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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 β-adrenergic receptors (β-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 (PPARγ) 

enhances this process by upregulating HSL and ATGL genes (Lipe and Pnpla2, respectively) [3]. 

In human WAT, β1- and β2-ARs primarily mediate this process, with β3-ARs playing a minor role, mainly in the 

visceral compartment [4–8]. On the other hand, NA binding to β2- and β3-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], 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

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 β2-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-α upregulates the 

antilipolytic α2-ARs [38, 39]. Consequently, sWAT from pre-menopausal women exhibits a higher α2-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 α2-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 sWAT via 

this estrogen-mediated increase in antilipolytic α2-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 α2-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 α2-AR antilipolytic effect appears functional only in the sWAT of 

men [44]. 
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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 α2-AR function, an increase in β3-AR activity, and an enhanced ability of cAMP to activate HSL 

[45]. The role of androgens adds further complexity; while testosterone increases β-AR-mediated lipolysis in 

rodent models, in humans it has been shown to decrease adrenergic-induced lipolysis by inhibiting the 

expression of β2-ARs and HSL exclusively in sWAT [46]. Furthermore, estrogen receptor-α-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 β-ARs [58]. For β1- and β2-ARs, this process involves 

PKA-mediated phosphorylation, which promotes β-arrestin binding and subsequent receptor uncoupling from 
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G-proteins, followed by receptor internalization [58]. Additionally, receptor internalization and 

downregulation mechanisms are induced upon sustained adrenergic stimulation [58]. 

In contrast, β3-ARs are inherently resistant to β-arrestin-mediated desensitization due to a lack of specific 

phosphorylation domains and key phosphorylation sites responsible for the internalization of β1- and β2-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 CEBPα—a critical upstream regulator of Adrb3 and a stimulator of 

Pnpla2 (ATGL) and Lipe (HSL) [32, 60]. This cascade effectively silences β-AR expression, impairing both lipolysis 

and mitochondrial β-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 α2-adrenergic receptors (α2-ARs) likely contributes to the onset of 

catecholamine resistance. α2-ARs activate Gi proteins to suppress adenylyl cyclase and β-adrenergic-mediated 

lipolysis, with a marked activity in sWAT, where α2-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 α2-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 β3-ARs, occurring in response to the α2-AR 

upregulation observed in males. These observations suggest a sex-specific, reciprocal mechanism of adrenergic 

inhibition in obesity, where α2-AR expression is balanced against β3-AR density to achieve the suppression of 

β-signaling as weight gain progresses [63]. These findings align with results from human studies showing that 

sWAT adipocytes of individuals with obesity exhibit heightened α2-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 α2-AR signaling, which in turn exacerbates fat accumulation. Supporting this perspective, 

individuals with lower basal α2-AR sensitivity experience more pronounced fat loss during caloric restriction, 

with the magnitude of weight reduction inversely correlating with α2-AR sensitivity [65]; furthermore, the 

abundance of α2-ARs has been shown to predict weight regain after weight loss therapies [66]. 

3.2. Inflammation enhances noradrenaline clearance and β-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-κB pathways—which serve as molecular bridges to 

chronic tissue dysfunction. This cellular stress orchestrates an articulated paracrine crosstalk between 
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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 β-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 (AIF1) 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-1β, 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 (MAOA), 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-α (TNFα). SNS: sympathetic nervous system.  

 

TNFα downregulates β3-ARs and the main lipolytic pathways 

CD11c+ macrophages are largely responsible for TNFα production in adipose tissue in obesity [79], a process 

which is triggered by sympathetic stimulation [26]. Chronic TNFα administration markedly suppresses cAMP-

induced lipolysis in white adipocytes [80] and suppresses β3-AR in brown adipocytes [81]. These effects are 

mediated by TNFα-induced activation of IKKε (nuclear factor kappa-B kinase subunit epsilon) and TBK1 (TANK-

binding kinase 1), which stimulate PDE3B and inhibit β-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 IKKε is highly expressed in the WAT of individuals with obesity, directly correlating 

with higher BMI and elevated TNFα 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 IKKε-dependent mechanisms, TNFα also induces the 

downregulation of β3-ARs via activation of the EPAC-RAP2A-PLC-TRIB1 cascade [35], mirroring the pathway 

activated during adrenergic overstimulation. 
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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 β-adrenergic-

induced lipolysis in adipocytes is governed by the Activin Receptor-Like Kinase 7 (ALK7, a receptor of the TGF-β 

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-1β, and adipocyte-secreted 

mediators [75, 76, 87, 88]. ALK7 in adipocytes is also enabled by Activins (namely B, C, and E), TGF-β 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 PPARγ and CEBPα. 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 β3-AR and CEBPα 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 β3-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, Acvr1c (which encodes ALK7) inactive variants—N150H, I195T, and I482V—are 

associated with lower waist-to-hip ratio adjusted for body mass index (BMI) and reduced abdominal WAT [92–

94]. In cells, the I195T variant shows a loss-of-function similar to that of the ALK7-deficient phenotype [94]. 

Mice harboring homozygous knock-in substitutions of I195T and I482V in Acvr1c [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 I195T 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 β-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], 
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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, β-AR desensitization upon chronic excessive adrenergic stimulation primarily 

occurs via the upregulation of Foxp1B, which antagonizes the Prdm16-CEBPβ 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 Gq/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: TNFα 

markedly downregulates β3-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 β2-adrenergic receptors (β2-ARs) via PKA 

and β-arrestin mechanisms. Additionally, TNFα and persistent adrenergic stimulation suppress Adrb3 

transcription by activating the EPAC-RAP2A-PLC cascade, which induces Trib1 transcription and inhibits CEBPα, 

leading to reduced lipolytic rates and decreased fatty acid (FAs) oxidation. In brown adipocytes, catecholamine-

induced Foxp1 antagonizes the Prdm16-CEBPβ complex, further repressing Adrb3 transcription and inhibiting 

thermogenesis, upon catecholaminergic overstimulation. TNFα also activates PDE3B through IKKε and TBK1. 

Insulin antagonizes β-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 

CEBPα transcription and PPARγ 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 
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catecholamine resistance decreases when the adrenergic signal is reduced [23]. In addition, adrenergic 

signaling in CD11c+ immune cells activates NFκB 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, TNFα, and IL-1β—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 α2-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 PPARα 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–
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126], a state characterized by the transient elevation of FFA release [23], heightened inflammation, and 

increased WAT insulin resistance [127–132]. 

 

 

 

 

 

 

 

 

 
 
 
 
 

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 β-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 
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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 β-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 β-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 β-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: I) the loss of ALK7 fully inhibits its signaling 

pathway; II) Activin E represents a subset of ALK7-mediated signals with possible paracrine effects in the liver 

by activating ActRIIA and ActRIIB; III) 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 
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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. 

 
 

 

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 α2-/β-AR ratio correlates with a 

greater risk of weight regain [66], while β2-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 β-stimulated lipolysis achieved 30% greater 

weight loss and 45% more body fat reduction [37]. 
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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 β-AR function and 

lipolysis upon β-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 β-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 β-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 Tfap2α, 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 β2- and β3-ARs [183], enhancing β-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 β-AR density [187] and reducing α2-AR number as well 

as α2- 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 sWAT [188], emphasizing the need for detailed analyses of inflammatory 

markers to better understand the efficacy of training. 
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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. 
 

Study 

Gender  

 BMI 

(kg/m2) 

Age (y-

old) 

Training 
type 

Duration 

 
Weight 

lost 
(Kg) 

 
BMI post 
(kg/m2) 

Intensity 
Effect recorded after 

training 

De 
Glisezinski 
[185] 

F and M 
36.9 ± 
1.3 
41.2 ± 
1.5  

Aerobic  
12 wks 
30-45 min  
4 days/wk 

- 1.5  
36.3±1.3 

50-65% of 
HR reserve  

↑ Lipolytic effects of β1-β2 

agonists 
 
↓ Antilipolytic effects of α2-

agonist   
 
No post-receptor effect  

De 
Glisezinski 
[186] 

F and M 
27.7 ± 
0.2 
25.6± 1.4 

Aerobic  

16 wks 
1h/day 
5 days/wk 
 

- 1.9 °° 
50–85% 
V̇O2max 

↑ Lipolysis 
 
↓ Antilipolytic α2-Ars effect  

Richterova 
[190] 

F 
31.3±0.6 
39.2±1.9 

Aerobic  
12 wks 
40 min 

- 3.8 °° 
29.9±0.7 

50% 
VO2max 

No changes in lipolytic 
genes  
No changes α2- and β-
ARs in situ sensitivity to 
adrenaline.  
 
↓ α2-ARs antilipolytic effect 
of catecholamines during 
exercise 

Polak 
[187] 

F and M 
32.7±0.9 

47.4±2.8 
Stenght  

12 wks 
1h/day 
3 days/wk 

No 
changes 

60–70% of 
1-RM 

↑ Isoproterenol-induced 
increase in circulating 
glycerol  
 
Adrenaline-induced 
lipolysis potentiated by 
phentolamine  
 
No changes in mRNA levels 
of key genes of the lipolytic 
pathway. 

Moro   
[184] 

F 
32.0±1.6 
25±1 

Aerobic  
16 wks 
 

- 
55% 
VO2max 

↑ Lipolytic effect of β2-
agonist 
 
↑ Post-receptor activity of 
cAMP 

Stinkens 
[189] 

M 
30.0 ± 
0.6 
58.1±1.6 

Mixed  
12 wks 
>30min/day 
2 days/wk 

No 
changes 

Aerobic: 
70% 
VO2max 
 
Strength: 
60% 1RM 
 

 
No effect on β2-agonist-
indiced lipolysis § 
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*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 β2- and β3-AR expression and reduces α2-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 β-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.  

Study 

BMI 
(kg/m2) 
Age (y-

old) 

Diet 
type 

(kcal/d) 
Duration 

Weight 
lost  

(kg) 
 

BMI post 
(kg/m2) 

Phase of 
data 

record 
 

Effect recorded after diet 

Rasmussen 
[125]  

32.4±0.4 

40.3±1 
LCD* 

 
12 wks 
 

 
-12.8°° 

 
28.2±0.5°° 

 

Energy 
deficit 

↓ β1-ARs 

No changes in β2-ARs 

Reynisdottir 
[195] 

36.4 ±0.9 

26-55 
VLCD 
(400) 

8-12 wks 
— 

30.3±1.0°° 
Stable 
weight 

↑ sensitivity to noradrenaline 
stimulation of lipolysis  
 
↑ sensitivity β2-agonist  
 
No change in β2-ARs binding 
sites  
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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 

No lipolytic changes upon β1-
agonist and α2-ARs-agonist 
administration 
 
↓Catecholamines, insulin and 
testosterone 

Barbe [4] 

42.6±2.2 

52.6±2 

 

VLCD 
(380) 

28 days 
-10.7°° 

— 
Energy 
deficit 

↑ lipolysis upon selective β1-

agonist  

↑ lipolysis upon β1- B2 agonist  

No changes upon selective B2-

agonist  

 

Stich [198] 
34.3±1.1 

36.2±6.1 
LCD* 

12 wks 
 

-6.7°° 
 

31.6±0.9°° 

Energy 
deficit 

↓ Exercise-induced lipolysis 

potentiated by phentolamine 

No changes in β2-ARs mRNA  

↓ α2-ARs -AR mRNA  

Mauriege 
 [199] 

34±3 M 
36±4 F 
 
36-0 

LCD* 15 wks 

-10°° M 
-9°° F 

 
30±3°° M 
33±5°° F 

Stable 
weight 

↑ β1 and B2 -AR lipolytic 
sensitivity 
↑ β1 and B2 -ARs density  
 
↓ α2-ARs antilipolytic sensitivity  
 
No changes in max lipolytic 
response upon β1/B2or 
combined agonists  
 
No changes in max antilipolytic 
effects of epinephrine or α2-ARs 
agonist  

Mauriege 
 [66] 

33±2 M 
35±3 F 
 
35–48 

VLCD 
(700) 

15 wks 

-10 °° 
 

30±2°° M 
32±4°° F 

Stable 
weight 

↑ number of β-ARs  
 
↑ α2-ARs in the femoral WAT 
no changes in the abdominal 
WAT  
 
No changes in ARs in women 
 
↓ insulin  
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Integrative approaches that combine lifestyle interventions with therapies aimed at restoring β-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 β3-

AR and the expression of C/EBPα, 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].  
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Highlights 

• Obesity-driven chronic sympathetic stimulation downregulates β-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. 


