2009/605139.

[167] Daghestani et al., ‘ADRB3 polymorphism rs4994 (Trp64Arg) associates significantly with bodyweight
elevation and dyslipidaemias in Saudis but not rs1801253 (Arg389Gly) polymorphism in ARDBY’, Lipids Health
Dis., vol. 17, no. 1, 2018, doi: 10.1186/s12944-018-0679-7.

[168] Kurokawa, K. Nakai, S. Kameo, Z. M. Liu, and H. Satoh, ‘Association of BMI with the 3-Adrenergic
receptor gene polymorphism in Japanese: Meta-analysis’, Obes. Res., vol. 9, no. 12, pp. 741-745, 2001, doi:
10.1038/0by.2001.102.

[169] Kim-Motoyama et al., ‘A mutation of the B3-adrenergic receptor is associated with visceral obesity but
decreased serum triglyceride’, Diabetologia, vol. 40, no. 4, pp. 469-472, 1997, doi: 10.1007/s001250050702.

[170] B. D. Mitchell et al., ‘A paired sibling analysis of the beta-3 adrenergic receptor and obesity in Mexican
Americans’, Journal of Clinical Investigation, vol. 101, no. 3, pp. 584-587, 1998, doi: 10.1172/JCI512.



[171] Clément et al., ‘Genetic Variation in the B 3 -Adrenergic Receptor and an Increased Capacity to Gain
Weight in Patients with Morbid Obesity’, New England Journal of Medicine, vol. 333, no. 6, pp. 352—-354, 1995,
doi: 10.1056/nejm199508103330605.

[172] Simonsen, J. Bulow, J. Madsen, and N. J. Christensen, ‘Thermogenic response to epinephrine in the
forearm and abdominal subcutaneous adipose tissue’, Am. J. Physiol. Endocrinol. Metab., vol. 263, no. 5 26-5,
1992, doi: 10.1152/ajpendo0.1992.263.5.e850.

[173] Bray, ‘Reciprocal relation of food intake and sympathetic activity: experimental observations and
clinical implications’, Int. J. Obes., vol. 24, pp. $8-517, 2000, doi: 10.1038/s].ij0.0801269

[174] Botezelli et al., ‘Strength Training Prevents Hyperinsulinemia, Insulin Resistance, and Inflammation
Independent of Weight Loss in Fructose-Fed Animals’, Sci. Rep., vol. 6, 2016, doi: 10.1038/srep31106.

[175] Wedell-Neergaard et al., ‘Exercise-Induced Changes in Visceral Adipose Tissue Mass Are Regulated by IL-6
Signaling: A Randomized Controlled Trial’, Cell Metab., vol. 29, no. 4, pp. 844-855.e3, 2019, doi:
10.1016/j.cmet.2018.12.007.

[176] Laing et al., ‘Voluntary exercise improves hypothalamic and metabolic function in obese mice’, Journal of
Endocrinology, vol. 229, no. 2, pp. 109-122, 2016, doi: 10.1530/JOE-15-0510.

[177] Marinho et al., ‘Endurance training prevents inflammation and apoptosis in hypothalamic neurons of
obese mice’, J. Cell. Physiol., vol. 234, no. 1, pp. 880-890, 2018, doi: 10.1002/jcp.26909.

[178] Amano, T. Kanda, H. Ue, and T. Moritani, ‘Exercise training and autonomic nervous system activity in
obese individuals’, Med. Sci. Sports Exerc., vol. 33, no. 8, pp. 1287-1291, 2001, doi: 10.1097/00005768-
200108000-00007.

[179] Choi et al., ‘Myokine musclin alleviates lipid accumulation in 3T3-L1 adipocytes through PKA/p38-
mediated upregulation of lipolysis and suppression of lipogenesis’, Biochem. Biophys. Res. Commun., vol. 642,
pp. 113-117, 2023, doi: 10.1016/j.bbrc.2022.12.056.

[180] Burke BI, Ismaeel A, Long DE, Depa LA, Coburn PT, Goh J, Saliu TP, Walton BJ, Vechetti 1J, Peck BD,
Valentino TR, Mobley CB, Memetimin H, Wang D, Finlin BS, Kern PA, Peterson CA, McCarthy JJ, ‘Extracellular
vesicle transfer of miR-1 to adipose tissue modifies lipolytic pathways following resistance exercise’, JCl Insight,
vol. 9, no. 21, p. e182589, 2024.

[181] Vechetti et al., ‘Mechanical overload-induced muscle-derived extracellular vesicles promote adipose
tissue lipolysis’, FASEB Journal, vol. 35, no. 6, 2021, doi: 10.1096/fj.202100242R.

[182] Jenkins, J. Padilla, R. S. Rector, and M. H. Laughlin, ‘Influence of regular physical activity and caloric
restriction on B-adrenergic and natriuretic peptide receptor expression in retroperitoneal adipose tissue of
OLETF rats’, Exp. Physiol., vol. 98, no. 11, pp. 1576-1584, 2013, doi: 10.1113/expphysiol.2013.074658.

[183] Ogasawara et al., ‘Higher levels of ATGL are associated with exercise-induced enhancement of lipolysis in
rat epididymal adipocytes’, PLoS One, vol. 7, no. 7, 2012, doi: 10.1371/journal.pone.0040876.

[184] Moro, M. Pasarica, K. Elkind-Hirsch, and L. M. Redman, ‘Aerobic exercise training improves atrial
natriuretic peptide and catecholamine-mediated lipolysis in obese women with polycystic ovary syndrome’,
Journal of Clinical Endocrinology and Metabolism, vol. 94, no. 7, pp. 2579-2586, 2009, doi: 10.1210/jc.2009-
0051.

[185] De Glisezinski et al., ‘Endurance training changes in lipolytic responsiveness of obese adipose tissue’, Am.
J. Physiol. Endocrinol. Metab., vol. 275, no. 6 38-6, 1998, doi: 10.1152/ajpendo.1998.275.6.€951.

[186] De Glisezinski et al., ‘Aerobic training improves exercise-induced lipolysis in SCAT and lipid utilization in
overweight men’, Am. J. Physiol. Endocrinol. Metab., vol. 285, no. 5 48-5, 2003, doi:
10.1152/ajpendo.00152.2003.



[187] Polak et al., ‘Dynamic strength training improves insulin sensitivity and functional balance between
adrenergic alpha 2A and beta pathways in subcutaneous adipose tissue of obese subjects’, Diabetologia, vol.
48, no. 12, pp. 2631-2640, 2005, doi: 10.1007/s00125-005-0003-8.

[188] Bonfante et al., ‘Combined training increases thermogenic fat activity in patients with overweight and
type 2 diabetes’, Int. J. Obes., vol. 46, no. 6, pp. 1145-1154, 2022, doi: 10.1038/s41366-022-01086-3.

[189] Stinkens et al., ‘Exercise training-induced effects on the abdominal subcutaneous adipose tissue
phenotype in humans with obesity’, J. Appl. Physiol., vol. 125, no. 5, pp. 1585-1593, 2018, doi:
10.1152/japplphysiol.00496.2018.

[190] Richterova et al., ‘Effect of endurance training on adrenergic control of lipolysis in adipose tissue of obese
women’, Journal of Clinical Endocrinology and Metabolism, vol. 89, no. 3, pp. 1325-1331, 2004, doi:
10.1210/jc.2003-031001.

[191] Lange et al., ‘Endurance training and GH administration in elderly women: Effects on abdominal adipose
tissue lipolysis’, Am. J. Physiol. Endocrinol. Metab., vol. 280, no. 6 43-6, 2001, doi:
10.1152/ajpendo.2001.280.6.e886.

[192] You, D. M. Berman, A. S. Ryan, and B. J. Nicklas, ‘Effects of hypocaloric diet and exercise training on
inflammation and adipocyte lipolysis in obese postmenopausal women’, Journal of Clinical Endocrinology and
Metabolism, vol. 89, no. 4, pp. 1739-1746, 2004, doi: 10.1210/jc.2003-031310.

[193] Pendergrast et al., ‘Time of day determines postexercise metabolism in mouse adipose tissue’, Proc. Natl.
Acad. Sci. U. S. A, vol. 120, no. 8, 2023, doi: 10.1073/pnas.2218510120.

[194] Martinez-Montoro, J. Benitez-Porres, F. J. Tinahones, A. Ortega-Goémez, and M. Murri, ‘Effects of exercise
timing on metabolic health’, 2023. doi: 10.1111/0br.13599.

[195] Reynisdottir, D. Langin, K. Carlstrom, C. Holm, S. Rossner, and P. Arner, ‘Effects of weight reduction on the
regulation of lipolysis in adipocytes of women with upper-body obesity’, Clin. Sci., vol. 89, no. 4, pp. 421-429,
1995, doi: 10.1042/cs0890421.

[196] Imbeault, N. Alméras, D. Richard, J. P. Després, A. Tremblay, and P. Mauriege, ‘Effect of a moderate weight
loss on adipose tissue lipoprotein lipase activity and expression: Existence of sexual variation and regional
differences’, Int. J. Obes., vol. 23, no. 9, pp. 957-965, 1999, doi: 10.1038/sj.ijo.0801025.

[197] Kasher-Meron, D. Y. Youn, H. Zong, and J. E. Pessin, ‘Lipolysis defect in white adipose tissue and rapid
weight regain’, Am. J. Physiol. Endocrinol. Metab., vol. 317, no. 2, pp. E185-E193, 2019, doi:
10.1152/ajpendo.00542.2018.

[198] Stich et al., ‘Hypocaloric diet reduces exercise-induced a2-adrenergic antilipolytic effect and a2-
adrenergic receptor mRNA levels in adipose tissue of obese women’, Journal of Clinical Endocrinology and
Metabolism, vol. 87, no. 3, pp. 1274-1281, 2002, doi: 10.1210/jc.87.3.1274.

[199] Mauriege et al., ‘Regional and gender variations in adipose tissue lipolysis in response to weight loss’, J.
Lipid Res., vol. 40, no. 9, pp. 1559-1571, 1999, doi: 10.1016/s0022-2275(20)33402-7.

[200] Folie et al., ‘Changing the dietary composition improves inflammation but not adipocyte thermogenesis
in diet-induced obese mice’, Journal of Nutritional Biochemistry, vol. 99, 2022, doi:
10.1016/j.jnutbio.2021.108837.

[201] Yu, H. A. Bertrand, and E. J. Masoro, ‘Nutrition-aging influence of catecholamine-promoted lipolysis’,
Metabolism, vol. 29, no. 5, pp. 438-444, 1980, doi: 10.1016/0026-0495(80)90169-9.



Journal Pre-proof

[202] Della Guardia, L., & Shin, A. C. (2024). Obesity-induced tissue alterations resist weight loss: A mechanistic
review. Diabetes, obesity & metabolism, 26(8), 3045-3057.



Declaration of Interest Statement

The authors declare that they have no known competing financial interests

or personal relationships that could have appeared to influence the work
reported in this paper.

[] The author is an Editorial Board Member/Editor-in-Chief/Associate
Editor/Guest Editor for this journal and was not involved in the editorial review
or the decision to publish this article.

[] The authors declare the following financial interests/personal relationships
which may be considered as potential competing interests:




Journal Pre-proof

Graphical abstract

4 SNs
J Inflammation

1 NAclearance i
J B-signalling i V FFAs oxidaton =~ ——

N o

J insulin resistance

==p Inflammation —>

, ! Fat mass
v conservation

J Thermogenesis



Highlights

Obesity-driven chronic sympathetic stimulation downregulates B-signalling and
lipolysis in adipocytes

Macrophages and inflammatory signals in the adipose tissue in obesity increase
catecholamine disposal and downregulate sympathetic-induced lipolysis

Reduced catecholamine responsiveness in adipose tissue may initially serve as a
protective mechanism against excessive adrenergic-driven metabolic stress.

However, catecholamine resistance in obesity is also linked to impaired weight loss
and progressive weight gain in both animal models and humans.

Under sustained overnutrition, catecholamine resistance becomes maladaptive,
suppressing stimulated lipolysis and reinforcing energy storage.



